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FOREWORD 

It is with regret that we must announce the records of the discussions, 
which took place during the meeting, have suffered a mishap and ore. 
not available. The papers are,· however, being published in the order 
presented to assure a record of the trans.actions of the meeting. 
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Paul Wilkinson 
Conference Chairman 
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THE PURIFICATION OF BERYLLIUM METAL BY A DISTILLATION PROCESS 

A Summary Report 

by 

E. W. Hooper and N. J. Keen 

1. Introduction 

The preparation and analysis of very pure beryllium was undertaken to 
provide material for the evaluation of the metallurgical properties, particu
larly those relating to the effect of impurities on ductility •. · The purifi
cation method selected follows a principle stated by Ivanov in 1958, to yield 
highly pure metal with improved properties. It depends on two separation 
mechanisms:-

a) fractional evaporation of beryllium from many of the less volatile 
impurities, 

b) fractional condensation on a heated surface, at such a temperature 
that entrained impurity atoms of the more volatile elements are able 
to .re-evaporate, leaving purer beryllium. 

2. Technique 

Distillation columns constructed of beryllia and tantalum or molybdenum 
have been used. Metal is evapor~ted from beryllia crucibles at 1400°C (liquid 
state) under a pressure of ~lo- m.m. Hg and condensed to the solid stat~ in a 
heated vertical cylindrical tube, the temperature of which is graduated from 
..v 1300°C at the bottom to ""'900oc at the top. A detailed description of ap
paratus and results for distillation on 20g. scale has been issued in the un
classified report AERE/R3321 (1960) and also in Paper No. 9 at the Beryllium 
Conference of the Institute of Metals (Oct. 1961). Later work, to be published 
shortly, has extended the scale to 500g. This has been carried out in a stain
less steel vacuum tank which was evacuated by a mercury diffusion pump backed 
by a rotary pump. All oil, greases and organic sealing compounds were rigor
ously excluded to avoid contamination of the atmosphere with carbonaceou·s ma
terial; nickel gaskets were used for permanent joints and indium wire for seal
ing the tank to the baseplate. A liquid nitrogen cooled trap was placed be
tween the diffusion pump and tank. Energy was supplied by a medium-frequency 
induction coil placed within the tank, round the crucible and condenser assem
bly. The distillation unit consisted of a 2!" !.D. ber,/llia crucible surmounted 
by a beryllia cylinder (the condenser) lined with tantalum or moJ.ybdenum sheet. 
The over-all height of crucible and condenser was 11". 

3. General Results 

The product is obtaJ.neo as a mass of coarse crystals. There is abunoant 
evidence to show that much of the purification that is obtained occurs by 
fractionation in the conrlenser. Many elements behave in accordance with their 
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relative vapour pressures, but some apparently, are distilled as compounds that 
are more volatile than the elements. The general behaviour of some metallic 
impurities is summarised in Table I. Most non-metallic impurities are reduced 
to a small fraction of their original concentration, the levels usually attained 
being:-

~ 

Oxygen ,../ 60 
Nitrogen, Chlorine, 

Fluorine < 10 
Carbon ~ 45 (analytical difficulties; few data) 

The purest beryllium is that deposited in an intermediate temperature zone at 
1050 - ll00°C. In general the large equipment has yielded purer metal than the 
small scale apparatus, due partly .to changes in geometry of the condenser, and 
partly to materials of construction. 

Considerable contamination from nominally pure beryllia ware has been en
countered (Al, Fe, Si, Na). The purity· of the product was improved consider
ably by stripping moveable impurities from the crucible by a preliminary "wash" 
with beryllium metal vapour. Contamination by tantalum or molybdenum from the 
surfaces of the condenser has been experienced. A beryllium interro1etallic 
compound is formed on the surface, but since in the early stages of deposition 
a skin is formed up to t" thick, this can easily be peeled off the bulk of the 
product, whi~h is substantially free from such contaminants ~2.5 ppm Ta or 
<2 ppm Mo). 

In efforts to attain yet higher purity, metal was twice distilled, and 
distillations were made using highly pure electrolytic beryllium (Pechiney S.R. 
flake). In both instances, only marginal improve1~ents, with respect to a limi
ted number of elements was obtained, compared with single distillation of 
vacuum-cast commercial flako beryllium. Table 2 gives the·analysis of the "pure 
zone" from a double-distillation using a ''washed" beryllia crucible and a 
molybdenum condenser. 

4. Analysis 

In a parallel with work on the distillation technique, members of the 
Analytical Chemistry Branch (Woolwich and Chatham outstations} have made very 
considerable improvements in suitable methods of analysis. Chemical methods 
are time consuming, and demand substantial quantities of sample if a wide 
range of elements is to be followed, and hence have been used in only a few 
instances. Spectrographic analysis has been used extensively to give wide 
coverage, and by improvements in technique the limits for many elements have 
been reduced to levels suitable for our best metal. Radio-activation methods 
have been developed for certain elements for which limits of detection by 
spectrographic analysis were too high. The very high sensitivity attainable 

. by radio-activation methods for certain elements, e.g. sodium, tantalum, man
ganese, was not fully exploited; the methods were chosen to suit the particular 
requiremtnts:-

(i) a limit of 1 ppm is su.f.ficient for any element. 
(ii) material must be conserved; most analyses were carried out on samples 

of 200 - 500 mg. and non destructive methods were used as far as 
possible. 

(iii) the shortest possible radiation times were used in order to obtain 
results quickly. 

Where it has been possible to make comparisons, the agreement between methods 
was highly satisfactory. Table 3 shol~s the approximate limits obtained in this 
work. Considerable and unresolved differences of opinion exist concerning the 
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validity of oxygen figures at low-levels determined by micro-vacuum fusion 
methods as compared with radio-activation. Reliable analysis for carbon is 
also proving to be very difficult at the levels encountered in this work. 

5. Consolidation of Metal 

Although distilled metal is probably purer than any for which comprehensive 

analyses and metallurgical tests exist, it is not in a suitable physical form 

for mechanical tests. In an attempt to consolidate the distillate, while 

av·uiding contamination from crucible walls etc., experiments on conversion of 

strips of distillate to single crystals by a floati~g some melting technique 

are being carried out by Dr. A. Moore, A.W.R.E. 
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Class 

l 

3 

4 

Impurity 

Fe 

Si 

Al 

Mg, Mn 
Ca., Ba, Sr. 

NR., K 

Ni 

Table l 

Behaviour 

Vapour pressure is less than that of beryllium but much 

iron travels to cooler end. of condenser in a very volatile 

form (as chloride?) Iron also deposits at hotter end of 

condenser in a less volatile i'orm. 

V.P. is less than V.P. beryllium but much of it moves to 

cooler end of condenser (as chloride? or sub oxide?) 

V.P. is nearly same as V.P. beryllium, but all aluminum 

moves to cooler end of condenser (as chloride? or sub oxide) 

All have V.P.'s greater than beryllium and behave as 

expected: all move to cooler end of condenser 

Have V.P.'s greater than beryllium and are distilled out of 

condenser. 

Has V.P. much less than beryllium and behaves as expected. 

Only small proportion distils into condenser, where it is 

distributed randomly. 
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Element Fe Ca 

Starting material 650 70 

Double-distilled 4 <1 
· material 

(11 

Element Fe ca: 

Spectrographic 3 30 
Limit ( p. p.m.) 

Radio-acti vati::m <1 
·Limit ( p. p.m. ) 

TABLE 2 

Si Mg Mn Ni Cr Cu Al 

250 80 35 120 70 8o 600 

2.5 6 2 <3 2 0.8 4 

All expressed as p.p.m. of beryllium metal. 

TABLE 3 

Si Mg Mn Ni 

3 0.3 3 

<1 <0.1 

Cr 

2 

Cu 

\ 
\ 
\ 

1 

\ 

Al 

0.6 

<0. 5 

Pb Zn Na · Mo Cl 

1 15 25 

<0.3 <0.1 <10. <6 10 

Pb Zn Na ·Mo Ta 

3 15 10 2 

<0.1 <0.1 <1 
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Characteristics of Vacuum-Distilled Beryllium 

E. D. Levine, J.P. Pemsler, and S. H. Gelles 

Abstract 

Previous pruification studies (1) indicated that beryllium of excep

tionally high purity could be obtained by a vacuum-distillation process. 

Assessment of the mechanical behavior of this material was hampered 

by the difficulty in fabricating specimens of suitable metallurgical quality. 

In the present study the distribution of residual impurities in distilled 

beryllium was studied in detail, and fabrication procedures were developed 

that resulted in the preparation of samples having a fine, uniform, recrys

tallized grain structure. These procedures involved attritioning to powder 

and extruding into flats. 

Impurity studies revealed that in addition to trace amounts of soluble 

impurities, insoluble particles containing iron and silicon exist; and 

that these particles probably limit ductility severely. A reduction in both 

soluble and insoluble impurities was obtained by performing a second 

distillation . . ...... 

· )Vlechanical property studies revealed that double-distilled beryllium 

exhibits considerably greater three-dimensional ductility than material 

of lower purity. In wide-sheet bend tests, bend angles at fracture of 

50° to 70° were observed. 



Introduction 

In a previous paper ( 1) the authors have described a distillation 

procedure for the preparation of beryllium metal of very high purity. 

In this method, distillation from the melt was performed in a beryllia 

crucible heated to 1375° C. The distillate was condensed on a 

tantalum collector heated by radiation from the crucible to approxi-

0 0 mately 1090 C. at the collector top and 1160 C. at the bottom. 

Metal impurities, in particular iron, nickel, chromium and manganese 

were reduced to the 1-5 ppm range in a single distillation. 

Evaluation of the mechanical properties of distilled beryllium 

was difficult because of the large-grained, porous nature of the 

deposits, necessitating the development of consolidation procedures 

to produce densification and permit control of grain size and preferred 

orientation, and at the same time maintain high purity. Initial 

fabrication attempts were only partially successful in controlling these 

variables, and as a result, mechanical property studies were incon-

elusive. 

':< Ledgemont Laboratory, Kennecott Copper Corporation, Lexington, 

Mas sachilsetts 
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In the present study, detailed observations were made on the 

nature of impurities in distilled beryllium, and fabrication proced

ures were developed which permitted the preparation of specimens 

of high metallurgical quality. Mechanical property studies indicated 

that increases in ductility can be obtained by purification. 

Nature and Distribution of Impurities in Distilled Beryllium 

A complete characterization of the residual impurities in 

distilled beryllium must consider not only the total content of specific 

impu:rities as determined by chemical analysis, ·but also the structural 

distribution of impurities. For example, it will be shown that the 

presence of small second-phase particles may have a detrimental 

effect on mechanical properties. A knowledge of the composition 

of these particles could conceivably lead to methods for their removal. 

Information on residual impurities .in solid solution is also important, 

since single crystal studies have shown that several features of the 

plastic deformation of beryllium are directly related to solute 

concentration (2). 

Chemical Analysis 

A typical analysis for metallic impurities is presented in Table I. 

For comparison, data for vacuum -melted Pechiney CR grade flake·, 

which is the starting material for distillation, is also presented. These 

analyses were obtained by photometric techniques that have ·been 

described elsewhere (3). Spectrographic analy~es have indicated that 

the presence of impurities other than those shown in Table I is not 

likely to exceed trace quantities. 
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Little is known of the concentration of nonmetallic impurities in 

distilled beryllium. Hydrogen, nitrogen and carbon have been esti-

mated to be < 5 ppm, < 10 ppm and < 30 ppm, respectively, but the 

techniques employed have not been sufficiently established at these 

impurity levels to be completely reliable. 

Oxygen has been determined by a variety of techniques, including 

fast neutron activation, gamma activation and micro-vacuum fusion. 

Again, the techniques have not been completely established, but it 

appears likely that the total oxygen content of distilled beryllium is 

below 100 ppm, with approximately one-half this amount concentrated 

in surface layers. 

Impurity Phases 

Particles of an impurity phase, approximately one micron in 

diameter, have been observed on fracture surfaces of distilled 

beryllium. An example is shown in Fig. 1. It is likely that the 

presence of .these particles has a serious effect on mechanical 

properties. Specimens of distilled beryllium that exhibited some 

ductility in preliminary mechanical property studies invariably con-

tained appreciably fewer particles than did samples showing low 

ductility. Similar particles have been observed on zone-refined 

crystals of beryllium subjected to only one or two zone-refining 

passes and which exhibited little ductility (4). On the other hand, 

very few particles are observed on multi-pass crystals which ge·nerally 

exhibit considerable ductility. 

9 
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Fracture surfaces of a large number of samples of various 

histories were examined mettallographically. The irregular nature 

of the fracture surfaces precluded quantitative measurements of 

volume fraction of precipitate, but qualitative comparisons between 

different materials could be made. For example, beryllium subjected 

to a second distillation appeared to contain appreciably fewer particles 

than were generally observed in singly-distilled material. 

Attempts to determine the identity of the particles were made 

by electron microbeam probe analysis. These studies revealed 

that silicon and iron are the major heavy components of the second-phase 

particles, with silicon being the primary component. Small amounts 

of aluminum and sulfur were observed in a few particles. 

Similar particles, in much greater density, were observed on 

fracture surfaces of the starting material for distillation, vacuum

melted Pechiney CR grade flake. An example is shown in Fig. 2. 

Microbeam probe a'Baly_sis--revealed that here also, silicon and iron 

are the major components of the particles. Small amounts of aluminum 

and nickel were also found. It could not be determined whether these 

particles are identical to those in distilled beryllium. 

The above analyses are qualitative in nature, because of the 

small size of the particles relative to the electron beam, and because 

elements lighter than sodium cannot be analyzed by the microbeam 

probe. X- ray diffraction studies on distilled beryllium powdered in 

a beryllium mortar and pestle revealed the presence of a face-centered 

cubic phase with a lattice parameter of approximately l 0. 3 A 0 • 

This is similar to a class of binary beryllium compounds having the 

composition M Bei 3 . 
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The composition and source of second-phase particles, therefore, 

are not yet completely known, Their concentration, however, can be 

significantly reduced by performing a second distillation or by vertical 

floating zone refining. In the latter instance, removal of second phase 

appears to take place by gravity segregation, the particles concentrating 

in the last portion of the bar to solidify. An example of this segregation 

is shown in Fig. 3, which is a fracture surface of the last portion to 

solidify of a 5-pass bar prepared from distilled beryllium. In this 

(igure, a large particle density is ob~erved, but little or no coalescence 

of particles, so that quantitative analysis by microbeam probe exami-

nation is still precluded. 

Concentration of second-phase particles by zone-refining does, 

however, lead to a possible means of analysis if enough material can 

be collected to perform a. selective chemical dissolution of the matrix. 

The feasibility of this approach was demonstrated by dissolving a 

large zone-refined bar, prepared from Pechiney beryllium, in a 

bromine-methanol solution. A white powdery residue fi·om the 

dissolution was analyzed by X-ray diffraction and was fou.nd to 

contain BeO, Be2 C and silicon. To date, no bars prepared from 

distilled beryllium large enough to provide sufficient insoluble material 

for analysis have been made. 

Electrical Resistance Measurements 

Information on the relative amounts of total soluble impurities 

in material purified under different conditions was obtained by measur-

ing the ratio of electrical resistance at room temperature to that at 

4. 2° K. This quantity, commonly called resistance. ratio, is primarily 

controlled by the concentration of impurities in solid solution, and 
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is affected only to a minor extent by changes in structure and 

orientation (5). The resistance ratio is generally very sensitive to 

changes in purity, ranging from near unity for very impure metals 

to > 104 for ultra-high purity metals (6). 

Large increases in resistance ratio were observed in beryllium 

upon purification. Data on commercial grades are presented in 

Table II. Distillation of Pechiney CR material increases the re

sistance ratio to several hundred. As shown in Figure 4, an impurity 

gradient exist.s along the axis of the distilled cone, higher ratios 

being observed in the regions of higher deposition temperature. These 

results agree well with chemical analysis, which indicates that 

manganese segregates toward the cooler portions of the cone. 

Figure 4 also indicates that re-distillation reduces the impurity 

concentration, the maximum resistance ratio increasing from 750 for 

single-distilled material to 1100 for double-distilled. Chemical 

analysis is not sensitive enough to detect this additional purification, 

but it shows up clearly in resistance measurements. Thus, 

double-distilled beryllium appears to be of significantly higher purity 

than single-distilled, with respect to both soluble and insoluble impurities. 

Consolidation and Mechanical Properties of Distilled Beryllium 

Initial attempts to fabricate distilled beryllium included direct 

rolling of distilled material and vacuum melting followed by extrusion 

and rolling. These procedures. resulted in material of poor 

metallurgical quality, characterized by large and non -uniform grain 

size. Wide-sheet bend tests, in general, indicated little ductility~ 

12 



The poor mechanical properties were attributed in part to insufficient 

control of metallurgical pC!.rameters during fabrication, and in part to the 

presence of insoluble impurities. 

The major difficulties in fabrication were associated with the 

large grain size of as -distilled and distilled and vacuum -melted 

material. It soon became evident that intermediate grain-refining 

procedures prior to final fabrication would be required. In order to 

accomplish this, powder metallurgy techniques were employed. The 

use of such techniques implied stringent control of powder preparation, 

handling and fabrication in order to prevent contamination. 

Experiments were conducted on material of several impurity 

grades in order to measure directly the effects of purification on 

mechanical properties. The following materials were employed: 

l. Brush QMV - 200 rne::>h powder. 

2. Vacuum-melted Pechiney CR grade flake. 

3. 5-pass zone-refined Pechiney CR grade flake. 

4. Pcchiney SR grade - 110 mesh powder. 

5. Single-distilled beryllium. 

6. Double-distilled beryllium. 

Fifty-gram batches of the above materials that were not already 

in powder form were attritioned in a beryllium mortar and pestle 

constructed from Pechiney CR grade beryllium. Previous experience 

had shown that severe contamination of distilled powder occurs during 

e sizing operations, so no sizing of powders was attempted in these 

experiments. The average particle size of the powders attritioned 
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in this way was approximately 200 microns, the largest particles 

measuring approximately 500 microns. Chemical analyses of 

high-purity powders are given in Table III, which indicates that 

little contamination occured, except for a small amount of iron 

pickup, probably from dust particles in the atmosphere. 

Powder from. each of the above batches was cold-compacted in 

a beryllium die, and the compacts were sealeu in outgassed steel 

cans. The billets were fabricated by extruding into flats at 1650° F. 

This low extrusion temperature was employed in order to prevent 

grain growth. The extruded flats had a cross-section of 0. 75 x 0. 075 

inches. The reduction ratio in extrusion was approximately 12 to 1. 

The extruded flat made from single-distilled powder had an 

elongated blister over its entire length, and the cross-section contained 

numerous voids. No mechanical test specimens could· be obtained from 

this extrusion. The other extrusions, however, were successful, and 

were machined into tensile and bend specimens. 

As-extruded microstructures are shown in Figs. 5-9. These 

photographs exhibit the influence of both initial particle size and 

purity on the extruded grain size and structure. For example, the 

Brush QMV extrusion, Fig. 5, as a consequence of the low extrusion 

temperature, had an unusually fine grain size of approximately 6 

microns, measured on the transverse section. The Pechiney SR 

extrusion, Fig. 8, with a larger initial particle size, had a grain 

size of approximately 10 microns. Examination of the longitudinal 

section of this extrusion, Fig. 8b, shows that a small amount of re

crystallization has taken place, whereas no such behavior was ex

hibited by the Brush material. This is probably a consequence of a 
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change in deformation and recrystallization behavior of beryllium 

with increasing purity. 

The vacuum-melted Pechiney CR material, the double-distilled 

beryllium and the zone-refined material, all having larger initial 

particle sizes, had considerably higher extruded grain sizes: 20, 30 

and 50 microns respectively. A purity effect on recrysta.llization 

behavior is quite evident. The Pechiney beryllium, Fig. 6b, is 

partially recrystallized, and the double-distilled beryllium, Fig. 9b, 

and the zone-refined beryllium, Fig. 7b, appear to be completely 

recrystallized. 

Texture measurements were performep on each flat. The preferred 

orientations were identical in all materials. In each case there was 

a concentration of basal planes parallel to the extrusion direction and 

40° - 50° to the plane of the flat, with the l!OTO] in the extrusion 

direction. The commonly observed basal plane fuclination in extruded 

flats is 70° (7), but Jacobson and Underwood hav~ also described a 

45° orientation (8). It might be expected that the extrusion geometry 

would exert an influence on the texture suoh that as the width to 

thickness ratio of the flat increases, the texture would approach that 

of rolled sheet. 

Chemical analyses of the extrusions are given in Table IV. 

M echanical properties were evaluated by means of tensile and 

bend tests. Bend tests were performed on specimens 0. 050-inch 

thick, with various widths up t'o 0. 675-inch. Tests were performed on 

a three-point bending apparatus, employing a 0. 2-inch radius ram. 

Bend angle at fractvre as a function of specimen width for the different 

materials is shown in Fig. 10. The double-distilled material exhibited 
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significantly greater transverse ductility than the other materials 

tested. The bend angles observed for the widest specimens (50° - 70°) 

are higher than any reported for beryllium of comparable width-to

thickness ratios. Tensile strain in the outer fibers at fracture was 

obtained from measurements of radius of curvature. Values for the 

widest specimens varied from one percent for impure material to 

three percent for double-distilled beryllium. 

The basal plane inclination in the extruded flats is such that 

plastic deformation· during bending would be expected to take place 

predominantly by basal slip, in the thickness direction. Since single 

crystal studies ( 4) have shown that basal plane ductility in beryllium 

is greatly increased by purification, the high transverse ductility in 

double-distilled beryllium appears to be a direct consequence of 

purification. 

Tensile properties are presented in Table V. Since the~::>e tests 

were performed with the tensile axis parallel to the extrusion 

direction, deformation by prismatic slip would be expected on the 

basis of the observed texture., Ductility in single crystals oriented 

with the [ lO To] parallel to the tensile axis has been observed to be 

relatively unaffected by purification (2), so the similarity in tensile 

elongation between the different materials shown in Table V appears 

reasonable. 

The percentage change in yield stress for prismatic slip in a 

single crystal has also been shown (3) to be small (it is estimated 

that the crit~cal resolved shear stress for prismatic slip in a single 

crystal made from double-distilled beryllium would be approximately 

80% of that in a crystal made from QMV material). Therefore, only 
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a small purity effect on the yield strength would be expected in these 

experiments. Actually, even this small effect appears to have been 

masked by differences in grain size. Fig. 11 shows that both yield 

and tensile strength of the extruded flats follow a c:l1/ 2 relationship. 

There is little scatter in the tensile strength data. The larger amount 

of scatter in the yield strength data suggests a possible effect of oxide 

on the grain size relationship, as separate curves could be drawn 

through points for high oxide material (SR and QMV) and for low 

oxide material. This would extrapolate to a positive yield strength 

for material of infinite grain size. Additional data will be required 

to clarify this point. 

Several conclusions can be drawn from the fabrication and 

mechanical property studies described above. With regard to 

the development of fabrication techniques for high-purity beryllium, 

the powder metallurgy route appears to have distinct advantages 

over other methods, in that a fine grain size can be produced with 

only a minor amount of contamination. The attritioning operations 

performed in these experiments were quite crude, and relatively simple 

modification to permit environmental control would be expected to 

reduce contamination even further .. The same is true regarding' 

particle size control, which would permit a closer matching of as-

fabricated grain size among different starting materials. In order 

to accomplish these ends, some work has been started to construct 

a beryllium-lined ball mill for vacuum or inert gas attritioning to 

standard particle size ranges. 
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With regard to the properties of high -purity beryllium, the 

above studies have shown that transverse ductility is significantly 

improved by purification. With the discovery that extruded flat 

texture can probably be controlled by extrusion geometry, it should 

be possible to obtain tensile samples oriented to favor basal slip, 

and therefore to demonstrate the effect of purity on mechanical 

properties in a tension test. 

SUMMARY 

1. Studies were undertaken to describe the nature of impurities 

in beryllium purified by vacuum distillation, to develop 

procedures for fabricating distilled beryllium to obtain test 

specimens of high metallurgical quality, and to evaluate 

the mechanical properties of distilled beryllium. 

2. Impurity distribution was studied by chemical analyses, 

electron microbeam probe analysis, X-ray diffraction and 

residual electrical resistance measurements. Distilled 

beryllium was found to contain only trace amounts of impurities 

in solid solution, plus a small amount of a second-phase 

constituent containing iron and silicon a~ the principal 

impurities. The impurity phase exists in the form of 

spherical particles, approximately one micron in diameter. 

These particles probably limit ductility severely. 

3. Double-distilled beryllium appears to be lower in both soluble 

·and insoluble impurities than single-distilled beryllium. 
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4. Fabrication studies indicated that a fine, uniform, 

recrystallized grain structure of controlled preferred 

orientation could be obtained without significant contamination 

by attritioning distilled beryllium to powder and extruding 

into flats. 

5. Double-distilled beryllium fabricated in this way exhibited 

significantly greater amounts of transverse ductility than 

material of lower purity. 
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Table L Impurity Contents of Vacuum-melted Pechiney 
Regular Grade Flake and Distilled Beryllium 

Concentration, in ppm 

Element Flake Distilled 

Fe 160 3 

Ni 130 2 

Cr 20 1 

Mn 20 5 

Si 60 12 

Al 55 20 

Cu 10 5 

Ta <2 <2 

Table II. Resistance Ratios of Commercial Grades of Beryllium 

Material 

Vacuum -melted Brush QMV 

Vacuum -melted Pechiney CR flake 

Vacuum -melted Pechiney SR flake 

2. 5 

10 

50 

Table III. Chemical Analyses of Powder Attritioned From 
High- Purity Beryllium 

Impurity Concentration, ppm 

Material Fe Si Cr 

Single Distilled 10-25 25 2 

Double Distilled 6-9 13 <1 
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Table IV. Chemical Analyses of Beryllium Powder 
Extrusions 

Impurity Content, in ppm 

Material Fe Ni Al Si 

QMV 1115 170 540 240 

Vacuum -melted Pechiney CR 225 90 41 32 

5-pass zone refined 181 123 11 10 

Pechiney SR 66 4 110 50 

Double distilled 16 1 20 18 

Table V. Tensile Properties of Beryllium Powder Extrusions 

0. 21o Offset Ultimate Tensile Percent 
Material Yield Strength(psi) Strength (psi) Elongation 

QMV 71,400 111, 000 7. 3 

Vacuum -melted Pechiney CR 24,000 72,400 9. 7 

5 -pass zone refined 15,000 58,200 7. 5 

Pechiney 61,400 95,600 5.4 

Double distilled 22,500 63, 700 7. 6 



1. Typical appearance of precipitate particles on a fracture surface 

of distilled beryllium. 500 X. 

~ .---.:.____.----- ~ ---, -_;::----------- .. -
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---,__~ ---:r--.....-_~- <.ow 

...... ----- .. 

Z. Typical appearance of precipitate particles on a fracture surface 

of vacuum-melted Pechiney CR grade flake. 500X. 
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3. Precipitates on a fracture surface of the last portion to solidify 

in a 5-pass zone-refined bar prepared from distilled beryllium. 500 X. 

2,000 

1,000 

600 

0.5 2 3 4 5 6 7 
Distance from Bottom of Cone (inches) 

4. Resistance ratio gradient in distilled beryllium. 
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(a) (b) 

5. Microstructure of flat extruded from Brush QMV - 200 mesh 

powder. 1 OOX. 

a. Transverse 

b. Longitudinal 

(a) (b) 

6. Microstructure of flat extruded from powder prepared from 

vacuum-melted Pechiney CR grade beryllium. 100 X. 

a. Transverse 

b. Longitudinal 
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(a) (b ) 

7. Microstructure of fiat extruded from powder prepared from 5-pass 

zone-refined Pechiney CR grade beryllium. lOOX. 

a. Transverse 

b. Longitudinal 

(a) (b) 

8. Microstructure of fiat extruded from Pechiney SR grade - 110 mesh 

powder. 1 00 X. 

a. Transverse. 

b. Longitudinal 
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(a) (b) 

9. Microstructure of fiat extruded from powder prepared from double

distilled beryllium. 100 X. 

a. Longitudinal 

b. Transverse 

27 



180 

160 

140 

120 

-; 
• ! 
: 100 
~ . 
~ 
c: 
c( 80 ... 
c: 

"" • (X) Ill 

60 

40 

20 

10. 

0 OilY 

e CR PI<~IHr 

A SR Pecttlney 

0 Double Olttllltfl 

6 Zone Refined 

Wieltll (lnclllt) 

Transverse ductility of extruded fiats. 

140,000 

= 120,000 
<ll 
a. 

~ 100,000 -0'1 
c 
Q) 
'-
(;, 80,000 

~ 
<ll 
c 60,000 
~ 
"0 
§ 40,000 

"0 
Q) 

>- 20,000 

0 

0 

e Tensile Strength 
0 Yield Strength 

0.10 0.20 0.30 0.40 0.50 0.60 
I I 

cf 2 ( microns- 2 ) 

11. Grain size dependence of yield and tensile strengths 

of extruded fiats. 



\ 

-------------------="'---- --

·Ageing Effects on Beryllium Single Crystals. 

by 

D. Beasley ·and A. Moore. 

Synopsis. 

A study has been made of the effect of thermal treatment on both the 
flow stress and the occurrence of yield point phenomena of single crystals of 
beryllium. Vacuum-cast-and-extruded electrolytic flake metal of two grades, 
commercial Pechiney (99.8~) and S. R. Pechiney (99.9~) have been refined by 
a vertical floating zone technique using between l and 6 passes. Crystals in 
the solutionised condition i.e. 2 hours at 800°C and oil quenched relative to 
the precipitation ageing process detailed by Moore et al .. (Beryllium Conf., · 
London, 1961, paper 44), have been subsequently aged between 200° and 550°C. 
Over the range 350° - 550°C a progressive increase in flow stress was observed 
reaching a maximum after times of-150 and l/2 hours respectively, and followed 
by a decrease. At lower temperatures i.e. 200°- 300°C the change in flow stress 
was eratic, S. R. quality metal zone refined two times has shown a similar effect 
but after a total of five passes the effect was present at 350°C but undetectable 
at 450°C. No such changes have been detected in crystals initially conditioned 
by an overageing treatment of 500 hours at 575°C and oil quenched, although a 
marked decrease (5~) in flow stress at 450°C relative to that of the solutionised 
condition was observed. 

Derivations of the activation energy for these low temperature ageing 
processes suggest that the reaction is two stage each associated with 16 and 48 
48 Kcals/gm.mol. respectively. It is argued that an interstitial atom, possibly 
carbon,·is associated with the initial part of the ageing process and subsequently a 
substitutional atom becomes involved: it may be. that an interstial impurity precipi
~ates and forms a nucleus for a substitution impurity which has previously been 
considered not too nucleate below 575°C. 

The present differences in flow stress between single crystals initially 
solutionised and overaged at temperatures -575°C are in marked contrast to 
coresponding behaviour in polycrystalline material where differences -10% have 
been observed. 

Strain ageing effects have been observed in crystals tested in the 
solutionised condition over the range 300 - 390Pc. The activation energy for 
yield point return has calculated to be -19 Kcals/gm.mole, whereas yield point 
loss in the range 490° - 540°C has been related to dislocation locking by an 
interstitial impurity, possibly carbon, and subsequent coalescence as a 
precipitate within the matrix. This latter observation has been supported, 
though not proved conclusively by low angle X-ray diffraction studies. 
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1. INTRODUCTION 

Commercial purity polycrystalline beryllium has been shown to exhibit 
an overageing process at temperatures greater than 575°C, which is related 
to the iron content; (.L-s) similar effects have been observed in special 
alloys containing other transition elements namely, chromium, vanadium, 
titanium and manganese. By this, the ductility minimum at around 6oo0 c of 
hot worked beryllium may be obviated by an overageing anneal, involving 
treatment for times at temperature of between 500 hours at 575°C and 2 hours 
at 800°C for metal of compositions between 0.03 w/o and o:4 w/o iron re
spectively. The accompanying reduction in yield stress is small (6,760 -
5,870 psi) compared with the large increase in ductility (30%-60% elong). From 
such ductility values, Moore et al(l) have proposed an effective solution 
boundary, fig. 1, for the Be/Fe system in the presence of the other 
impurities characteristic of this grade of metal. 

X-ray diffraction studies at A.W.R.E. (l) and elsewhere(s) (7 ) show the 
as-worked or solutionised condition to be characterised by the presence of 
two phases denoted A and B, which are gradually replaced on overageing by 
a third phase, C. 

Neither constitutional or mechanical property changes could be induced 
by thermal treatment below 575°C~ suggesting that diffusion effectively 
ceased below this temperature. (lJ In contrast however, Wolff et al( 3

) noted 
a drop in U.T.S. of mechanical test specimens, fig. 2, after annealing at 
lower temperatures for times much less than those re~uired for overageing at 
575°C. This was presumed to be due to coherent precipitation preceding the 
averaged condition. Further evidence for the low temperature diffusion of 
the substitutional atom iron, (activation energy 48 K cals/gm mole), was 
suggested by Wolff(s) from their observations of strain ageing over the range 
300- 4oo°C. Similarly, Sawkill(4

) noted multiple yielding at temperatures 
between 200° and 600°C which could be removed by overageing at low tempera
tures to minimise the solute concentration. 

The increase in ductility and accompanying decrease in yield stress 
resulting from overageing has been attributed to either (i) strengthening 
of the grain boundaries by the precipitated phase which does not soften at 
600°C or ( ii) softening of the matrix; a third possibility is that a 
combination of the two effects may obtain. Since iron is a strong solid 
solution hardener in beryllium, the hardening effect due to precipitation may 
be outweighed initially by a softening resulting from the depletion of iron 
from the matrix, (of the drop in .U.T.S. reported by Wolff( 3

)). Further 
softening would give in turn an increase i~ strength followed by the overall 
softening corresponding to the overaged state. 

Recent work at A:W.R.E. using a variety of techni~ues i.e. measurements 
of Young's Modulus, lattice parameters and electrical resistivity, has 
suggested that changes occur in beryllium in the region of 350°C; moreover 
measurement"s of internal friction indicate the process to have an activation 
energy of ~17 K cals/gm. mole, which suggests that an interstitial atom is 
~-nvolved in contrast to the substitutional atom, iron, responsible for the 
overageing phenomenon(s). 

Conse~uently the work to be described was undertaken to measure the 
change of tensile yield stress of beryllium· single crystals with heat treat
ment in order to:-

(i) determine whether or not matrix softening results from 
over ageing. 
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( ii) 

and (iii) 

detect and define matrix ageing effects in the range 20°C-
5500C. 

by studying yield point phenomena to discern whether an 
interstitial or substitutional atom is responsible for 
for the effects in (ii), or whether there is any interplay 
between processes involving both an interstitial and sub
stitution atom. 

2. MATERIAL AND SPECIMEN PREPARATION 

For most of the work single crystals have been prepared from commercial 
grade Pechincy metal 99. 8'Y/o pu:r·e, (designated GY metal) , vacuum cast and 
extruded ( l040°C, 44: l reduction) , prior to rece.iving two passes in a vertical 
zone melting unit. In addition, a limited number of tests have been made on 
Pechiney SR grade metal (99.9'Y/o pure), consolidated as above and zone refined 
two and five times respectively. All tests specimens were cut from the 
central portion of the resultant crystals. Chemical analyses of the specimens 
estimated according to the results of Martin and Edwards (9), are shown in 
Table l. 

Spec. 
Ref. No. 

GY 
579 

TC 1,3 
and 4 

GY 
668 

TC 6,7 
8 & 9 

SRI 

TC 10 
ll & 12 

Con-

TABLE I 

Material Analyses 

(parts per million by weight) 

c c 
dition N Ce F Fe Al Si Mg Mn Na Ni Ca Cu Cr (Free) (Comb) 

Starting 
Material 

RefinedX2 
( 9) 

Estimated 

Starting 
Material 

RefinedX2 
( 9) 

Estimated 

Starting 
Material 

RefinedX2 
( 9) 

Estimated 

- 300 800 990 

- 167 174 205 

400 
40 30 <10 410 430 110 30 60 <20 100 <100 50 100 3500 

- 228 94 23 

- 50 50 50 - 40 20 I - 20 20 

- 28 ll 10 

30 
40 

150 

Tensile specimens were cut from the single crystals using an electro
turning and cutting apparatus< 10 ~ although in some cases specimens were 
parted off using a spark eroding technique. Final specimen dimensions were 
lin. x 0.25 in. dia. (approx.) with a central electro-polished gauge length 
about 0.75 in. x 0.125 in. dia. 
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3. PROCEDURE 

For the measurement of yield stress, in which the yield point was taken 
as being that at which the load strain curve deviated from linearity, tensile 
specimens were pulled to just past the yield point in either (a) a modified 
Polyanyi tester (10) at a strain rate of 0.18% min. or (b) a modified Hounds
field tensometer at strain rates of l and 2%/min. The majority of tests were 
made in a bath of molten 'cerrobend' (lead, tin, bismuth.and cadmium), whilst 
to enable variation of the heating rate to the testing temperature, some 
specimens were contained in an air furnace. The applied load was measured by 
a dynamometer used in conunction with a strip chart recorder. Specimen 
temperature was measured by a thermocouple in contact with the gauge length. 

To obtain complete ageing curves, specimens were held at temperature in 
the tensile machine and successively loaded to just past the yield point and 
unloaded. From this, graphs have been plotted ::;bowing the change in yield 
Rt.ress with time at temperature. In some cases where a small amount of work 
hardening resulted from extension beyond the yield point, an allowance was 
made to compensate for the effect of this increase on the next yield point; 
this is illustrated schematically in Fig. 3· 

Heat treatments were carried out in a resistance wound furnace in 
an atmosphere of 760 mm argon (.99. 99'5'/o pure). Prior to each test every 
specimen was annealed for 18 hours at l000°C slow cooled, to remove the 
effects of the previous test. This treatment was then followed by ei the·r 
(a) a solutionising anneal of 2 hours at 800°C oil quench or (b) a solution
ising plus over~eing treatment of 2 hours at 800°C oil quench_followed by 
500 hours at 575 C oil quench. In addition, one specimen, T.C.4. was tested 
in the partially averaged condition, i.e. solutionised plus 200 hours at 
575°C, oil quenched. 

4. OBSERVATIONS 

4.1 Effect of Overageing on Yield Stress 

All tests were made at 450°C in a Cerrobend bath using a strain 
rate of 1"/o/min. 

Initial results from two adjacent specimens (T.C.l and T.C.4.) 
out from the middle of a GY crystal and tested in the solutionised (T.C.t) 
and overaged (T.C.4.) conditions, indicated that a significant reduction 
in yield stress occurred on overageing. Subsequent confirmatory tests, 
which were confined to one specimen only (T.C.4), in order to exclude com
pletely any possible differences in composition and orientation from 
specimen to specimen, were made with the specimen in each of the following 
conditions:-

(a) solutionised 

(b) overaged 

(c) partially averaged 

Table II and Fig •. 4. summarise the general observations from 
which it follows that:-
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Test 
Order 

2 

l 

3 

( l) 

( 2) 

(3) 

( 4) 

TABLE II 

Ef.fect of Overageing on Yield Stress 

At 450°C 

(Specimen T.C.4.) 

Yield % Solutionised 
Stress Value (yield 

Condition ( P. S. I.) stress) 
Ageing 
Effect 

Solutioni sect 4120 YES 

Over aged 2240 55 NO 

Partially 2920 71 SLIGHT 
Over aged 

overageing reduced the yield stress by 4~. 

Total 
Strain 

% 

1.3 

1.9 

0.3 

after partially overageing the yield stress was reduced, 
but not to such a marked extent as by fully overageing. 

successive extensions in the solutionised condition 
showed that the yield stress increased with time at 
temperature. This occurred to a lesser extent in the 
partially overaged condition but was undetectable after 
fully overageing. 

assuming the latter observation to·be related to the 
degree of' overageing, the solution boundary proposed by 
Moore et al., Fig. 1, is not corre·ct for low iron content:s 
since the overageing temperature employed for this work .. 
would be in the solutionising region. 

From the slope of the load/extension graphs there was no apparent change 
in Young's Modulus on overageing. 

4.2 The Ageing Effect 

4.2.1 Effect of time and temperature 

Following the observation of the increase in yield st~ess 
with time at 450°C of single crystals in the solutionised state, 
further similar specimens, in the same condition have been tested at 
350°, 4ooc, 450°, 500° and 550°C. All tests were made in a cerrobend 
environment at a strain ~ate of 1%/min, with the exception of the 
first one for which an air furnace was used with a strain rate of 0.18%/min. 

In the range 400°- 550°C the yield.stress incr~ased 
steadily with time at temperature to a single maximum followed by a 
slight decrease, fig. 5. At 350°C the yield stress/time curve was 
complex and suggested that the total increase occurred in successive 
stages. After ageing this specimen at 350°C the temperature was 
raised ~uickly to 500°C and ageing continued. In this the yield 
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stress dropped initially but subsequently increased in the same 
manneP as for a normal single stage treatment at 500°C. In no test 
did the final decline show evidence of levelling out, although this 
mie;ht have occurred_, however, after longer times. 

From the ageing curves, values were measured for the 
times to 

(a) peak yield stress 
and (b) half peak yield stress 

and these plotted on a log-scale against the reciprocal of the ageing 
temperature(~). The activation energies calculated from the 
resultant two straight lines were 48 K cals/gm. mole and 16 K cals/gm 
mole respectively, fig. 6. 

At temperatures between 200° and 300°C, (all tests in 
cerrobend at 0.18%/min. strain rate), the variation in yield stress 
with time was erratic in nature, although at 300°C an initial steady 
rise preceded the erratic condition, fig. 7· Moreover, the same 
uncertain type of curves were obtained from T.C.ll solutionised, aged 
l hour at 500°C and tested at 250°C, and from T.C.3. overaged prior 
to testing at 200°C (fig. 7). 

In no test had an incubation period been observed prior to 
the rise in yield stress and since nucleation, corresponding to this 
portion of a typical ageing curve, might have taken place during the 
oil quench from the solutionising temperature, one specimen (T.C.ll) 
has been tested after water quenching from 800°C. However, no incuba
tion period.was detected on subsequent ageing at 440°C. 

4.2.2 Test Equipment 

Following the recent work of Morrow(ll) on polycrystals it 
was considered possible that the test environment and/or the con
sequent rate of heating to the testing temperature might have some 
influence on the ageing process, but this view was discounted by 
repeating the test at 450°C in an air furnace, when a rise in yield 
stress was observed similar to that from the same specimen tested in 
cerro bend. 

4.2.3 Effect of Strain 

Since strain induced ageing effects, resulting from the 
successive small extensions of the specimen required to obtain the 
ageing curves, might have accounted for the observed increase in 
yield stress; one specimen (T.C.6.) was tested without prior load 
at 400°C in the solutionised and solutioned plus aged conditions. This 
latter treatment had been defined as that necessary to raise the yield 
stress to the region of the peak value at 400°C i.e. -5 hours (fig. 5). 
In the first two tests the yield stress in the solutionised plus aged 
condition was higher than that of the solutionised state, fig. 8, as 
anticipated. However as the difference between the two was larger 
than that indicated by the ageing curve, fig. 8, the test in the 
solutionised condition was repeated, and the yield stress found to 
be higher than that of the first test. Further successive tests 
showed the yield stress in the solutionised condition to rise with 
each intertest anneal, but in every case this value was lower than 
that for the ~receding test in the aged condition. 
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4.2.4 Effect of Purity 

Examination of.material of increasin3 purity showed a 
similar ageing effect to occur at 450°C and 550 C in SR material zone 
refined two times (T.C.ll) but was undetectable at 450° in the same 
material zone refined five times. However, an effect was observed 
in the latter specimen at 350°C. 

During the tests just described yield points were observed 
on some occasions, but their occurrence appeared haphazard. More 
detailed work on this aspect is described in the next section. 

4.3 Yield Point Phenomena 

4.).1 Yield Point Gain 

Specimen T.C.ll, pulled in the solutionised condition at 
2%/min. strain rate in cerrobend, has shown typical strain ageing 
effects at 300°C, 350°C and 390°C. In this a yield point was 
obtained after an initial extension to past the yield stress followed 
by holding at temperature prior to reloading. The time re~uired to 
obtain a yield point was measured at each of the above temperatures 
and an activation energy of 19 K cals/gm. mole. calculated 
for this effect. 

4.3.2 Yield Point Loss 

Specimen T.C.ll has also shown an effect opposite to the 
strain ageing described above. Thus, when pulled in the solutionised 
condition in cerrobend at 540°C, (2%/min. strain rate), a yield point 
was obtained which reappeared on successive extensions made within 
seconds of each other. However, if, after pulling, the specimen was 
rested for several minutes before reloading, the yield point was 
absent, fig. 9. Successive reloading after various resting times 
showed that the minimum time to lose the yield point was 4 minutes. 
In a similar test at 490°C, 430 minutes were re~uired to lose the 
yield point, whilst at 550°C multiple yielding occurred. Specimen 
T.C.l2 in the averaged condition exhibited a similar effect viz 
yield point loss, at 535°C. An activation energy of 94 K cals/gm. 
mole was calculated for the time to lose the yield point; times for 
both the solutionised and averaged specimens falling on the same line 
in the plot of log time versus the reciprocal of the absolute tem
perature. 

5. DISCUSSION 

5.1 Effect of Overageing on Yield Stress 

Since the yield stress in the partially overaged condition (third 
test of this series) was almost as low as that for the first test (overaged), 
the comparatively high yield stress in the solutionised condition does not 
appear to have been influenced by the intertest anneal Csee paper to this 
conference by Tristem and Moore) .. Moreover, the slight ageing effect in the 
partially averaged condition confirms that overageing was not complete, and 
hence it would be anticipated that the yield stress in this condition woulQ 
not be as low as that of the fully averaged state. Furthermore, although 
recent work at A.W.R.E. (ll)has shown that a cerrobend environment 
influences the ductility at 450°C of overaged polycrystalline metal, no 
corresponding change in yield stress was observed. 
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It has been shown therefore that overageing reduced the yield stress 
of single crystals by 4~ (at 450°C). This contrasts markedly with the 
corresponding differences observed in polycrystalline material in which, 
for GY metal the reduction is from 10,730 psi to 9,450 psi (..;: 12%), ond for 
SR metal from 7,200 psi to 6,950 psi(= 3-1/2%), and suggests that the matrix 
is softened appreciably by overageing. However, the full effect of this may 
not be felt in polycrystalline metal because of the influence of the grain 
boundaries which may effect either (i) the dessimination of the precipitate 
or (ii) the modes of deformation. 

Since the overageing temperature for this work was higher than that 
indicated by previous work(l}, use of a lower, possibly more nearly optimum 
temperature might result in still greater reductions in yield stress. 

5.2 The Ageing Effect 

5.2.1 General 

Evidence has been obtained for an ageing effect occurring 
in solutionised single crystals over the range 350° - 550°C which is 
both independent of prior strain and insensitive to heating rate and 
test environment. Since this is undetectable in averaged specimens, 
but present to a small degree in partially averaged material, it may 
be related to the high temperature effect already described by other 
workers. Moreover, this is supported by the activation energy value 
of 48 k cals/gm. mole. determined for the rise to peak yield stress, 
since this agrees well with that recorded for the overageing process. 
It is suggested that the rise in yield stress occurs as a result of 
ageing prior to coalescence to give the averaged condition and in 
this respect it should be noted that the times to peak yield stress 
at 400°C and 500°C are comparable with those for the drop in U.T.S. 
recorded by Wolff et al("3). Furthermore measurements of the low 
angle scatter of X-rays has suggested that particles, some 60A dia
meter are present in single crystals specimens after ageing to peak 
yield stress; it was also shown that these particles had a definite 
orientation with respect to the matrix (12). 

The value of 16 K cals/gm. mole for the activation energy 
for the rise to half peak yield stress indicates that an interstitial 
atom is involved, in contrast to the substitutional one, iron, respon
sible for the overageing effect. Thus, by comparison with other 
ageing systems although different stages may occur i.e. G.P.l. zone, 
G.P.2. zone etc. their respective activation energies are usually of 
the same magnitude (13). An anomously low activation energy, however, 
could be measured if the points chosen for the half peak values at 
different temperatures did not correspond to the same stage in the 
process. This is unlikely t0 be the case in"the present work, since 
the shape of the majority Q'f ageing curves was similar over the tem
perature range considered; the exception being the test at 350°C 
(multistage) for which the:: point deviates from the straight line, 
fig. 6. It is suggested therefore that the high temperature overageing 
process is a complex one involving at least two elements, one of 
which is intenstitial; f~ther work is obviously required to clarify 
this aspect. ; 

There is as yet no explanation for the erratic changes in 
yield stress noted at temperatures below 300°C. However, it is 
possible that this coul~ arise if the degree of supersaturation· 
was great enough at those low temperatures to cause localised 
precipitation on the application of a small strain. 
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.The failure to detect an incubation period corresponding to 
nucleation, could occur if this took place during the quench from 
the solutionising temperature. Since Sawkill (4) has noted gross 
precipitation after quenchinB from 900°C, the presence of nuclei 
after rapid cooling from 800 C is not unreasonable. 

5.2.2 Effect of Purity 

The absence of a detectable effect at 450°C in SR metal zone 
refined five times, but its presence at 350°C suggests that the 
impurity level of the relevant elements has been reduced to less than 
the solubility limit at 450°C. This is supported by the comparatively 
low critical resolved shear stress recorded for this specimen (14). 
There appears to be little difference in the purity of GY and SR metal 
with respect to the ageing effect. 

5.3 Yield Point Phenomena 

5.3.1 Yield point gain 

The observation of strain ageing over the range 300° -
390°C indicates that dislocation locking is occurring. Moreover, 
the value of 19 k cals/gm. mole. for the activation energy agrees 
well with that determined for the rise to half peak yield stress, 
and confirms that interstitial atoms are diffusing at these 
temperatures. 

Yield points are often difficult to detect in single 
crystals(l5), and it may be that if locking by substitutional atoms 
occurs, as found by Wolff (3), it is masked by the stronger 
influence of the interstitial atoms. 

5.3.2 Yield point loss 

The phenomenon of yield point loss has been noted in some 
aluminum base alloys(l6), where it has been correlated with the 
coalescence of atoms, originally centered around dislocations, to form 
massive precipitate particles. It is possible that a similar 
explanation obtains for the present work. Thus extrapolation of the 
results for yield point gain, (previous section), indicates that the 
time ·to gain a yield point at 540°C would be some 60 sees., which 
is of the same order as the time between successive extension, fig. 
9. It may be, therefore, that after this rapid diffusion to give 
locking, the atoms coalescent to form precipitate. At 550°C, multiple 
yielding would occur because of the extreme mobility of the atoms at 
this high temperature i.e. successive locking would occur before 
coalescence. 

When compared with the activation energy for self diffu
sion (-70 K cals/gm. mole), the figure calculated for yield point 
loss appears abnormally high. However such high values have been 

.observed in measurements made near to a solution boundary and this 
could apply to the present work. If there is a solution boundary in 
the region of 550°C then the yield point loss in the averaged 
material would be explained. 
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6. CONCLUSIONS 

6.1 Effect of overageing 

Overageing at 575°C reduces by 45% the yield stress at 450°C of 
sblutionised single crystals containing <0.03% w/o Fe., and implies that 
the solution boundary proposed by Moore et al(l) is not correct for low 
iron contents. It is suggested that still greater reductions could be 
obtained by overageing below 575°C. There was no detectable change in 
Young's Modulus on overageing. 

The increased ductility of averaged polycrystalline metal is due 
mainly to a softening of the matrix, the influence of which is reduced by 
grain boundary effe~ts. 

6.2 The Ageing Effect 

Single crystals in the solutionised condition exhiblt an ageing 
effect over the range 350° - 550°C, giving rise to an increase in bield 
stress with time at temperature. At temperatures greater than 400 the 
rise occurs in a single stage whilst at 350°C several stages have been detected; 
below 350°C the change in yield stress with time is erratic. This effect 
which is independent is of heating rate, test environment and the application 
of prior strain, is in marked contrast to the work of Moore et al who 
concluded that diffusion did not occur at temperatures below 575°C. 

The absence of the effect in averaged material, together with 
the value of 48 K cals/gm. mole for the rise to peak yield stress confirm 
that a substitutional atom, possibly iron, is responsible, and that the 
process is the preliminary stage of the overageing reaction. Moreover the 
value of 16 K cals/gm mole for the rise to half peak yield stress and of 
19 K cal s/gm. mole for yield point gain in the range 300°C - 390°C suggests 
that an interstitial atom, possibly carbon, is associated wi'th the :initial 
stages of the reaction. 

Both GY and SR metal zone refined two times show similar ageing 
effects, but refining SR metal five times reduces the concentration of 
either or both the relevant impurities, to within the solubility limit 
between 350° and 450°C. 

6.3 Yield Phenomena 

6.3.1 Yield point gain 

Strain ageing has been observed in single crystals, of 
twice zone refined SR quality, over the range 300° - 390°C. The 
activation energy of 19 K cals/gm. mole. for yield point gain suggests 
that the effect is due to an interstitial element. 

6.3.2 Yield point loss 

A phenomenon opposite to strain ageing has been detected 
over the range 490° ~ 535°C in single crystals of twice zone refined 
S.R. quality in both the solutionised and averaged conditions. It 
is suggested that this results from strain ageing followed by 
precipitation. The anomalously high activation energy is 94 K cals/gm. 
mole is attributed to the proximity of a solution boundary to some of 
the testing temperatures. 
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BASAL PLANE FRACTURE OF BERYLLIUM SINGlE CRYSTALS 

by 

M. Herman 
G. E. Spangler 

ABSTRACT 

Single crystals of beryllium prepared by zone melting 

were tensile tested at room temperature with orientations 

such that basal glide was the principal deformation system. 

Fracture occurred in most cases by cleavage on the basal 

plane where the extent of deformation prior to fracture 

was enhanced by the effect of purification. This improvement 

in ductility resulted from lowering the critical resolved 
~· 

shear stress and the work hardening characteristics and 

minimizing crack nucleating precipitates. 

The results were analyzed with respect to two 

theoretical treatments for the propagation of cleavage cracks . 
in metals which can glide and cleave on the same C17stallographic 

plane. The first considers the conditions for propagating a 

crack nucleated by the splitting of a wall of dislocations while 

the second considers the case where a dislocation pile-up is 

responsible for the crack. Both schemes evolve similar stress 

relationships but differ in the dependence of fracture on crystal 

orientation. The results of the analysis indicates that the 

cleavage of beryllium on the basal·plane ·during tensile testing 

is associated with the split bend plane mechanism of crack 

initiation and propagation. 
\ 
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1. INTRODUCTION 

The room temperature tensile properties of beryllium single 

crystals have been examined by Tuer and Kaufmann(l), Garber, Gindin, 

and Shubin(2,3), and Herman and Spangler(4,5) * 
Tuer and Kaufmann reported that the crystals of beryllium 

fractured by basal plane cleavage soon after yielding with a total 

overall strain not exceeding 2%. These crystals were nominally 98.8% Be 

0 
and were oriented with the basal planes at 45 to the tension axis. 

Slip was exclusively by basal plane·flow. They indicated that associated 

with the fracture was prior deformation kinking of the crystals. 

Green and Sawkill (8 ) analyzed the results of Tuer and Kaufmann 

by adapting to beryllium the fracture criterion of Stroh(9), which deals 

with metals which can slip and cleave on the same plane. They were able 

to sh9W that the observed 2% elongation at fracture was predic.table if 

cleavage arose by means of the split bend-plane mechanism proposed by 

Stroh. This is consistent with the observed formation of kink bands. 

Green and Sawkill felt that their analysis suggested that the brittle 

behavior of the beryllium crystals was a result of the relatively high 

yield strength of the metal and that perhaps ·purification would improve 

its ductility by lowering the yield stress. 

With crystals of comparable orientations (though significantly 

purer) the ductility results of Garber, Gindin and Shubin were similar 

to that of Tuer and Kaufmann. Some ductility (overall elongation of 11%) 

* The tensile results of Greethain and Martin (6 ), and Treha~e and Moore (7) 
are not included since their results deal pnly with the yielding of crystals. 
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was observed by Garber and co-workers in one crystal oriented with the 
0 

basal plane at 20 to the tensile axis. It appears that the increased 

purity of the crystals** used did not result in any significant increase 

in ductility. It is, however, noted that while the purity of the crystals 

of Garber-, Gindin, and Shubin ·were purer than those used by Tuer and 

Kaufmann, the former exhibited ·a yield strength of about 4000 PSI compared 

to 2500 PSI for the latter. This difference in the critical resolved 

shear stress is not understood, but must be considered since Green and 

Sawkill regard a high yield strength in itself conducive to brittleness. 

Garbin, Gindin, and Shubin applied a mathematical analysis 

to their fracture results. They related the product of the flow stress 

and fracture stress at failure to a material constant. Their description(lO) 

of the mechanism responsible for the relationship is almost identical to 

that proposed by Stroh. 

Thus it appears that for the two sets of experimental tensile 

results obtained on beryllium single crystals, the fracture properties 

could be related to a quantitative theoretical pictu1~ ?f failure. In 

both cases, the limited ductility appears as the result of relatively 

high yiel·d strength of the beryllium crystals. 

For crystals of orientations comparable· to those previously 

mentioned' the results of Herman and Spangler have shown that purification 

has lowered the critical resolved shear stress for beryllium and has 

resulted in significant increases in ductility (yield stress of·4oo PSI, 

** The analysis is given as 99.9% Be excluding BeO. 
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overall elongation of 140%). The purpose of the present paper is to 

examine in light of this increased ductility these results in terms 

of the fracture model of Stroh and another fracture model proposed 

by Gilman (ll). Of particular interest will be the interpretation of 

the effect of impurities on ductility and of the results of the previous 

investigators.· 

2. PROCEDURE AND RESULTS 

The description of the preparation and testing of the beryllium 

single crystals and the results of the tests have appeared elsewhere(5). 

In brief summary, beryllium was zone mel ted and converted into 

single crystals during the zone refining process. The single crystals 

were shaped by electro-spark discharge and electrolytic machining. The 

orientation of the specimens before and after tensile testing was 

determined by the back reflection Laue method. The specimens were tensile 

tested (see Figure 1) in an Instron machine and the load extension curves 

recorded. The specimens deformed by basal glide. A summary of the tensile 

results appears in Figure 2 and Table I. 

3. DISCUSSHN 

3.1. Crack Propagation Mechanisms 

In beryllium, plastic flow and cleavage can occur on the basal 

plane. Since some plastic flow is usually observed prior to cleavage 

in single crystals deformed in basal glide, it is reasonable to consider 

dislocation interactions in the basal plane which are likely to be 

responsible for cleavage. Two such theoretical treatments exist. These 

will be examined and then their experimental predictions will be compared. 
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The first, that of Gilman(ll), (which is an extension of the 

treatment of Deruyettere and Greenough(l2 )) treats a piled-up group of 

dislocations lying on a basal plane at some barrier. He considers 

that crack initiation on the basal plane (where the dislocations are 

piled-up) would be easier if the elastic strain energy of the dislocations, 

which is released if a crack were to for.m, would be available to help 

overc.Qme the surface energy required to for.m the crack. A model is 

shown in Figure 3. The fracture condition is derived in a manner similar 

to the Griffith method and is given as: 

where: 

n ~ number of dislocation in group 

't = surface energy = 1000 erg/cm
2 

b =Burger's vector 

n = normal stress on basal plane 
11 2 

E = Young's modulus = l/S33 = 29.65 x 10 dynes/em 

Y = Poisson 1 s ratio = S13/S33 = .348 

G = Shear Modulus = 11 2 
l/S44 = 11 x 10 dynes/em 

The relationship between the number of dislocations and the 

applied shear stress is given by: 

1' = 3Gnb 
2't'td 

where D = length of slip plane. 
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Combining these equations gives 

'I= 6 ¥ 
'\T' D a-"n 

[ GE (1 -7)] l/
2 

This, then is the stress to hold a pile-up of dislocations of the· 

critical number required to permit crack propagation. The total applied 

stress, 1" s' must be the above plus frictional stress, 1"0 (yield stress). 

Further, D is related to the original diameter, D0 as: 

D = D0 __ .,. 
Sin'X 0 

Thus, the equation becomes: 

sin7- 0 

''7-. 0 = angle between slip 
plane and tension 
axis 

(1) 

When the value on the left side, which is determined only by 

the experimental conditions is equal to or greater than the right side 

which is determined by material constants, then fracture once initiated· 

can propagate continuously. 

The second treatment is by Stroh(9); he considers the splitting 

of a wall of dislocations as the condition to be examined for crack 

propagation (see Figure 4). Orowan(lJ) pointed out that a wall of 

dislocations ending within a crystal would necessarily produce high tensile 

forces at the internal end of the wall.· Friedel(l4) estimates that if 

the dislocations within the wall are spaced so as to produce at least a 
·-

50 misorientation, then the stresses set up would be sufficient to nucleate 

a crack. Stroh presupposes that sufficient misorientation exists and thus 

a crack can nucleate. He examines the condition under which the crack can 
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catastrophically propagate. The driving force is the appl"ied normal 

tensile force and an additional normal tensile force ·developed by the 

shear stress tending to separate the dislocation walls. The Griffith 

method is then employed for determining .the fracture criterion. This 

result, as modified by Green and Sawkill(B) is given below: 

ln [ Q l 
B'Fs 

where: 

AJ = resolved shear stress on the basal plane at fracture I s 

(2) 

~0 = critical resolved shear stress on the basal plane (yield stress) 

er-n resolved normal stress on the basal plane at fracture 

D = minor diameter of the crystal 

D0 initial diameter 

1 + (overall elongation) 

Q = misorientation across dislocation wall 

2 = "a complex function of the elastic constants, roughly equal2 to 
B the mean elastic extensional modulus"* = 3 x 1012 dynes/em 

't = surface energy = 1000 ergs/cm2-r'* 

In this equation, the experimental terms appear on both sides 

of the equation. Sine~ the ~s and Q terms on the right are inside the 

logarithm term wide variations in these values do not significantly 

affect the value of the right hand term. Hence, the result can be viewed 

as before; if the left hand term {experimental factors) equals or exceeds 

the ~t hand (material constants), fracture once nucleated can propagate. 

* Green and Sawkill (B) 
**Green and Sawkill(B) suggest that the surface energy values of Be and Zn 

should be in the same ratio, namely 8.4, as their extensional moduli in 
the c direction. 
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The value of the right hand side (material constants) for 

the equations .are: 

equation (1); 2.78.x 1015 dynes 2/cm3 

equation (2); 3.0 to 3.5 x 1015 dynes2/cm3 

(using Q = 6° and the extremes of the observed fracture stresses, ~ ). s 

These values are now compared to the averaged experimental values (left 

hand side). . 

equation 15 2 3 (1); 6 x 10 dynes /em 

equation 15 2 3 (2); 3.1 x 10 dynes /em 

In view of the nature of the assumptions and the values of 

the terms used, the agreement between the experimental and predicted 

values of the fracture criteria is remarkable. It is equally remarkable 

that two completely different mechanisms yield essentially the same values. 

To some extent the latter ms understandable, since the crystals tested 

were with one exception oriented at 45° and thus the cosine. and sine term 

were the same. This made the experimental fracture values identical for 

crystals which fractured at low values of overall strain {see Table I). 

This similarity in the predictions of two distinct fracture 

mechanisms is now examined in greater detail and it will be seen that 

the Stroh description is more applicable. The predicted variation of 

the experimental fracture criteria due to orientation goes as the sine 

of the orientation angle according to Gilman and as the cosine according 

to Stroh. In the case of zinc(9) (with which beryllium is expected to 

behave similarly) the observed orientation dependence upon fracture agrees 

with Stroh's predictione Similarly the work of Garbin, Gindin, and Shubin(
2

) 
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supports the view that only Stroh's orientation dependence is applicable. 

FUrther electron transmission microscopy studies(l5,l6) has shown no 

evidence of extensive dislocation pile-ups as required by Gilman. 

In addition, are the results of an experiment in which 

dislocation barriers were introduced into a crystal. In this work, micro-

hardness impressions were indented on two sides of a beryllium single 

crystal. One set perpendicular to the expected slip direction - the other 

set perpendicular to the next easier slip direction. The specimen was 

pulled to fracture. No cracks were obse.rved near any impressions which 

were perpendicular to the "secondary" slip direction. On the other set 

of impressions, cracks were observed through the impressions of a few 

close to the fracture surface and. near the impressions of most all (see 

Figure 5). 

Evidence of bend planes at the cracks near the impressions are 

quite apparent. It is argued that the impressions represent a barrier 

at which a wall of dislocations is held up. Portions of the wall furthest 

from the impression can proceed, splitting the bend plane and causing a 

crack. The few cracks that appear through the impression may have arisen 

from a pile-up mechanism. Since this type of cracking is not the prevalent 

one it is concluded that in the absence of local barriers (gross precipitates) 

the cleavage occurs via the split bend plane mechanism. 

Finally it is noted that when the origin of the point of fracture 

can be determined from examination of the fracture surface it is found 

at the surface of the crystal in the region perpendicular to the primary 
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slip direction. This indicates, along with the appearance of two bent 

lips on the fracture surface at its extremes, that cleavage originates 

in the center of the crystal. This is more consistent with a split bend 

plane mechanism of fracture. 

Based upon the Stroh mechanism, the sequence of fracture is 

viewed as follows. Tensile elongation of the specimen produces rotation 

of the basal planes. This introduces bending (and bend planes) at the 

grip regions and reverse bending in the center of the gage,section. The 

latter is conducive to forming a kink band (double bend plane). Shearing 

through the walls of the kink band initiates cracks and if the fracture 

criterion is satisfied, a crack will propagate and cause failure. Shearing 

through the bend plane at the grip regions is not expected and in.fact 

" failure is seldom observed there. 

The sequence of fracture requires all steps. If bend planes 

were not formed during deformation then fracture would not be expected 

and crystals should neck down to a knife edge. Thus a valid criticism 

of the Stroh fracture criterion is that it does not include the testing 

variables responsible for producing the required bend planes. The fracture 

results, therefore, in the present work having meaning only witp respect 

to the particular method of testing used. 

3.2 Effect of Impurities 

3.2.1 Solid Solution 

The effect of impurities on the ductility of single crystals 

of beryllium can be inferred by examining their effect on yield strength 

and work hardening characteristics in terms of the Stroh equation. 
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Consider first crystals exhibiting similar orientations and 

work hardening characteristics but differing in yield strengths due 

to differences in the concentrations of impurities. According to equation (2), 

only the value of the normal stress, cr n' determines the differen~e in the 

experimental fracture values. Obviously, a higher yield point crystal 

would always have the higher experimental fracture value and would be 

expected to fail at lower strains. 

Since the curves shown in Figure 2 indicate that the initial 

work hardening characteristics of the crystals also increases with yield 

strength, the experimental fracture values are further increased for high 

yield strength crystals and thus brittle behavior in them is enhanced. 

Actually the effect of work-hardening on ductility is much more 

influential than revealed by this simple consideration. For example, 

examine curves P-1-3 and P-5-1 in Figure 2. Although both crystals have 

essentially the same 't' s' shear stress at fracture, P-1-3 not only exhibits 

a greater ductility, but also has a significantly lower experimental 

fracture value. This was obtained as a result of the easy glide region 

developed by P-1-3. During easy glide,appreciable strain occurred at little 

increase in flow stress. However, the significant point is that the basal 

plane rotation accompanying the strain reduces both the normal stress 

component and the maximum length of the dislocation wall that is to be 

split, i.e., the term D/cos;t • The rapid work hardening experienced by 

P-1-3 in the latter stages of strain is not particularly effective in 

increasing the value of the experimental fracture relation since the 

increase in. ( ty s - 1"'0 ) is offset by the decrease of Un and D/cos/l • 
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Thus, high final fracture strengths and appreciable ductility may be 

obtained by virtue of an initial easy glide region. 

It is seen, therefore, that the influence of impurities on 

ductility in beryllium arises out of their effect on the yield strength 

and work hardening characteristics. The yield strength increase arises 

out of solid solution hardening (and possibly precipitation hardening); 

the increase in work-hardening with impurities is generally observed in 

alloy systems, but the exact mechanism is yet unknown~ 

3.2.2. Precipitates 

Impurities in the form of precipitates can also influence the 

extent of ductility of beryllium single crystals. Crystals V-C exhibited 

a crack at a surface precipitate (apparently a carbide). While the 

origin of the final fracture could not definitely be traced to a precipitate 

it is reasonable to conclude that precipitates acting as barrier to 

dislocations (either for pile-ups or bend planes splitting) were influential 

in affecting ductility. 

The superposition of precipitates as an additional fracture 

nucleating source is felt to over-ride the "normal" sequence of fracture 

previously described. The limited ductility, therefore, obtained in 

crystals such as.V-C (which are comparable to those of Tuer and Kaufmann(l)). 

is caused principally by the presence of precipitates. 

3.2.3. Alloying 

The fracture data that have so far been examined, deal with 

relatively low concentrations of alloying elements (impurities) in 
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beryllium. A single crystal (one that exhibited a yield strength of 400 FSI 

on the basal plane) was re-alloyed with 5% copper (by weight) by zone 

leveling copper wire into the purified crystal. This amount of copper 

(17 )·* was estimated to result in a single phase alloy at room temperature • 

The crystal was tensile tested in a manner similar to the previous ones. 

The following were the tensile r·esul ts. 

~0 = 7800 PSI (yield stress) 

'J s = 12,200 PSI (shear stress at fracture) 

Un = 10,550 PSI (normal stress at fracture) 

& ** = 23% (overall elongation) 

'f.o = 52° ,it
0 

0 it 0 • . = 56 , = 42 (or~entat~on) 

D = 0.0685 11 (minor diameter at fracture) 

Experimental fracture value= 51.6 x 1015 dynes 2/cm3 • 

The fracture surface was not the typical basal cleavage type. It can 
-

best be described as a W formed by basal cleavage alternating with (1120) 

prism cleavage. It is evident that relatively large stress valuP.s for 

basal flow can be developed in beryllium and also they can be accompanied 

by appreciable ductility. 

There are two viewpoints that can be taken regarding the 

interpretation of these results in terms of the Stroh fracture theory. 

The first considers the effect of alloying on lessening the ease of 

propagating cleavage. In effect, a ten-fold increase in the surface 

energy term would be required to explain the observations. 

*No precipitates were evident from metallographic examination of the 
fracture surface. 

**The crystal necked prior to fracture, this elongation term is estimated 
by the measured reduction of area at the fracture region. 
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The second considers the effect of alloying on nucleating a 

cleavage crack. The Stroh theory deals only with the propagation of an 

existing crack (one, however, that was produced by deformation). It is 

conceivable that the effect of alloying is to make crack nucleation 

significantly more difficult. 

J.J. Results of Previous Workers 

It is felt that the principal causes of the limited ductility 

observed by TUer and Kaufmann (l) in beryllium single crystals deformed by 

basal glide were; l) the presence of precipitates of the type·that could 

readily nucleate cleavage cracks, and 2)·the relatively high yield strengths. 

In the work of Garbin, Gindin, and Shubin(
2,J), no clear-cut 

explanation of the limited ductility they observed can be offered. There 

are, however, several factors which could contribute to the observed 

brittleness. 

The calculated value of the Stroh experimental fracture va~ues 

for two of their crystals(
2

) (/(
0 

= 20°, 26°) whose yield stress and 

fracture stress were not coincident were about 7 x 1015 dynes2/cm3. This 

is approximately what would be expected according to the theory and 

suggests that these failures were not premature. 

The limited ductility, therefore, reported by Garber, Gind.in, 

and Shubin appears to reflect the relatively high yield stresses and 

work hardening characteristics of their crystals. It is felt that these 

crystal properties were not consistent with the purity of the material 

~ used and that they probably arose from a sort of geometrical hardening 

induced by the method of testing the. c1ystals. 
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During deformation, rotation of the basal planes introduced 

bending stresses which opposed the continued deformation of the crystals. 

A particularly disadvantageous condition existed because the crystals 

tested w~re rectangular, with the basal· plane traces running diagonally 

across the wider face. The bending stress valu~s developed would have 

been lower if the crystals had been tested with the basal plane traces 

running diagonally across the narrower face. While the bending constraints 

so developed might not affect the yield stress of the material, they 

would be expected to cause the flow stress for continued deformation to 

rise rapidly; in effect causing the condition for fracture to be reached 

at low strains. 

4. CONCLUSIONS 

Beryllium single crystals deformed by basal glide at room 

temperature in this work failed by cleavage according to the mechanism 

of bend plane splitting proposed by Stroh. The presence of precipitates 

probably caused failure at loads less than those prescribed by the 

Stroh theory. In general, the decreasing of the yield stress and work 

hardening characteristics due to impurity removal results in more ductility 

in a fashion described by the theory. In particular, the ability of 

the crystals to sustain high shear fracture strengths and extensive 

ductility is enhanced by an easy glide region. In the absence of the 

formation of precipitates, the effect on ductility of extensive alloying 

of copper (which can significantly raise the yield stress) is mitigated 

by an apparent decrease in the susceptability of the lattice to cleave 

on the basal plane. 
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TABlE I 

Tensile Test Results 

tt'o 'Ys CJn Gilman ~ralue Stroh value 

1:. ~ dynes/em 2 dynes/cm2 dynes/em 2 
dynes:{5m

3 dynes2/c~ Specimen Do Xo 
(x 10-8) (x 10-8) (x l0-8) (x 10-l5) Designation em ~0 it % (x 10 ) 

0 
45° v-c .25 45 2 1. 79 2.14 2.14 2.7 2.6 

45° 45° 

B-2-1 .25 47° 
51° 

-
47° 

8.9 1.66 2.34 2.29 5.4 5.3 

0) P-5:..1 .25 47° - 82 0.76 3.28 1.47 13.20 5.9 
CJ1 

52° 29° 

P-3-3 .25 46° - 0 10.4 .62 1.19 1.13 2.43 2.2 
53° 46.5 

P-1-3 1.63 48° - 140 .48 3.08 1.03 5.85 1.9 
52° 18° 

P-3-1 .25 48° 
55° 29° 

82 .36 1.07 .49 1.17 .53 

Predicted Gilman Fracture Value 15 2 3 = 2.78 x 10 dynes /em. 

Predicted Stroh Fracture Value = 3 to 3.5 x 1015 dynes
2
/cm3• 



ELECTROCHEMICALLY 
POLISHED SURFACE 

SPARK DISCHARGE~ 
MACHINED SURFACE 

I 

8 

I" 
-..!-4-- - 2 - -+--

Figure l Single crystal test shape 1 tensile grips 1 and 

alignment chains. 



5 

-
Cf) 
a.. 
0 4 
0 
0 -
Cf) 
Cf) 
w 
a:: ..,_ 
Cf) 

a:: 
en <t 
-J w 2 

:I: 
Cf) 

0 w 
> ...J 
0 
Cf) 
w 
a:: 

0 40 

Figure 2 

80 120 

VACUUM CAST SINGLE CRYSTAL 

BERYLCO VACUUM CAST INGOT 
CORE - 2 PASSES 

B-1-1 BERYLCO VACUUM CAST INGOT 
CORE- 5 PASSES 

P-3-1 PECHINEY ROD- 8 PASSES 
STARTING END 

P-3-3 PECHINEY ROD- 8 PASSES 
FINISHING END 

P·'i-3 PECHINEY ROD- 5 PASSES 

p.,.-5-1 PECHINEY ROD- I PASS 

160 200 240 
GLIDE STRAIN ( 0/o) 

Resolved shear stress versus glide strain. Tensile 

curves for beryllium single crystals. Fracture in 

gage section denoted by (X). 



DISLOCATION OF 
STRENGTH • nb 

Figure 3 

cr 

(b) 

Formulation of 

crack from blocked dislocations. 

..a. 
---.l.,..-r 

Figure 4 Cleavage at a 

divided dislocation wall. 

Figure 5 Cleavage cracks in the vicinity of a hardness impression 

(400 X). 

68 



THE EFFECT OF ZONE REFINING ON THE PURITY AND 

MECHANICAL PROPERTIES OF BERYLLIUM·SINGLE CRYSTALS 

by 

D. F; Kaufman, E. D. Levine, J. J. Pickett 
and L. R. Aronin 

Nuclear Metals., Inc. 

I. INTRODUCTION 

Beryllium with its high strength-to-weight ratio and elastic modulus 

has many potential applications, particularly in the nuclear and aerospace 

fields. However, applications of beryllium have been limited by lack of 

three-dimensional ductility which may be due to the presence of impurities. 

The purpose of the present program has been to investigate intensively the 

impurity distribution and deformation behavior of beryllium single crystals 

purified by zone refining. This program is being sponsored by the Division 

of Reactor Development of the United States Atomic Energy Commission. 

The impetus for this work was the finding of extensive ba.sal glide· in 

zone-refined beryllium by Herman and Spangler of Franklin Institute. (l) 

This finding is in marked contrast to the behavior of commercial-purity 

singl~_crystals as determined previously by Tuer and Kaufmann, (2) Lee and 

Brick, (3) and Garber et al. (4 ) These studies on commercial-purity beryllium 

showed that below 600°C the only slip modes are basal and prismatic slip 

with a common (1120) slip direction a~d that there is no mode by which 

c-axis compression can occur. Only a few percent basal glide strain can be 

tolerated before cleavage occurs, and ductility on the prism system is 

strongly orientation dependent. 

The limited ductility in commercial polycrystalline material is a con

sequence of this anisotropy. For example, in textured polycrystalline sheet 

in which the basal planes are aligned in the plane of the sheet, limited 

bend ductility results from lack of a deformation mode in the c-direction. 
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The specific objectives of the present investigation have been: 

(l) To study the effect of zone refining on impurity distribution. 

(2) To determine the behavior of zone-refined single-crystal beryl-

lium in basal and prismatic slip as a function of purity and tern

perature. 

(3) To search for possible new modes of deformation in purified mate

rial which would permit c-axis contraction. 

(4) To determine the effects of specific impurities on the deforrna

tio!l behavior. 

II FACILITY FOR ZONE REFINING BERYLLIUM 

Zone refining in this investigation has been carried out using the 

.• ...--~-, .. >--·~erti~a1 floating zone technique. The apparatus is similar to that employed 
- ~~·-.-- .... 

~~ by Herman and Spangler at Franklin Institute. Essential features of the ap-

paratus are shown in Fig. 1. Zone travel is vertical at a constant con

trolled rate; the molten zone is supported by surface tension, thus elimi

nating the need for crucibles with attendant possibility of contamination. 

The beryllium to be purified is sealed into a water-jacketed glass system 

under an atmosphere of high-purity argon. A self-contained pump is provided 

for recirculation of the argon over heated getters for final cleanup, and 

for sweeping beryllium vapors away from the molten zone. Power is supplied 

to a work coil from a 450 kilocycle induction heater controlled by saturable 

core reactors. Vertical travel of the molten zone is accomplished by trans

lating the glass apparatus upward relative to the stationary work coil. 

Translation is obtained by a precisely driven cable and drum arrangement. 

Most of the work is carried out at 1/2-inch per hour zone speed. Provision 

is made for weightless support of the rod below the molten zone. 

Initially, 1/4-inch diameter crystals were produced in this equipment. 

A significant increase in the rate of production of crystals for test was 

realized by scaling the equipment up to handle 1-1/4 inch diameter stock. 

The glass envelope for producing the 1-1/4 inch diameter crystals is shown 

in Fig. 2. Weightless condition is maintained by direct mechanical linkage 

through a glass-to-metal seal at the bo~-torn of the envelope. The work coil 

is a 13-turn Mae West design and produces a stable molten zone of approxi

mately ~/8-inch length. Figure 3 illustrates a typical 1-1/4 inch diameter 

single crystal produced in this facility. 

In the program to date, a total of about ten 1/4-inch diameter by 3-

inch long crystals, and ten 1-1/4 inch diameter by 5-inch long crystals have 
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been produced with up to 12 zone-refining passes. In addition to increasing 

the rate of crystal _production, the use of 1-1/4 inch diameter stock offers 

other advantages. Specimens with a variety of orientations can be.obtained 

from a single bar, axial concentration .gradients can be minimized by taking 

specimens normal to the growth axis, and representative samples for chemical. 

analysis can be obtained adjacent to the specimens. Figure 4 illustrates 

the plan of ~pecimen removal for a typical 1-1/4 inch diameter crystal. 

In the early phases of this program, the starting materials employed 

were vacuum-mel ted and extruded Pechiney CR-grade flake and Nuclear Metals'· 

distilled beryllium. As the work progressed, a process was developed for 

consolidating cold-compacted Pechiney flake or aggregates of distilled be-
~~---

ryll ium, directly in the zone-refining unit. This procedur.e avoided the pos.~--...__ 

sibility of contamination from crucible melting and extrusion. 

III EFFECT OF ZONE REFINING ON IMPURITY DISTRIBUTION IN BERYLLIUM 

·During the early stages of this investigation, a rather ext·ensive 

study was made of the effect of zone refining on impurity distribution in 

beryllium. Redistribution of impurities observed has been consistent with 

known phase relationships for various elements with beryllium; Impurity re

distributions are surrnnarized in Table I. Refined photometric procedures 

were used to perform these chemical analyses. Significant conclusions are: 

(1) Iron, chromium, manganese, and aluminum are efficiently moved to 

. the last portion of the bar to solidify. 

(2) Silicon ·probably behaves similarly -- analyses are uncertain be

low 20 ppm, but residues from bromine-methanol dissolution have 

shown large amounts of elemental silicon in freezeout sections of 

zone-refined bars. · 

(3) Nickel and copper exhibit reverse segregation as expected. 

(4) For a given number of passes, the over-all purity obtainable is 

strongly dependent on the purity of the starting material~

Oxygen in zone-refined beryllium may be as low as 10 to 20 ppm on the 

basis of limited activation analysis results. 

Physical separation of insoluble impurities by gravity has also been 

observed in zone refining beryllium and results in a high degree of metal

lurgical cleanliness. The insolubles which are removed include BeO, chlo

ride salts, elemental silicon and possibly intermetallic compounds. Other 
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refining processes such as distillation reduce impurities very efficiently, 

but insolubles are still seen to be present. Removal of seC'ond phases in 

zone refining may be as important as removing soluble impurities in contrib

uting to the improvement in single-crystal deformation behavior. Figure 5 

shows the presence of precipitate particles in the freezeout section of a 

zone-refined crystal, in this case six-pass distilled beryllium. 

An index of purification commonly used to characterize high-purity 

metals beyond the range of chemical analysis methods is the resistance ratio, 

which can be expressed as the ratio of resistance at room temperature to that 

at 4.2°K (liquid helium) .<s) This quantity is a measure of total lattice im

purity content. It is sensitive only to soluble impurities and does not dis

tinguish between the various impurity species. Nevertheless, it provides an 

index which greatly aids in correlating material properties with degree of 

purity. Considerable use has been made of this quantity in the present in

vestigation. Measurements have been made by the DC current and potential 

method, the low-temperature values being obtained in a 25-liter liquid he

lium dewar. 

Figure 6 is a summary of the resistance ratio data which have been ob

tained in this investigation for both starting materials and zone-refined 

crystals. It can be seen that the over-all purity obtainable in zone refin

ing is highly depende.nt on the purity of the starting material as was noted 

previously from the chemical analysis data. In increasing the number of 

passes from 6 to 12 with distilled beryllium as starting material, there ap

pears to be a leveling off in over-all purity. This behavior is probably a 

consequence of reverse segregation in zone. refining of two lattice soluble 

elements, copper and nickel. This reverse. segrega.tion was noted in Table I 

on chemical analysis where nickel increased from about 1 ppm to 12 ppm at 

the start end of the six-pass distilled beryllium. The highest purity ob

tained has been on three-pass double-distilled beryllium (Rzl3/R4 • 2 z 1600). 

This valu~ compares favorably with values obtained on high-purity copper and 

aluminum single crystals.< 6) 

IV DEFORMATION BEHAVIOR OF ZONE-REFINED BERYLLIUM CRYSTALS 

The major effort in this investigation has been to determine the de

formation behavior of zone-refined single crystals. 
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Highly refined techniques have been employed in preparing specimens 

for mechanical property studies; stress-free methods of machining have been 

employed in order to avoid physical damage to the crystals. In particular, 

spark-discharge machining and electrochemical etching have been employed to 

obtain specimens of controlled shape, dimensions, and crystallographic ori

entation. In spark-discharge machining, metal is removed by the erosive ac

tion of ? high-frequency electrical spark discharge between the specimen and 

a shaped tool without physical contact. 

The spark-discharge machine employed in this program is similar to 

that developed by Spangler, Herman and Arndt at Franklin Institute, and is 

shown in Fig. 7~ This figure illustrates the trepanning operaiion us~d to 
.. 

obtain cylindrical cores from which tensile test specimens are produced. 

Other spark-machining operations include facing, contour machining to obtain 

the tensile specimen shape, and cutting. All operations are carried out un

der oil, the tool is rotated and the feed is ·automatically controlled by a 

device which senses the voltage drop across the working gap. 

Final finish is obtained by removing a few mils from the specimen di

ameter in an electropolishing operation illustrated in Fig. 8. A completed' 

tensile sample can be seen next to the contoured wheel. 

Tensile and compression tests have been performed on a Tinius-Olsen 
-4 

Elect-0-Matic Tensile Testing Machine at a strain rate of 6.7 x 10 per 

second. Figure 9 illustrates the split-collar grips used for tensile test

ing the single-crystal specimens. In compression testing, special.tech

niques are required to maintain axiality of specimen alignment with the com

pression members. 

Over the past two years, a large body of significant data has been ob

tained on deformation behavior of single crystals purified by zone refining. 

Figure 10 shows critical resolved shear st'resses at room temperature 

for basal and prismatic slip as a function of purity level. Here the criti

cal resolved shear stre.ss is plotted against the resistance ratio which is 

taken as the index of purity. A decrease in critical resolved shear stress 

for basal slip from 2000 psi to about 200 psi is noted as the purity is in

creased from that of commercial-purity beryllium (R27 /R4 . 2 ::: 2.5) to that 
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of multi-pass distilled beryllium (R273!R4 . 2 = 1100). In this same purity 

range, the drop in critical resolved shear stress for prism slip is from ap

proximately 9500 psi to 7500 psi. The magnitude of this drop is comparable 

to that noted for basal slip. However, the ratio of the criti6al resolved 

shear stresses for the two processes becomes greater with purification be

cause of the low value for the basal process. In polycrystalline material, 

this would accentuate anisotropic behavior by restricting the orientations 

in which prism slip would occur. 

Figure 11 shows the temperature dependence of the critical resolved 

shear stresses for basal and prism slip. The strong temperature dependence 

of critical resolved shear stress for prism slip found by Tuer and Kaufmann 

in commercial-purity material (R273;R
4

. 2 = 2.5) is seen to persist in higher 

purity material. On the other hand, the temperature dependence of the criti

cal resolved shear stress for basal slip is not pronounced both in commercial

purity material and at higher purity levels. 

Figure 12 shows resolved shear stress versus resolved shear strain 

curves for basal slip at room temperature for various purity levels. As the 

purity level increases, the capacity for basal glide increases from about 5% 

for commercial-purity crystals to a value as high as 150% for a 12-pass dis

tilled beryllium crystal. A perfect correlation between ductility and purity 

is difficult to obtain in a tensile test because slight bending constraints 

and errors in specimen alignment tend to cause premature failure in the ten

sile grips. Thus, the true glide capacity may be considerably higher than 

is indicated. As might be anticipated, Fig. 12 also reveals that the instan

taneous work-hardening rate as measured by the slope of the stress-strain 

curve at a given strain level decreases with increasing purity. 

Effects on work hardening are shown quantitatively in Fig. 13. Here 

the work-hardening rate at 20% strain is plotted as a function of the criti

cal resolved shear stress for basal slip. This curve is plotted from data 

obtained both at Nuclear Metals and at Franklin Institute. At the higher 

work-hardening rates, a greater number of precipitate particles has been ob

served on the fracture surfaces. 
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In zone-refined crystals oriented for basal slip, fracture at room 

temperature occurs by basal cleavage after extensive basal glide. However, 

at the highest purity level tested, 12-pass distilled material with 

R273/R4 . 2 = 1300, there is evidence of increased resistance to basal cleav

age. A specimen of this purity which was tensile tested at room temperature 

is shown in Fig. 14. Over-all elongation was 81%, resolved basal glide 

strain was 150%. Severe bending was sustained fn the grip region before 

premature failure occurred outside the gage length. Increased resistance to 

basal cleavage has also been observed in the course of preparing compression 

test samples, where ends are shaped by intentionally cleaving on the basal 

plane. 

Even at lower purity level (R273!R4 . 2 • 30), basal cleavage is elimi

nated at elevated temperature. In a five-pass crystal tested at 425°C, ex

tensive basal glide (300%) was followed by prismatic glide and fracture in a 

ductile manner. By contrast, in the work of Tuer and Kaufmann on commercial

purity crystals, only basal cleavage was observed after 3 to 6% glide at tem

perature& up to 600°C. 

In the present program the flow and fracture characteristics of zone

refined crystals oriented for prismatic slip have been studied from room tern-
a perature up to 425 C. Two orientations which are important in the prismatic 

slip process are illustrated in Fig. 15. Orientation I which favors slip on 

a single set of prismatic planes was chosen for all of the tensile tests on 

zone-refined crystals. In the work of Tuer and Kaufmann, commercial-purity 

crystals with this orientation failed by (1120) cleavage after only about 

10% elongation. Orientation II which favors duplex prismatic slip is the 

only one in which ductile behavior was noted in the previous studies of Tuer 

and Kaufmann. 

A typical resolved shear stress versus resolved shear strain curve is 

given in Fig. 16 for prismatic slip observed in the present program on zone

refined crystals. Up to a resolved strain of about 90%, glide occurred on a 

single prism system with sufficient reorientation to initiate duplex slip. 

The inflection point on the stress-strain curve records this event. Contin

~ed deformation was by duplex slip with consequent necking. Failure occurred 

after total glide strains of approximately 100%. 

75 



Fracture in all zone-refined samples oriented for prismatic slip is 

ductile. Thus, zone refining is seen to eliminate the (1120) prismatic 

cleavage observed in previous studies on crystals initially oriented for 

single prism slip. 

Another major objective in the present work has been to determine the 

effects of selected impurity additions on the deformation of zone-refined 

crystals. Such studies may indicate which impurities are responsible for 

the brittle behavior of beryllium. Earlier studies on polycrystalline beryl

lium of commercial purity have shown that the presence of dilute amounts of 

solute elements impairs ductility.(]) It has further been shown that redis

tribution of impurities occurs during heat treatment with pronounced changes 
· h ' 1 . (S,g,lO) El . b b d" h 1n mec an1ca propert1es. ectron m1cro earn pro e stu 1es ave 

shown that iron, silicon and aluminum are among the elements which undergo 

redistribution by heat treatment. Spherical particles one to two microns in 

diameter have been observed on the fracture surfaces of polycrystalline dis

tilled beryllium which failed in a brittle manner.(ll) The electron micro

beam probe has shown that these particles contain iron and silicon. 

In light of these findings, the present effort on impurity additions 

to single crystals is being devoted to a study of iron and silicon added in

dividually and in combination. The results so far have shown that, in the 

absence of silicon, additions of iron strongly influence the flow characcer

istics in basal slip. Figure 17 illustrates this effect, Here the flow 

characteristics as measured by work-hardening rate. are plotted against the 

critical resolved shear stress for basal slip. The work-hardening rate is 

taken as the slope of the stress-strain curve at 201o resolved shear strain, 

The upper curve represents data on zone-ref.ined crystals of various over-all 

purity levels. The lower curve is for zone-refined crystals of low silicon 

content to which iron has been added. From the lower curve it is apparent 

that iron additions stre.ngthen the lattice markedly as measured by critical 

resolved shear stress. From the divergence of these two curves it can be 

seen that this strengthening is obtained with little effect on the flow 

characteristics as measured by the work-hardening rate. The observed ef

fects may be related to the infl uenc.e of precipitate particles. Such 
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particles were absent from the fracture surfaces of the iron-doped crystals. 

The fracture surfaces of the zone-refined crystals represented by the upper 

curve contain increasing amounts of precipitate particles above the point of 

divergence at 800 psi. 

Another important objective of this work has been to seek deformation 

modes in zone-refined crystals permitting c-axis contraction. Such modes 

have only been observed previously at elevated temperatures. This program 

is seeking to determine whether they can be made to operate at lower tem

peratures in material purified by zone refining. As stated earlier, ina

bility to undergo c-axis contraction imposes severe restrictions on three

dimensional ductility in polycrystalline beryllium. 

This study is being carried out by compressing cylindrical zone-refined 

crystals of various purities along the c-axis. Only in this orientation can 

the basal and prismatic deformation processes be suppressed. 

Table II shows results.of some compression tests. The first entry 

shows that existence of a nonbasal deformation process in commercial-purity 

beryllium has been confirmed at 700°C. In similar tests on a zone-refined 

crystal at 700 and 400°C, only basal glide was observed. Although the c-axis 

of the crystal deviated from the loading axis by less than one degree, the 

low critical resolved shear stress of 330 psi required for basal slip per

mitted this process to occur in both instances. These high-purity specimens 

underwent considerable deformation by basal shear. This ease of basal glide, 

coupled with the difficulty of obtaining perfect c-axis alignment, has inter

fered with the sear~h for new deformation processes. Experimental procedures 

are being refined to overcome these difficulties. 

However, it may be significant that the ease of basal glide in zone

refined crystals with only slight axial misorientation permits appreciable 

deformation by shear. This effect could lead to improved three-dimensional 

ductility in polycrystalline material whether. or not c-axis contraction takes 

place. 
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V SUMMARY 

1. Chemical analyses and resistance ratio measurements have shown 

that zone refining of beryllium results in large reductions in 

impurity content. The ultimate level of purity reached is 

strongly dependent on the purity of the starting material. 

2. Critical resolved shear stresses for basal and· prismatic slip are 

found to decrease in a regular manner with decreasing impurity 

content as measured by resistance ratio. In the purity range 

studied, the absolute decreases in critical stresses for the two 

processes are approximately equal. 

3. The critical resolved shear stress f6r prism slip is strongly 

temperature dependent; critical resolved shear stress for basal 

slip is almost independent of temperature. 

4. Purification by zone refining markedly increases the capacity for 

basal glide and reduces the rate of work hardening. Fracture 

still occurs by basal cleavage at room temperature, but at ele

vated temper~tures brittle fracture by cleavage is.eliminated. 

5. Brittle fracture by cleavage accompanying slip on a single set of 

prismatic planes is eliminated in crystals purified by zone refin

ing. 

6. Addition of iron to zone-refined ~eryllium results in lattice 

strengthening as measured by critical resolved shear stress for 

basal slip. Flow characteristics as measured by work-hardening 

rate are relatively unaffected. 

7. Although the ease of basal glide in zone-refined crystals has so 

far inhibited the appearance of deformation processes permitting 

c-axis contraction, it is possible that this same ease of basal 

glide may improve three-dimensional ductility in polycrystalline 

material by permitting extensive deformation by shear. 
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TABLE I 

Summary of Chemical Analysis Data 

Element (ppm) 
Materia I 

Fe Cr Mn AI Si Ni Cu 

Vacuum Cast Commerical 1100 90 10 600 500 130 -
Vacuum Cast CR Flake 225 10 20 75 <20 115 85 

3 Pass CR Flake (start end) 67 <I <5 8 <20 194 96 

5 Pass CR Fla1te (start end) 50 <5 <5 20 <20 220 -
5 Pass CR Flake (finish end) 12'90 I 10 230 960 40 30 10 

Vacuum Cast SR Flake 15 - - 50 <20 30 <5 

6 Pass SR Flake (start end) 5 - - <5 <20 80 <10 

6 Pass SR Flake (middle) 7 - - 10 20 30 20 

6 Pass SR Flake (finish end ) 76 - - 50 <20 10 5 

Vacuum Cast N M I Distilled 2-3 1-2 10-15 15 <20 1-2 <10 

6 Pass Distilled (start end ) 3 <I I <5 - 12 17 
6 Pass Distilled (finish end) 13 2 II 18 <20 I <4 

TABLE II 

Rzn cp~l) 
Test Resolved Shear Stress 

Material - - Temp. on (0001) at Start of Observations 
R4 .2 ( OC) Plastic Deformation 

Vacuum Cost Commercial 2.5 40 700 1500 psi (2) lOT X Deformation Process 
f---· 

6 · Poss Zone Refined 
SR Flake 

250 10 700 340 psi ( 3) Rod Deformed in Basal 

6 Pa ss 
SR 

Zone Refined 
260 10 400 5'80 psi ( 3) Rod Deformed in Basal Flake 

(I} cp
0 

=Angle Between [0001] and Rod Axis 

(2} Crit1col Resolved Shear 'Stress for Act1votion of Basal Slip = 2000 psi 

(3} Critical Resolved Shear Stress for Act1vot1on of Basal Slip = 330 psi 
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RF8176-a 

Fig. 1 -Zone-refining apparatus. 
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Fig. 2 - Glass envelope for zone refining 
1-1/4 inch diameter crystals , 
Drawing No . RB-1141. 
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RF8545 

Fig. 3- Typical 1-1/4 inch diameter crystal. 

Prism Slip Specimens Slip Specimens 

Fig. 4 - Typical sample removal plan for a 1-1/4 inch 
diameter crystal. Drawing No. RA2545. 
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B465 

Fig . 5 - Precipitate particles in freeze end of zone
refined crystal. 
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Fi g , 6 - Summary of resistance ratio data. Drawing 
No. RA2548 . 
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RF8843 

Fig. 7 - Spark-discharge machine illustrating 
trepanning operation . 

RF8874 

Fig. 8 - Electropolishing device. 
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RF8944 

Fig. 9 - Arrangement for tensile testing. 
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R273 1R4_2 [..,.Increasing Purity J 

Fig. 10 - Critical resolved shear stresses as a 
function of purity. Drawing No . RA2546. 
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Fig, ll - Temperature dependence of critical 
resolved shear stresses, Drawing 
No. RA2552. 

2400 

.. 2000 
4 
• 

= 1600 t 
fJ) 

... 
1200 0 

~ 
fJ) 

'0 800 
I s 
CD 400 0:: 

0 
0 20 40 60 80 100 120 140 160 

Resolved Shear Strain , % 

Fig. 12 - Resolved shear stress-resolved shear strain 
curves for basal slip. Drawing No. RA2553. 
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Fig. 13 ·- Purity dependence of basal work hardening. 
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Fig. 14 - Results of tensile test on 12-pass 
distilled beryllium single crystal 
or~ented for basal slip. 
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The Effect of Purification and Recontamination on (0001) and 

( lOlO) sl i_p in Beryllium Single Crystals 

by 

C. E. R. Tristem and A. Moore 

l. Synopsis 

Beryllium single crystals of greater than 99·95% purity (based on 
Pechiney S.R. metal) have been used for the determination of critical 
resolved shear stress of both (0001) and (lOlO) slip from 20°C to 600°C. 
Compared with corresponding work on crystals of about 99.85% purity 
(based on Pechiney Commercial metal) there has been a decrease at 20°C 
from about 2000 p.s.i. to 400 p.s.i. in (0001) slip and a proportionally 
much smaller decrease in (lOlO) slip, from 11,000 p. s. i. to 7000 p. s. i. 
At higher temperatures both these decreases are less marked. 

All tests have been carried out on single crystals, oriented for 
slip on a single system, and grown from the melt using a vertical float
ing zone technique in an atmosphere of argon 99.995% pure. Up to six 
zone passes have been carried out; and preliminary analysis indicates 
that carbon, about 100 ppm, is the main impurity remaining after zone 
refining. 

Evidence has been obtained which implies that the ultra-pure 
beryllium, obtained by zone refining mete,l of base purity 99. 95% six 
times, may be readily contaminated by annealing in a dynamic vacuwn 
(5 X 10-5 em of Hg) at l000°C for 18 hrs. in such a way that the criti
cal resolved shear stress at 20°C for (0001) slip increases from 
400 p.s.i. to 1200 p.s.i. Up to about l/3 of this increase in c.r.s.s. 
can be attributed to an oxide coating; and it is concluded that an im
purity from the dynamic vacuum, possibly carbon, diffuses into the 
beryllium crystal. 

It has not been determined to what extent contamination of the 
crystal affects prismatic slip. Purification, however, clearly fa
cilitates slip; but to evaluate the effect, recontamination during 
testing and annealing must be prevented. 

2. Introduction 

For some time it has been argued that ductility of beryllium will 
be improved by purification, and it is to investigate this hypothesis 
that the ductility of single crystals as a function of purity has been 
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determined. Such studies, however, are not entirely satisfactory; for 
it can be argued that with one unique slip [1120] operating for both 
(0001) and (lOIO) slip it is impossible for a random polycrystalline 
sample to remain coherent at grain boundaries while undergoing plastic 
flow. This limitation does not pertain to single crystal deformation 
which. will depend upon 

(a) the relative resolved stress for slip on any operating slip 
system and· the cleava.ge strength of (0001) or (11~0), 

(b) the axiality of the testing machine and 
(c) the gauge length. 
Recent work however has shown that slip in directions other than 

[hkO] can occur at high resolved shear stresses in beryllium -(1,2); 
and it would seem, therefore, that the crux of the ductility problem in 
beryllium lies in decreasing the critical resolved shear stress for 
slip in [hkl]. Such slip processes can only be conveniently studied by 
compre·ssion tests on specially prepared single crystals. These tests 
are difficult to carry out experimentally. 

It is considered, however, that the value of purification on the 
ductility of polycrystalline beryllium can be partially assessed by the 
study of the change of the critical resolved shear stress for (0001) 
and (1010) slip in [1120] with purity. Conclusive evidence for the value 
of purification can only be obtained in carrying out: 

(a) polycrystalline tests and 
(b) measurement of critical resolved shear stress of slip in di

rections other than (kkO) relative to the cleavage strength. 
The present work was begun using two grades of the most pure 

(Pechiney SR and SSR, 99.95% Be) electrolytic flake available to eval
uate the effect of fUrther purification, on the critical resolved shear 
stress for (lOIO) and (0001) slip in single crystals over the range 
20°C to 600°C. It has been shown that increasing purity decreases 
critical resolved shear stress for both (0001) and (lO"IO) slip. More
over, it has been observed that SR metal refined by five or more zone 
passes is susceptible to contamination during annealing in a dynamic 
vacuum and/or testing in air. This effect can vary the observed criti
cal resolved shear stress for (0001) slip by a factor of 3 and appears 
to be both a surface and a matrix effect; this latter effect is be
lieved to be associated with carbon. 

It is suggested, therefore, that although the present work shows 
that increasing the purity to greater than 99.95% lowers the critical 
resolved shear stress for both (0001) and (1010) slip, a purity limit 
has now been reached at which the critical resolved shear stress 
values are liable to be markedly affected by contamination due to the 
annealing environment or, possibly, the testing atmosphere. Because of 
this and particularly in view of recent studies of 'the effect of pre
cipitation and strain ageing effects (3) attention must be given in 
fUture to the effect of any thermal·treatment in defining the con
stitutional state prior to mechanical testing. 

Other attempts to refine and control purity of beryllium will be 
made. 

3. Material 

The material used was supplied as electrolytic flake in two 
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grades, SR and SSR, by Pechiney Co., France. The flake was consolidate 
by vacuum melting and casting into beryllium moulds and extruding the 
resulting ingots to bar. The bars were machined to zone melt specimens 
1/4 in. dia. X 12 in. long, the analysis of which is given in Tables I 
and II. 

4. Experimental 

Round bar 1/4 in. in diameter was zone refined by direct induction 
in a floating zone apparatus built at A.W.R.E. Aldermaston to a design 
by Green ( 4). 

Zone refining was carried out in an atmosphere of argon flowing at 
2000 cc/min. ·which contained a.pproximately 50 ppm of impurities •. When 
more than one zone pass was used, the crystal was etched to remove a 
thin oxide skin and manually straightened between each pass. 

Single crystals which resulted from zone refining were turned down 
to tensile specimens 1/4-in. dia. and gauge length 1 in. using an 
electro-turning apparatus5

• These specimens were tested in a machine 
with demoutable grips so that any one specimen could be used for a 
series of tests (5). The crystals were annealed in a dynamic vacuum at 
lOOOGC for 18 hrs. after each test. 

The orientation of each crystal was determined before the first 
test and, subsequently, after every third test using the Laue back re
flection method. 

5. Observations 

This work was originally planned to monitor the changes in (lOlO) 
and (0001) slip stress with purity and temperature. Unfortunately, how
~ver, when a bar was zone refined more t~an three times, specDnens 
suitably orientated to investigate prismatic slip were rarely obtained. 
For this reason the purest material which showed the largest decrease 
in basal critical resolved shear stress was not tested to determine the 
prismatic slip stress. 

Throughout the programme anneals of 18 hrs. at lOOOGC in vacuum 
were given to all specimens after each test. The testing was carried 
out in the temperature range 20GC-600GC. The orientations of the single 
crystal tensile specimens are shown in Fig. I. 

5.1 Effect of Purity on (0001) and (lOIO) slip stresses for SR and 
SSR Pechiney Beryllium 

Fig. 2 gives a complete series of curves for (0001) and (lOIO) 
yield stress plotted against temperature for the two types of material 
zone refined once to six times. The curves due to Greetham and Martin6 

Treharne and Moore7 are included for reference purposes. 
It is clear that: 
(i) by zone refining and; thereby, progressively increasing 

purity (less than 99.95%) relative to the commercial grades 
(99.85%) used by previous workers, leads to a general de
crease of critical resolved shear stress for both (0001) and 
(lOIO) slip in the range 20G-600°C. 
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(ii) The relative decrease (x 1/5) in (0001) slip as a function of 
purity is greater than that observed (x 2/3) for (lOIO) slip. 

5.2 Pechiney SR Beryllium Zone Refined Five Times 

Five specimens were cut from a bar of Pechiney S.R. beryllium 
which had been zone refined five times. The slip stress temperature 
curves are shown in Figur-e 3. The numbers by the points indicate the 
order of testing. 

Four specimens from this bar were in an orientation favorable for 
basal slip. The purest of these was number 2 and the most impure 
number 5. All these specimens exhibited the same general relationship 
for the effect of temperature on critical resolved shear stress. In 
particular, the critical resolved shear stress for slip at any particular 
temperature decreased with increasing purity. The plot of critical re
solved shear stress vs temperature showed an increase between 20°C-
2008C which was followed by a continuous and normal decrease with tem
perature between 2008 and 6008C. On retesting at 208 and 200°C specimens 
originally strained at 208, 100°, 2008

, 4008 and 6008C, the critical 
resolved shear stress decreased continuously from 208-600°C. The results 
are shown in Fi-gure 4. 

To investigate the anomalous behavior between 208-200°C, all speci
mens were then turned down using the electro-turning apparatus to re
move any oxide skin on the surface and tested at 20°C. They were then 
annealed, turned down again to remove any new oxide skin which formed on 
the surface, and tested at 2008 C. This process was repeated and tests 
carried out at 600°C. _ 

Only specimens 2, 3 and 4 completed the series of tests as con
siderable thinning of the specimen occurred during the removal of the 
oxide skin. This resulted in the premature failure of specimen 5. 

Specimen 1 showed only prismatic slip; but in the limited tempera
ture range, 208-200°C, in which it was strained, there was some evidence 
to suggest that repeat tests at both 20-200°C lead to an increase in 
criti~al resolved shear stress at each temperature, see Figure 3. 

6. Discussion 

6.1 General Trends in Critical Resolved Shear Stress on Zone Refined 
Pechiney SR and SSR Be 

Figure 2 shows the effect of zone refining Pechiney SR and SRR 
beryllium from once to six times on the plots of prismatic and basal 
slip stress vs. temperature. The trend at room temperature for SR ma
terial is one of a reduction of critical resolved shear stress for 
(0001) and (lOIO) slip as the number of zone passes increases. At 20°C 
a 75% reduction in slip stress for (lOIO) slip occurs of zone refining 
three times. The (0001) critical resolved shear stress is reduced to 
about 1/4 of that of the base material on zone refining six times. 

The form of the prismatic critical resolved shear stress vs. tem
perature curves obtained in this investigation differs from both that 
of Tuer and Kaufman and Greetham and Martin. This makes direct com
parison of results difficult and, thus, no positive conclusions about 
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the effect of purification on prismatic slip stress can be made. 
Careful inspection of Figure 2 shows that below 200°C the (lOIO) 

critical resolved shear stress is not reduced to the same degree as 
(0001) by purification, but above 200°C the per cent reduction in 
critical resolved shear stress for approximately the same increase in 
impurity are nearly the same. 

The variation of (1010) slip stress for Pechiney SSR beryllium 
with the number of zone passes did not show such a definite trend as 
that for SR material. This is probably due to the fact that only short 
specimens were used in the zone refining stage and, consequently, only 
limited refining could take place. Because of this the specimens should 
have been taken from comparable positions from the zone refined bars; 
but, unfortunately, t.llis was not possible due to thinning of some 
specimeno and the polycrystalline nature of parts of others. Thus, the 
purity of' the SSR specimens was not necessarily a functiu!l of the num
ber of zone passes they had received. 

The same comments apply to the (0001) slip stress against tempera
ture values for SSR. The only interesting fact that emerges from the 
programme on SSR is that in terms of critical resolved shear stress on 
(0001) and (1010). It is approximately equivalent to SR material zone 
refined three times. 

6.2 The Effect of Annealing on the Critical Resolved Shear Stress of 
Pechiney SR Beryllium Zone Refined Several Times 

The curves of basal slip stress temperature for material zone re
fined three and five times indicate that a considerable stiffening of 
the specimen occurred during the first two annealing processes. Sl.Jbse
quent annealing did not markedly affect the slip stress at a particular 
temperature, i.e., test 3 and test 7 gave the same result; but at test 7 
the specimen has received four extra annealing treatments. 

After the second anneal an oxide skin covered the surface of tne 
specimen, and in this condition the plot of critical resolved shear 
stress vs. temperature decreased continuously with increasing temperature. 

It was considered that the initial increase of critieal resolved 
shear stress with temperature could be due solely to the formation of 
the oxide skin on the surface, or it could be due to a combination of a 
skin effect and a matrix effect. To investigate these alternatives the 
oxide skin was removed from the specimens and subsequent tests carried 
out at 20°C, 200°C and 6009 C. It can be seen from Figure 4 that at 
209 C the slip stress of the purest specimen has increased to 800 p.s.i. 
from 400 p.s.i. due to some affect other than the surface oxide skin 
which appears to be associated with a rise in slip stress of 200 p.s.i. 
The majority of this anomalous rise may be attributed, therefore, either 
to precipitation or solution hardening. 

The next spP.cimen from the same bar shows an increase in slip stress 
of 900 p. s. i. due to the oxide and only 150 p. s. i. tu the solution or 
precipitation hardening effect. The final specimen from the bar shows 
no such hardening but an increase of 900 p.s.i. due to the formation of 
an oxide skin. 

The curves of crltical resolved shear stress vs temperature for 
specimens with and without the oxide skin became coincident between 
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200-300°C. This effect could be ~ue to a comparative weakening at 
about 200°C of the oxide skin with respect to the flow stress of the 
matrix crystal lattice, see Figure 5. 

The stiffening of the lattice which appears to occur during the 
annealing treatment is apparent only in the purer specimens. This sug
gests that solution of impurities occurs during the annealing of the 
pure spe~Lmens tinu ~na~ ~ney remain in solution during subsequent test
ing or precipitate at an intermediate temperature. In the case of the 
impure specimen it must be assumed that saturation is complete prior 
to annealing. 

The elements present in the annealing atmosphere include oxygen, 
nitrogen, and carbon, all of which could be interstitial - and capable 
of high diffusion rates in beryllium. By contrast, however, oxygen and 
nitrogen are also present in the zone refining atmosphere and in greater 
concentration. Since specimens exhibit their lowest critical resolved 
shear stress when tested prior to annealing, it may be argued that 
oxygen and.nitrogen do not appear to be primarily associated with matrix 
hardening. Conversely, carbon appears to be a likely cause of the matrix 
hardening. This is substantiated by activation analysis which indicates 
that carbon is the principal impurity in zone refined metal. 

7. Conclusions 

(i) By zone refining Pechiney SR electrolytic flake three times 
the (lOIO) critical resolved shear stress is reduced from 
10,500 p.s.i. (one zone pass) to 8000 p.s.i. at 20°C. 

(ii) By zone refining Pechiney SR electrolytic flake six times the 
critical resolved shear stress for (0001) slip ~s reduced 
from 2000 p.s.i. for commercial purity material to 400 p.s.i. 

(iii) On testing and annealing SR beryllium which has been zone 
refined five times recontamination and oxide skin formation 
eventually increase the critical resolved shear stress until 
it approaches that of' material zone refined only once. 

(iv) It has been argued, but in no way proved conclusively, that 
carbon is the impurity present to the largest extent and 
more likely to' be associated with the matrix hardening. 

(v) The results of this project indicated that the removal of 
impurities from SR beryllium has a significant effect on 
matrix properties. Determination of the effect of this 
purification on slip planes of the (lOIX) type with directions 
of slip out of the basal plane should be made. It is con
sidered that SR beryllium zone refined six times should be 
made into polycrystalline material and evaluated. 
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An Account of Deformation and Fracture in Single and Polycrystalline 

Beryllium between ~0° and 450°C. 

by 

A. Moore and G. C. Ellis. 

Synopsis. 

The anomaly that the acknowledged deformation modes du not conform with the 
observed plasticity of beryllium in the range 20° - 450°C has, in principle been 
resolved. For some time it has been claimed that beryllium has a uni~ue slip 
direction (1120) in which (0001), (lOlO) and (lOli) slip can occur: only at 
temperatures >800°C has slip been noted in directions with a resolved component 
in the c-direction, e.g. (1123) by F. M. Yans and P. Pointu NMI 1225, 1960. 

When the present study began, therefore, the problem was the understanding 
of the plasticity of beryllium, rather than its brittleness: further it was 
r.nnsidered that the ductile-brittle transition would reflect significantly in a 
plot of deformation process-v-temperature. 

Accordingly compression tests have been made at 165° - 280°C un single crystals 
(99.85%) oriented such that the resolved shear component in (hko) was zero. 
Between 280° and l95°C these crystals appeared to slip on (lOll) and assuming slip 
occurred in the closest packed direction, (11~3) the c.r.s.s. for slip, neglecting 
fr].ction is .... 42, 000 p. s. i. This resolved shear stress is high and comparable 
with the cohesive strength of polycrystalline beryllium. Pyramidal slip wR.s 
not observed below l95°C but strain ""3% were accommodated by twinning on (l0l2) 
and basal slip within the twinned regions. The appearance of (l0l2) twins in 
crystals compressed in the c-direction is not expected for this re~uires extension 
in the c-direction. Clearly, however, beryllium can deform in three directions 
mutually at right angles above l95°C, but slip appears to be restricted to (hko) 
directions below l95°C. This restriction is believed to be the basis of the ductile
brittle transition which occurs in the region 150° - 200°C. 

I 
These general conclusions have been supported in studies using polycrystalline 

beryllium tested in tension at l50°C and examined both metallographically and by Laue 
asterism. The studies have shown that although prolific (0001) and (lOlO) slip oc
curs in (1120), slip on (lOll) also oecurs in an unknown directi.nn out of the basal 
plane. Although thi<> latter work re~uires confir.mation it is believed that slip on 
(lOll) in ( hkl) occurs to relieve strains induced in neighbouring grains by slip in 
(ll20) and on ( 0001) and ( lOlO). · 

Marked changes in the ductile-brittle transition may, therefore, be expected 
if the difference in stress for slip in ( hkl) and fracture could be increased. 
Unfortunately there is no clear way of increasing the number and ease of deformation 
modes or of increasing the fracture strength without adversely affecting the 
deformation modes. Other work reported to this Conference by Beasley, Tristem and 
Moore has shown that beryllium >99.95% with c.r.s.s. for (0001) slip at 20°C of 
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400 p.s.i. is subject to ageing effects below 450°C. Furthermore, such metal may be 
reruiily recontaminated, possibly by carbon, in a dynamic vacuum at 1000°C: this 
contamination causes the c.r.s.s. for (0001) slip to increase to that characteristic 
of the commercial (99.8~) metal. 

It is, therefore, only of academic interest t9 note that the elongation to 
fracture of polycrystalline beryllium at 450°C can be increased by straining in a 
lead. bath relative to that observed by straining in air. This relative improvement 
(60% to ·120%) decreases with decreasing temperature and is absent below the ductile
brittle transition where the fracture is primarily transgranular. This effect, which 
is related also the grain boundary composition as influenced by overageing treatments, 
be associated with the energy consumed· in intergranular crack propagation in the 
respective media and manifests itself in a decreased tendency for the specimen to 
neck~ 

Electron microscopy techniques have now been developed to identify Burger's 
vectors in beryllium thin fiJms. Unfortunately the work to date has been made using 
metal deformed at 800° - 850°C and so the observed {.1123) slip directions are not 
unexpected. 

· The present work shown, therefore, that homogeneous deformation in 
poly~rystalline beryllium at 99.8~ purity is not expected below~l50°C and 
that the stress required to activate slip with a component in the c-direction is 
of the same order as the fracture strength at ~200°C. Although purification 
to >99.9~ has been achieved with a significant decrease in c.r.s.s. for (0001) 
slip, the metal is prone to ready recontamination and there is as yet no 
evidence to show that beryllium can slip in the c-direction <150°C. Electron 
microscopy now offers a simple technique where Burger's vectors in beryllium 
foils may be determined relatively easily, 

l. Introduction 

For some time it has been argued that the brittleness of beryllimn would be 
alleviated when the c.r.s.s. for (lOlO) slip was less than that required for 
(0001) slip at 20°C. Such relative values for basal and prismatic slip would then 
be consistent with slip occurring preferentially upon the closest packed plane 
and also be consistent with the general behaviour of the other less brittle close
packed-hexagonal metals. Furthermore, this general argument has been supported 
by the observed similarity of c.r.s.s. for both (0001) and (lOlO) slip >350°C 
and the marked decrease in c.r.s.s. for (1010) slip at ~200°C and which correspond 
respectively, to increased ductility and the brittle-ductile transition in poly
crystalline beryllium. 

Because of such arguments considerable work has been directed towards mea
suring the c.r.s.s. for both (0001) and (lOlO) slip as a function of temperature 
and purity and also the ductility of single crystals fractured in tension. It 
is now considered, however, that these studies are not meaningful in understanding 
the brittleness of beryllium where the problem is more the understanding of the 
ductility of polycrystalline beryllium. By only using the known deformation modes 
it is not possible to explain any plastic deformation below 800°C in polycrystal
line beryllium without postulating rupture at grain boundaries. In particular the 
known deformation modes show that slip can only occur in (1120) directions and on 
either (0001) or (lOlO) or (lOll) planes. There is no resolved slip vector in the 
c-direction. 

Recent work at AWRE has resolved this anomaly by showing that slip can occur 
in single crystals above 195°C with a resolved vector in the c-direction. The 
stress required to activate this process is high and is believed to be comparable 
with the cohesive strength of beryllium. Concurrent studies using polycrystals 
have, in general, supported these observations. 
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This paper describes these studies and discusses their significance in terms 
of the ductile-brittle transition: although some questions are answered many 
remain for furth~::r study. It is also shown that the duetility of polycrystalline 
beryllium, of a particular grain size, can only be improved by varying the 
testing medium at temperatures between 200° and 450°C in such a way that the inter
granular crack propagation is impaired: no such improvements can be effected be
low 200°C and thermal treatments (overageing) seems to have little effect upon 
the mechanical properties below 450°C. This latter observation is in marked con
trast to the effects of ageing single crystal beryllium described to this Con
ference by Beasley and Moore and remains an anomaly. 

Finally, the value of thin film electron microscopy in determining th~:: slip 
vectors of observed dislocations io illustrated a.nd it is suggested that this 
techni~ue has perhaps the greatest potential in assessing the effect of purifi
cation and thermal treatment on the ductility of polycrystalline beryllillm. 

2. Compression of Single Crystals 

2.1 Experimental 

To prevent single crystals slipping on the acknowledged modes, -(0001) (1120) 
and (lOiO) (1120), it is necessary to compress the crystal in the (OQOl) direction. 
If it is assumed that (0001) slip will occur at 1,000 psi at 300°C 1 (the maximum 
temperature of the present tests) it follows that the basal plane must be prepared 
within 15' of the stress axis for compression stresses ~220,000 psi not to cause 
slip either on the basal or prismatic plane in (1120). The value of 220,000 psi 
was chosen as an arbitrary maximum stress as Lee and Brick [1) had previously found 
sirni_larly oriented crystals to shatter at this stress level. 

Single crystal specimens 3/8 in. X 3/8 in. X 3/16 in. were prepared from zone 
refined bars of heryllium (1/4 in. dia.) orig1nally extruded from vacuum-cast elec
trolytic flake metal of 99.85%. In general, bars were subjected only to one zone 
pass and it may be assumed that the analysis of all the specimens used is: 

Single Crystal Compression 
Specimen 

Fe Al 
ppm 167 174 

Si Be 
205 2:99. 9CY/o 

Figure 1 shows the geometry of each test piece: (lOiO), (1120) and (0001) 
surfaces were prepared by grinding and subse~uently each face was given a metallo
graphic polish. Polishing continued until all damage caused by machining was 
eliminated. Orientation determinations were made using the back-reflection Laue 
techni~ue: the centre of the Lauegram was determined using copper powder sprinkled 
on the single crystal surface. Basal planes were aligned within 15' of the com
pression axis. 

Crystals were mounted between polished Stellite platens and the whole assembly 
immersed in a heated oil bath: crystals were subse~uently strained at 1.3 X 10-4

/ 

sec at 165° 1 195° 1 210° 1 225° and 280°C. Straining continued until the stress/ 
strain plot indi.cated plastic flow after which crystals were examined metallographi
cally. 

2.2 Observations 

2.2.1 (lOil), (1123) Slip above 195°C 

Figure 2 shows (lOil) slip line traces on a (lOiO) face of a crystal com
pressed at 280°C: the corresponding stress-strain relationship, Figure 3, suggested 
that slip was initiated at 90,000 psi and continued for ~2% strain to a maximum 
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load of 126,000 psi. Assuming slip occurred in (1123), the closest packed available 
direction, the c. r. s. s. for (lOll) slip at 280°C is 38,000 psi. A similar test 
carried out at 2l0°C suggested that the c.r.s.s. for (lOll) slip in (1123) was 
42,000 psi. Examination of this latter crystal showed (Figure 4) that slip first 
occurred on (lOll) and subse~uently on (0001): the corresponding stress-strain 
relationship, however, was smooth and did not, itself, suggest duplex slip. A 
third crystal, which contained a polycrystalline region, shattered under an applied 
stress of 75,500 psi at 225°C after 0.2% but from observations on the fragments it 
was evident that pyramidal slip had occurred: the corresponding c.r.s.s. for 
(lOll), ( 1123) was estimated at 32,000 psi. 

2.2.2 (l0l2) Twinning below l95°C. 

Apart from one small isolated region in a crystal compressed at l95°C, the 
crystals compressed at 195° and l65°C showed an absence of (lOll), (1123) slip but 
excessive (l0l2) twinning, see Figure 5. Assuming the twinning direction· to be 
(lOll), these observations correspond to a c.r.s.s. for (l0l2) twinning of 19,500 
psi and 25,000 psi at 195° and l65°C respectively (and for (lOll), (1123) slip 
at l95°C of 16,500 psi). Strains ~0.3% were accommodated by twinning. 

Figure 6 summarizes the c.r.s.s. re~uired to activate the deformation modes 
in the range 165° - 280°C and which occur in directions not contained in the basal 
plane. It is significant that prolific slip in (1123) does not occur below l95°C. 

3. Tensile Deformation of Polycrystals 

3.1 Experimental 

Flat tensile specimens were prepared from extruded vacuum cast electrolytic 
flake (99.85%). The longitudinal axis of the specimens was parallel to the extru
sion direction and at least three surfaceG on the gauge length were prepared with 
a metallographic finish: by prior annealing the grain size was increased to ~2 mm. 
dia. Tensile strains ~2- 5% were introduced at 100°, 150°, 200°, 250° and 350°C. 

Orientations of single selected grains in each specimen were determined using 
a micro-beam X-ray back-reflection techni~ue [2]. In general the diffraction 
patterns were difficult to interpret because of additional reflections from grains 
lying in the incident X-ray beam and beneath the surface grain originally selected 
for study. This difficulty was overcome by thinning the specimen, aft~r defor
mation, to one grain in thickness, by spark-eroding the back surface of each speci
men. 

Slip planes .have been identified crystallographically from the observed slip 
traces generally by the single surface method [3] of analysis, but where applicable 
by the two surface method [3] of analysis. The asterism of selected Laue spots 
has been used to identify the slip directions [4]. 

3.2 Observations 

3.2.1 Grain Boundary Deformation 

As stress concentrations are likely to occur at grain boundaries it was 
thought that any new deformation mode would first appear in these regions, or 
that boundary sliding would occur with increasing temperature. The deformation 
characteristics of boundary regions, however, were similar to those of the matrix 
and, furthermore, by observation of surface scratches, no boundary movement was 
detected. 
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3.2.2 Analysis of Slip Planes 

Slip plane determinations have been carried out at all testing temperatures 
but to date a complete survey has been obtained only at 150°C. Figure 7 shows the 
orientations of the grains which were analyzed for this temperature and Figure 8 
shows an analysis of all suitable slip traces: many of the traces were "wavY" 
and this precluded their incorporation in the analysis. 

Figure 8 shows that all the traces may be accounted for in terms of (0001), 
(lOlO) and (lOll) slip: two traces only suggested (10l2) slip. 

Preliminary o"bservatiuns at other tempe1·atur.es suggest that at each tempera
ture basal primary prismatic, and some form of pyramidal- ( lOix) slip occurred. 

3.2.3 Analysis of Slip Directions 

Analysis of slip directions has been limited to specimens deformed at 150°C. 
Initial studies have confirmed the <1120) direction for (OOQl) and (lOlO) slip. 
So far only one suitaule example of astermism involving (lOll) slip has been analyzed 
and shown to be associated with other than the (1120) direction; exact identifica
tion of the direction has not been possible. 

4. The Brittle-Ductile Transition 

4.1 Discussion 

From the observations outlined previously it is clear that plastic defor
mation in beryllium above ~200°C is not ru1omalous: there is no need to invoke 
grain boundary sliding and indeed from observations on polycrystalline metal 
between 100° and 350°C it seems that such deformation does not occur. Instead, 
and in accordance with plastic deformation in metals ::;l_ip is poooible in beryllium 
on at least three systems which together allow for a random polycrystalline struc
ture to deform without loss of coherency at the grain boundaries. The three 
systems are (0001) [1120], (lOlO) [1120] and (lOll) [1123]: this latter direction 
has not been proved without doubt but clearly the slip vector is not contained in 
the basal plane. 

There is not absolute agreement between the polycrystalline deformation 
studies in tension and the single crystal deformation studies in compression in 
that the latter suggest [1123] slip is not possible below 195°C whereas slip with 
non-basal Burger's vectors has been observed at 150°C in polycrystals. Such 
disagreement should not be unexpected for slip in such directions as [1123] may be 
promoted at lower temperatures in polycrystalline metal due to high local stresses 
arising at grain boundaries during plastic flow on any system within a given grain. 

It follows, therefore, directly from the observations on single crystals 
that the characteristics of polycrystal deformation, plotted as a function of 
temperature, would undergo a marked change at -200°C: below -200°C plastic defor
mation with e;ra,i.n boundary coherency would not be expected. It is this simple 
model which is now considered to be the basis of the <luctile-brittle transj_tion 
in beryllium. 

A number of questions, however, arise when the present observations are 
analyzed quantitatively; 

(a) if a shear stress of 40,000 psi is required to activate slip in [1123] 
it would follow that such stresses could not be induced by pure tension (80,000 psi) 
without exceeding the UTS of most forms of polycrystalline beryllium above 200°C. 
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(b) indeed as the axial ratio for beryllium is <~3, twinning on (l0l2) 
results in an extension in the c-direction and is in the opposite sense to the 
re~uired deformation. 

(c) as the orientation of the present single crjstals is such that the 
resolved shear stress for twinning on (l0l2) is greater than that for slip on 
(lOlJ), (1123), it is not clear why twinning does nu~ ~recede slip at temperatures 
~l95°C as well as to occur at temperatures <l95°C. 

The first of these ~uestions could possibly be answered if an assessment of 
friction at the platens could be obtained for it is likely that the resolved shear 
stress available for (lOll), (1123) slip is much smaller than the present results 
imply; alternatively local internal stresses may magnifY the effect of externally 
applied tensile loads. By contrast, there is no clear understanding for the occur
rence of (l0l2) twins by compressive deformation: the twins are not restricted 
to the barreled external surfaces which are in tension but are homogeneously dis
tributed throughout the specimen. Similarly, there does not appear to be a ready 
answer to ~uestion (c) unless the c.r.s.s. for twinning suddenly increases at 
~00°C to above that stress re~uired for slip on (lOll), (1123) and even this simple 
postulate is made without any real physical understanding. Conversely, it may be 
argued that a similar difficulty remains to interpret the inhibition of slip on 
(lOll), (1123) below 200°C. These difficulties could be resolved if slip occurred 
in directions other than the closest packed direction for (lOll) slip and it was 
assumed that both the c.r.s.s. for (l0l2) twinning and (lOll) slip decreased 
continuously with decreasing temperature such that twinning was favoured below 
200°C and slip favoured above 200°C, 

4.2 Analysis of Dislocation Structures in Thin Films 

4.2.1 Experimental 

Thin films, suitable for transmission electron microscopy, were prepared 
f'rom vacuum cast-and-rolled· sheet originating from electrolytic flake metal 99.85% 
pure: the rolling was carried out between 950° and 800°C. Such high temperatures 
as used in the fabrication of sheet precludes direct correlation with the present 
interest in the ductile-brittle transition. Nevertheless these observations are 
pertinent in confirming that the (1123) slip direction operates at least >800°C 
and suggesting a jog mechanism which would be· markedly temperature dependent and 
in turn which would allow for a change in ductility and work hardening characteris
tics above ~500°C: similar mechanisms have already been observed in zinc [5] and 
magnesium oxide [6]. Studies are now being carried out to investigate the occur
rence of non-basal slip vectors in specimens deformed between 20° and 600°C. 

4.2.2 Discussion 

Figures 9 (a) and (b) are typical of dislocation structures in beryllium and 
contrast the appearance and extinction of dislocations, such as ABC, as the film 
is tilted. Several diffractions usually operated simultaneously in the range of 
tilt and, therefore, the slip p~ane could not be identified but as these diffrac
tions had a common zone axis (1123) it followed the operative slip direction was 
(1123). Other electron micrographs have shown that the most common slip planes are 
(0001), (lOlO) and (lOll) and the direction (1120) [7]. 

Work is not yet sufficiently advanced to define the slip modes exactly but 
it is reasonable to propose that the dislocation structures analyzed so far are 
firstly, consistent with plastic deformation in polycrystals above 800°C and 
secondly, suggest the existence of (lOll), (1123). 

With only minor exceptions dislocations are not pinned by visible precipi
tates or inclusions. By contrast many dislocations are jogged and associated 
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with prismatic loops. The presence of these loops, which have been shown to 
have the same Burger's vector as neighbouring dislocations, imply that the parent 
screw dislocation can only move by freeing itself from its edge component by 
first forming a plus minus pair of edge dislocations and subsequently allowing 
for this dipole to be pinched off from the th~n mobile parent screw dislocation. 
Such processes are thermally activated and it is suggested that the work hardening 
characteristics of beryllium as a fUnction of temperature may be related to the 
freedom of jogged dislocations. It is unlikely, however, that the jogged regions 
can become detached from the parent dislocations below-500°C and therefore this 
model cannot be extended to relate the brittJ.e-ductile transition. 

It is already known, that jogged dislocations can form both above and below 
the brittle-ductile transition temperature in ber·yllium by cross slip: Figure 10 
shows wavy slip, characteristic of cross slip at 20°C in polycrystals. The com
ponents of this cross-slip, nor indeed the principal slip mode have not been 
analyzed due to the non-linear form but it is suggested that possibly (lOll), 
(1123.) operates even at 20°C but then the associated dislocations become jogged 
and thereby immobilized until at higher temperatures the jogged regions can move. 
Clearly, this mechanism, although it may not be accurate, at least allows for some 
limited plastic deformation to occur in polycrystalline beryllium below the brittle
ductile transition temperature, but fails to distinguish the significance of 
200°C: the jogged regions are not likely to become free until self diffusion can 
occur at-500°C. Deformation(~~), however, is commonly observed without either 
twinning or grain boundary slip and therefore presents a difficulty if it is 
postulated that (lOll) (1123) only operates above the brittle-ductile transition. 

5. Effect of Ageing on Polycrystalline Deformation and Fracture 

Although other work to this Conference by Beasley and Moore has eleru·ly 
shown that ageing between 250° and 500°C can markedly affect the yield stress 
between 250° and 500°C in single crystal beryllium corresponding treatments on 
polycrystalline metal have no similar effect. This observation tends to confirm 
the general conclusions made from electron micrography reported here and else
where [8] which indicate that dislocations are not pinned by precipitates. 
Extensive examination of thin films in all stages of ageing as defined by the 
variation in yield stress with time and temperature for single crystals has been 
carried out without showing significant

0
dislocation/precipitate reactions or even 

any precipitates for particle sizes > 20A. 

However the deformation characteristics of polycrystalline beryllium can be 
altered significantly between 200° and 500°C by varying the testing environment 
provided specimens are intially overaged [10] at 575°C: any further heat treat
ment of the saturated solid solution below 575°C is insignificant. The significant 
changes occur only in the% elongation to fracture and depend upon testing either 
in air or in a molten bath of Cerrabend (lead, tin, cadmium, zinc alloy): these 
changes, as illustrated in Figure 11, are independent of heating rate which has 
been varied between l to l00°C/min. for test temperatures between 200° and 450°C. 
Figure ll shows that in the extreme case at 450°C the ductility can be varied from 
60% to 120% by the testing environment. 

It has been argued (10] that the changes in ductility are associated with the 
energy of crack propagation along grain boundaries in the presence of precipitates 
formed therein as a consequence of the overageing treatment. Here the role of the 
grain boundary precipitates is important for in their absence ductility is not a 
function of environment. It has been concluded, therefore, that cracks may prop
agate readily along grain boundaries in an oxidizing atmosphere whereas in the 
case of the Cerrabend environment it may be assumed that either the atmosphere is 
jnert, and this alone influences crack propagation or the atmosphere provides a 
reactive component with the precipitates, the result of which impedes crack prop
agation. The latter alternative has been partially substantiated by a dependence 
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of ductility on strain rate, increasing strain rate decreases the relative im
provement in ductility which may be obtained in the two environments used. 

6. Conclusions and General Discussion 

1. Many of the arguments and observations referred to here are of a ten
tative nature and require further exploration but certain of them are more defi
nite and should influence the course of future researches on beryllium with regard 
to its ductility. Two of these latter observations are:-

(i) that slip on (lOll) with a non basal vector (possibly (1123)) occurs at 
at c.r.s.s. or 40,000 psi above -200°C in beryllium and clearly indicates for the 
first time how a polycrystalline ass~ can deform above 200°C and remain coherent. 

(ii) that pinning of dislocations in beryllium by precipitates does not 
apparently occur on a scale comparative with the dependence of yield stress with 
ageing treatment. There is no significant evidence, from thin film microscopy, 
that any precipitation occurs below 575°C and even for alloyed [8] beryllium, 
~99.8~ metal, no evidence that other than grain boundary precipitation occurs 
above 575°C. 

2. Although the existence of (lOll) (1123) slip above -200°C and its appar
ent absence below-200°C offers a simple model for the ductile brittle transi
tion in beryllium it is still necessary to explain the measureable (-~) ductility 
below 200°C and also to indicate a mechanism for the apparent.inhibition of (lOll) 
(1123) slip. It has been suggested here that possibly (lOll), (1123) slip 
.occurs below 200°C as a component of the unresolved wavy slip observed in poly
crystals at all temperatures examined above 20°C but that at such temperatures 
jogs formed as a consequence of cross slip inhibit the parent dislocation. A 
suitable model showing how jog regions can detach themselves from the parent has 
been suggested and is a thermally activated process but which is not likely to 
operate below 500°C. So far evidence has only been sought and obtained for this 
mechanism operating above 800°C and. extension of the model to understa.J.1d the 
extensive slip ~200°C is required. 

3. (l0l2) twinning has been observed below -200°C in single crystals com
pressed along (0001). This is aoomalous behaviour and is believed to be due 
to the existence of a complex stress system, possibly only in the outer fibres 
of the specimen. It is, however, significant that such a system does not 
apparently exiGt above 200°C ·fo:r· the test geometry assuming the same stress dis
tribution is such to favour twinning on (l0l2) rather than slip on (lOll), (1123) 
as occurs below -200°C. 

4. It has been confirmed that precipitate particles, at least above 20 A dia. 
do not apparently influence dislocation structures. Although it is known that 
age-hardening and subsequent softening can occur by thermal treatment between 250° 
and 500°C in single crystals there is no corresponding effect in polycrystals nor 
any evidence from thin film microscopy of a precipitation process in either single 
or polycrystalline beryllium. In contrast, however, grain boundary precipitates 
can influence crack propagation along grain boundaries in certain environments 
which under favourable circumstances can increase the ductility at fracture to 
120% at 450°C in commercial polycrystalline beryllium (99.8~). 

5. To complete the understanding of the deformation characteristics of 
beryllium it is necessary, therefore, to pursue and define: 

(i) the role of twinning below 200°C. 

(ii) the possibility of (lOll), (1123) slip below 200°C and particularly 
to define how coherent deformation of polycrystals occur. 
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(iii) a locking mechanism for (lOll) (1123) slip which need be markedly 
temperature dependent near 200°C. 

(iv) the role of impurities in influencing dislocation structures and 
movement. 
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TEST TEMPERATURE "C 

EFFECT OF ENVIRONMENT ON THE OUCTlllTY OF 
POLYCRYSTALLINE BERYLLIUM 



Di~t:ru.~sion of 

"An Account of Deformation and Fracture in Single and 
Poly-crystalline betlt8en 20° and 450° C" by A. Moore 

and G. c. Ellis 

The purpose of this discussion is to present some results on the 

properties of polycrystalline beryllium in a temperature region which 

has not receiTed much attention, namely from -195° C to room tempera-

ture. This work was performed under Air Force sponsorship in connec-

tion with a study of the ductile - brittle transition in beryllium. 

The material used in the study·came from one lot of Brush Beryl-

lium Co. QMV powder which was ground to three mesh sizes, pressed and 

sintered into J-inch diameter billets, and extruded ;into 3" X jn X 20" 

flats. The initial mesh sizes and compositions were as follows: 

Analzsis of Brush Powder 
(ppm by weight) 

Extrusion No. 1 EXtrusion No. 2 Extrusion No. 
-60 + 80 -150 + 200 -325 mesh 

mesh mesh 

ll 500 600 1300 
c 800 900 800 
Fe 1300 1500 1500 
Mg 200 200 200 
Si 400 400 400 
BeO 0.41% 0.57% 1.40% 

3 

Pole figures of extrusion No. 2 showed a dual basal plane texture, 

with the basal poles concentrated at 45 degrees to the transverse direc-

tion, and a [lOlO] direction parallel to the extrusion direction. 

Round bar tensile samples ( 1.5" reduced section, ,.., 0.150" dia.) des

ignated as longitudinal were cutparallel to the e~trusion direction, and 
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were thus favorably oriented for duplex prismatic slip. Transverse 

samples were cut so that the specimen axes were at 4.5 degrees to the 

extrusion direction, and were thus oriented for basal slip. 

The 0.1% offset yield strength vs. temperature curves in Figure 1 

shmJ that for comparable grain sizes the yield strengths of the long

itudinal samples are higher, as one would expect from studies of the 

flow stress of single crystals. Hci>wever, the yield stresses of the 

longitudinal samples do not appear to increase as rapidly with decreasing 

temperature as single crystal studies would indicate. The transverse 

samples, reflecting basal slip, show yield strengths which increase 

slightly with decreasing temperature, as indicated in the single crystal 

studies of.Qreetham and Martin (Ref. 1). 

The curves of tensile strength vs. temperature, Fig. 2, are in

teresting in that the longitudinal s~nples show a general decrease of 

strength with decrease in temperature, while the·transverse swnples 

show an increase. In Fig. 3, the ductility of the longitudinal samples 

is seen to decrease rapidly as temperature decreases. The transverse 

ductilities, except for the coarsest grain size, also decrease, but at 

a much slower rate. In fact, at certain temperatures, the ductilities 

of the transverse samples are greater than the longitudinal. 

This unexpected relation between the strengths and ductilities of 

longitudinal and transverse samples can be explained on the basis of 

twinning. At the lowest test temperatures, i. e., in the region -1.50 

to -19.5°C, the load elongation curves of the longitudinal samples 

showed serratigns in both the elastic and plastic ranges that were 

indicative of twinning. Subsequent metallographic examination showed 

extensiTe twinning at -195°C in the longitudinal samples, and none in 

122 



the transverse samples. An example of this is Fig. 4, which shows a 

band of twinning along the centerof a specimen from extrusion No. 2. 

This is unusual, in that tensile stresses along a [lOlO] direc-

tion are unfavorable for the production of twins. A possible explanation 

for this (Ref 2) is that a specimen in tension tends to elongate in 

~he direction of applied stress and to contract in the perpendicular 

direction. The outside of the specimen is free to contract, but the 

center is restrained from doing so by the material around it. This, 

in effect, produces a tensile stress .on material at the center which 

is actually perpendicular to the applied tensile stress. Thus, there 

would be a component of tension parallel to ·the £ axis and twinning 

could occur. 
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BURGER 1 S VECTORS IN BERYLL:Iillvf 1>1-.'D THEIR EFFECT ON DUCTILITY 

G. P. WALTERS, 
C • M • V J.J.f DER Vllll/f!t. , 
M. J. MAKIN 

ABSTRACT 

Thin film electron microscope and selected urea diffraction techniques 

have been used to determine the possible Burger's vecto~in beryllium. Dislo-

ca tion loops and dislocations having various vec t ors have been observed and 

likely slip direc t ions determined. Slip in dire@t ions out of the basal pl ane 

has been observed at room temperature in t hin f oils. The se slip directions may 

not oper ate in bulk materia l a t room t emperature if the critical r e sol ved shear 

stre s s is hieh. Twinning may be t he more f a vourabl e deformation mode. 

Hm1evs r, if t he cri t ical r e sol ved shear stres s f or · s l i p out of the basal 

plane is l m·1 e r ed by purifica tion, then t he slip modes obs erved i n t hi n foil experi-

ment s might operat e in bulk material at r oom t emperature. 

TIJTRODUCTION 

The fact t hat beryl lium exhibits l O.'i duc~ili t y i n dire ct ions other than 

<1120> ha s limi ted i t s use a s a structur a.l material . '!.'his lo~·. ductility has been 

attr ibuted eithe r to i mpuri t i e s or t o inhe r ent crysta lline pr opert i e s. 

'!.'his report exami nes vari ous Burger's ve ctors of d.isloca tion loop s and di s l o-

cations in ne1,tt ron irracUa t ed , quenched or defon :h:: d h;~ ryllium i n order t o obtain a 

bett er under s t andin[ of t he bri tt l eneas pr oblem. 
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Theory used in determining Burger's Vectors 

According to the diffraction contrast theory (Hirsch, Ho·:;ie and '.'ihelan)(i), 

a dislocetion will be. visible provided the scalar product (£,.,h)S is not zero, where 

1.5. is the reciprocal lattice vector of the reflecting ple.ne, b is the_ Burger's 

vector and S defines the deviation from the Bra.gg position. 

When (£.,h)S is equal to ~ero there is ~o centres~ and the dislocation is 

'invisible'. - Since £. is normal to _the reflecting plan7 this condition implies that 

the vector of the dislocation lies in the reflecting plane. Henc~ by findint the 

orientation where the dislocat;l.on disappe~rs, the plane containing the Burger's 

vector can be determined. 

EXPERit.OO~TAL DETAILS 

Material 

(a) f'echiney hot pressed and extruded beryllium irradiated to 2 X 1020 

.- .. · · I 2 o < 2) _.neutrons em at 350 C • 

(b) H.ot pressed beryllium in que_nched .condition. 
t~; 
Specimen Preparation 

Specimens ( 0.5 ina!, square by 0.020·int..~ thick) vrere suspended in a cage inside 
/ 

a. silica tube by a fusible wire. An argon atmosphere was used to ·avoid excessive 

oxidation of the specimens. The temper~ture vr;;s measured by a therm~ouple in .the 

cage. JUl specimens were heated ·a.t .1 000°C for 4 hr~., quenched into water at 20°C 

and subsequently annealed at 300°C for 1 hr. to produce large dislocation loops. 

Irr.adia ted Material 

All specimens were pre:Pared by cutting 0.020 "'inn. thi·ck slices. from previously 

irradiated material. 

electr~olishing(3). 

~eformed Specimens 

This procedure was followed by mechanical polishing and 

Slices 0.020-ins.- thick were mechanically thinn-ed to about 0.005- ins 5 thick. 

These slices were then electro-polishE'd. down to 0.00!-ins. thick, cold rolled and 

finally thinned by electro-polishing. 
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Microscopical Examination 

A Siemen' s Elmiskop IB microscope operated at 100 KV was used throughout. A 

selected area diffraction pattern was taken with each electron micrograph in order 

to determine the orientation of the c~stal. From photographs obtained when only 
tJJ~ . 

one set of planes ~reflecting it we.s possible to determine the plane containing 

the Burger's vector of a given loop or dislocation. Unfortunate!~ tilting experi-

ments f~om which the sense of the loops (whether vacancy or interstitial) c~ld be 

ascertained ~ot possible due to rapid surface contamination of specimens in th~ 
microscope. 

RESULTS 

Dislocation Loops in Quenched or Irradiated Specimens 

The sizes ani! numbers of loops in both materials were. found to be similar 

(6 x 1014 loops/cm3 of 200-700X dia,). In both materials the loops lay principaily 

on {1120} planes. smaller numbers occurring on (.1o10} 1 ~1101}and p122} planes. 

The most favourable precipitation planes for loops in both conditions appear/ to be 

{1120} with f1o10J the second most favourable. 

Dislocation loops havinfi Burfier' s Vector in the Basal Plane 

Fig. 1 shows an are a containing two sets of loops on (1120} planes. From the 

symmet~ of the c~stal three such sets of loops lying at angles of 120° to each 

other mieht be expected, one set beine out of contrast in .l'if#· .1. The reflecting 

plane we:~.s the ( 011"0) in fit;. 1 , therefore, the :Burger~ vector of the loops out of 

contrast must lie in this plane. 

A similar situation was found with loops in the quenched material (Fi&• 2). 

Thr- loeps that are o.).lt of contra·st lie on pla11es parallel to~. i.e./ (2110) planes 

having 1/3 [ '211 oJ Burger's 

Loops lying on [1 o1o} 

vectors. 
wot41tl 

planes could have basal Burger's vectors vrhich ~not 

be perpendicular to the loop plane. 

Dislot;ation I.ooJ?_s with .Bur9er' s ·v~ctors not in the Basal Plane 

Fig~3 and 4 show loops which appee.r to be on {1122} planes. The reflecting 

plane in {(ivt 4 is- ( 0002) ~ hence) these loo;,Js must have vectors that o.re not in the 
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basal plane. The act-ual ve~tors have not been determined, the most likely being 

either 1/6 <0223> or 1/3 <1123> (fig. 5)~ Since stacking faults have never been 

observed in these loop~ the most likely vector will be 1/.1 <1123;::-. 

Dislocations in Irradiated Material 

Only dislocations with basal Burger's vectors have· been positively identified. 

Fig. 3 shows dislocations of this type (marked A)1 ~ese have disappeared in fiB. 4 

where the reflecting plane is ( 0002). The dislocations (A) must therefore have 

vectors that lie in the basal plane, Dislocations visible in both figs. 3 and 4 

must have vectors that do not lie in the basal plane. Unfortunately) it was not 

possible to identifY the vectors of these dislocations. Hov;ever, by examining the 

node (see arrow in fit;. 3) where dislocations B and C have interacted ·to form a 

dislocation (A~ it appears as thnugh the dislocations Il and C have· Burger's vectors 

C [0001] and 1/3 <1123> respectively (or vice vP.rsa). Other reaction possibilities 

for this node will be presented in the discus.sion, Some movement of these disloca-

tions has been observed in the electron microscope at room temperature (see arrow in 

fil!J'• 3 and 4)., 

A typical dislocation net-v;ork is shown in fig. 6, there beint: no evidence of 

dislocation splitting into partials1 or extended nodes. This implies that beryllium 

does not have a low stacking fault energy. 

V.'ilsdorf( 4 ). 

'l'he salile conclusion was also reached by 

DISCUSSION 

Loops form preferentially on [11'20} planes in beryllium 1mt on ( 0001) planes in 

Zinc( 5). The reluctance of loops· in beryllium to form on (0001) planes is probably 

due to the relatively high stacking fault energy on these planes. 

on these ( OOC1) planes would. he.vE; the long C vector •. 

I,oops if formed 

The prirnal"J deformation mode of beryllitur1 is by slip on the basal planes in 

the <1120> direction. The secone!a~.: slip modes also prodUCE: deforulation in this 

direction. Dislocations producing this type o? slip are shown in fi.c. 3 (markP.d A), 
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Electron micrographs .(fi&' 3 and-4) show direct evidence that slip mocfes wi"th 

a component in the C-d.ire~tion are possible at room temperature~ .'l'hese dislocations 

moved in the microscope (see arrows in fig. 3 and 4). . The Burger's vectors of the . 
... 

dislocations B and C have not been determined,' hol'leve:z; a number of possibilities 

have been derived from a consideration of crystal geometry and vector analysis. 

If the dislocations B and C remain undissociated they can interact. to·form a 

dislocation (A) which has a basal Burger's vector. The reactions. will be 

(re~\"~""f +o ;,1 ~) DE + FD :; .FE ( 1) 

[ooo1] + 1/3.'[1123] =. 1/3 [H2o]. 

EJ+J'F=EF 

1/3 [1213] + 1/3 [2113] = 1/3 [n2o] 
( 2) 

The interactions would result in.a reductioriin ener&J and so .there is a driving 

·force for the reaction to occur. Ho,·rever1 taking reaction ( 1) both dislocations B 

and C may dissociate through the reactions 

(v-~v.~ -1-tl F'1' S"} DE = DT + TE 

[ooo1) = 1/6 [o223] + 1/6 [ o223] 
( 3) 

'FD "'FT +·'I'D 

1/3 [ 1123] = 1/6 [ 2023] + 1/6 [ 0223] 
·(4) 

. ,;, 

Similarl~ in reaction (2) both disloc.ations can dissociate. 

6-Lf-l.rlr• "\ ~ 61 5' ) EJ = ET + TJ 

1/3 [ 1213] = 1/6 [0223] + 1/6 [ 2203] 
( 5) 

.JF. = JT + TF 

1/3 [ 2113] = 1/6 [2203] + 1/6 [2023] 
( 6) 

.!!·rom fig. 3 and 4 (see arrow) movement of these dislocations is evident. This 

means that slip in [ 0001] and <1123> directions is possible at room temperature if 

~eaction (1) is· correct and <1123> if reaction (2) is correct. 

Applying Bollmans( 6) methott of analysis the structure of the node can be 

determined. For reaction (2) with the consequent dislocations split into partials 

we get: 
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Drawine; the Burgers vector diagram (using an anticlockvrise notation). 
00 

Ol 

-21 

11 and 20 are coincident/ so no devic.es them~ There will be a 

dislocation between 11, 20 and 02 due to the reaction taking place. The dislocation 

diagram is therefore:-

11, .10 02.. 

An equivalent diagram can be drawn for reaction ( 1) giving very similar results. 

'fhe node consists of tno dislocations having non-basal vectors th~.t have split up 

and are separated by a single dislocation with a basal 'Burger's vector. In general_, 

other reactions betv:een dislocations having 1/3<1:r23> Burgers' vectors are possible. 

The resulting dislocations will be energetically unstable hov;ever, and will dissociate 

to form dislocations with 1/3<1120> vectors. 

FJ + JB = FB = FG- + G-B 

FJ + JC = FC = FA + AC 
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The dislocations forming the node have clearly moved between the two pictures, 
' ~ 

Figs. 3 and 4~and hence, slip in directions out of the basal plane-~ possible at 

room temperature. The direction in which this must occur,namely <1123>,is the same 

as that found by Bastien and Pointu(?) in single crystals deformed at 800-1000°C. 

Having observed slip in <1123> directions at room temperature in the electron 

microscope immediately raises the question why this slip mode does not normally 

operate in bulk material. The answer mu~~ of course, lie in the stress required to 

operate the mode at room temperature. A thin foil is a very non-l;ypical specimen/ 

and it is possible to apply very large stresses in particular directions. tn a bulk 

specimen the stress required to operate this mode at room temperature may be very high; 

t"''" an<) henc7 the material may t=sl. preferentially. The critical shear stress for 

operating a slip mode is known to be very dependent on purity; howevert and henc~ by 

purif~cation it may be possible to make the <1123> mode found to occur thin films 

operate sufficiently to increase the ductility of bulk polycrystalline material. 

CONCLUSIONS 

The preferred precipitation planes for dislocation loops in beryllium are [1120}; 

loops on these planes have a 1/3 <1120> Burger's vector. The second most favourable 
I 

plane for loops~ {101"0] with a possible 1/3 <1120> vector. Some loops were found 

on t1101J ~~o<~~/22} planes, lh.though the vectors of these were not determined/ the 

most likely ~ be 1/3 <1123•. 

Dislocations with basal Burger's vectors have been observed. 

Movement of dislocations with a 1/3 <112J> vector has been observed in thin 

films in the microscope at room temperature. It is thought they will not be 

operative in bulk material if the stress required to cause this type of slip is high. 

Twinning will be the more favourable deformation mode at room temperature. 

However, if increased purification lowers the stress required to cause deformation 

by the <1123> slip mode)then slip instead of twinning may become favourablejand an 

improvement in ductility might be achieved at room temperature. 
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Fig. ~ Electron micrograph shOI<in!! ~oops on ( wqJ plan•• 

irradiated beryllium l'lane of roil (0001) 
X so,ooo 

Reflecting plane (~) ( oilo) 

Fig• 2 Electron microgr!'ph sbwing loops on [ll2Ql planes 

in quenched and annealed hot pressed beryllium. Reflecting plan• A (0110) l'lane roil (0001) X 40,000 
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Fig. J Electron micrograph showing dislocations and 
dislocation loops in Pechiney hot pressed and extru&ed 
beryllium irradiated at 350 C to a dose of 2 x 1020 
neutrons/cm2. 

Plane of foil (OllO) Reflecting planes (1120) and (0002) 
X 40,000 

B c 

• 

Fig. 4 Same area as Fig. 5 after tilting a few degrees. 

Reflecting planes (0002) 
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Fig, 6 A typical dislocation network found i n hot pressed beryllium. 

X 80,000 
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Effects of Neutron Irradiation on the Mechanical Pro~rties of Hot Pressed and 
Extruded Be~llium 

G. P. Wal tars 

Abstract 

Hot pressed and extruded Pechiney and Brush beryllium bas been examined 

after irradiation at 100°C, 350°C and 600°C at doses up to 6 x 1020 n/cm2• 

No volume increases occured during irradiation, this is consistent with 

previous irradiations( 1 •2). 
0 

Tensile tests were carried out at 20 C, 150°C, 350°C, 450°C and 600°C. 

There has been an increase in·yield stress and a decrease in elongation during 

No changes in specimens irradiated at 600°C 

occured. The yield stress dose dependence and thermal recovery is discussed 

in terms of t hin film microstructure. Irradiated yield stres3 values can be 

calculated approximately if the helium bubble configuration in the grains is 

known. 
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Introduction 

Beryllium has been considered as a possible canning material for. high 

t~.mperature reactor systems due to its favourable nuclear properties. A 
) 

nUmber of problems have raised some doubts as to the suitabilit.y of beryllium ., 

for this application. Two of these being the corrosive action of certain 

r~actor cooling media on the metal and the increased embrittlement during 

irradiation. Results and discussions on this second.problem are presented 

in:; this paper.-

Experiment Details 

Material 

Hot pressed and extruded beryllium was used for these experiments. 
Q.1e 

Re'sul ts f'rom 

1-2) 

the irradiation of hot pressed material i8 discussed in other 

reports • The hot pressed and extruded products were produced from Brush 

and Pechiney beryllium. Most of the experiments were carried out on Pechiney 

specimens. 

Peohiney Material 

" ·:, The starting material was Pechiney flake which was reduced to powder, 

then hot pressed and extruded at 1050°C to a flat. Tensile specimens were cut 

from longitudinal and· transverse directions. The gauge length being 0.5 ins 

and the cross-section 0.050 ins square. 

Pre-Irradiation Treatment 

All specimens were annealed at 800°C for 1 hr. before irradiation. 

Heat-Treated Control Specimens 

A number of unirradiated specimens were heat treated at the same tempera-

ture as the reactor temperature, the period of heat treatment being equivalent 

to the irradiation period. 

Brush Material 

Specimens were prepared in a similar manner to the Pechiney specimens. 

The only difference being in the powders used to produce the fabrication. 

Method of Irradiation 

Most of the irradiations were carried out in specially designed rigs in 

hollow fUel elements in the Pluto reactor at Harwell. Each rig contained 

139 . 



either six or four cans, three being inside the fuel element and all received 

a fairly uniform fission neutron dose. The other cans were outside the fuel 

element and surrounded by heavy water.. The doses received being 0.1 to 

0.001 that of the cans inside the fuel element. Each can contained Cobalt 

monitors for flux determinations. The fission dose was also calculated from 

the quantities of helium produced. The temperature of each can was main

tained by electrical and gamma heating to about ~ 5°C. 

Densi!Y Determinations 

These were carried out by weighing cylinders (0.035 ins.dia.by 0.035 ins. 

long) in air and distilled water. Before measurements were made each specimen 

was given a light electropolish to remove any surface oxide layer·. Densities 

were determined for unirradiated, irradiated and post irradiation annkaled 

specimens. 

Tensile Testing 

Approx. 0.010 ins was first removed from the surface by chemical dissolution 

before specimens were tested in a modified Ho1.1nsfield tensometer at a strain 

rate of 1 o-3 per min. Specimens were held at the testing temperature for 1 hr. 

before testing. 

Helium Content Determination 

Helium contents were determined by melting a known quantity of be~llium in 

a BeO crucible contained in a silica tube which was attached to a vacustat 

gauge. From the pressure rise on melting the be~llium in an apparatus of · 

known volume the total quantity of gas evolved could be calculated. The pro-

portion of helium in the total gas evolved was determined by isotfopio analysis. 

Hardness Measurements 
O,YIJ 

Measurements were made on unirradiatedtirradiated specimens in various 

conditions using a Vickers micro-hardness testing machine. A load of 1000 gms 

was applied for 15 seconds. 

Thin Film Microscopy 

For this film microscopy experiments slices ~ 0.020 ins thick were cut 

from the density cylinders with a high speed slitting wheel~ the temperature not 

exceeding 100°C during cutting. Foils were also prepared from the heads of 
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tensile specimens and from 0.005 in. thick irradiateJ slices. All specimens 

were first mechanically or chemically thinned to about 0.005 ins thick and 

then electropolished to give thin foils a few thousand angstroms thick( 3). A 

Siemens Elmiskop IB operated at 100 KV was used throughout. 

Results 

Table I. shows the number of irradiation conditions covered in this report, 

for reference each rig has been labelled from A to F. 

Table I 

Title of Irradiation Fission Dose 
n/cm2 

Temp. of 
Irrad.(oc) Material Fabrication 

A 
20 

100 Brush & Pech. H.P & Extruded 4 X 1020 B 2 X 1020 350 Pechiney n n 

c 6 X 1020 350 n n n; 

D 8 X 1020 350 Pech. & Brush n " 
E 6 x·1020 600 Pechiney It n 

F 6 X 10 600 Pechiney " " 

The integrated thermal and fission neutron doses calculated from cobalt foil 

measurements are given in tables II and III for irradiation B and F respectively. 

Table II 

Can No. 1 2 3 4 5 6 

Thermal dose 6. 72x1020 
7 .35x1 o20 6.44x1 020 j4..8x1 020 1.56 X 1020 0.26 X 1020 

n/cm2 

-
Fission dose 1.93x1 o

20 2.1x1 o20 1.84x1 020 9 X 1018 
1 .1 X 1018 1.6 x·1o17 

n/cm2 

Fission dose 
calculated 2.24x1 o

20 20 
from Helium 1 .86x1 0 

.contents 
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Table III 

' 
Can No. 1 2 3 4 5 6 

Thermal dose 
n/cm2 

1.5 X 1021 21 
1 • 73 X 1 Q. 1 .59 X 10

21 
4.8X1 o

20 

., 

Fission dose 6.6 X 1020 4.8x 1 o
20 ').7x 1019 3.3 x1018 

n/cm2 

Fission dose 
calculated 

5.9 x 10
20 20 5.2 X1 020 ~.6X1019 

from Helium 6.8 X 1.0 

contents 

Thermal doses are accurate to .:!:. 2% and fission doses to .:!:. 2q&. 

The fission doses obtained from helium analysis were calculated using the 

cross-sections determi~ed by Richmon~(4), these being 113mb for the (n,2n) 

reaction and 33 mb for the (n,~) reaction. Tables II and III illustrate the 

good agreement of doses determined from cobalt monitors ~d from helium analysis. 

The dose figures from helium contents are calculated on the basis of complete 

burn-up of Li 6 produced from the (n,~) reaction. This is not strictly accurate 

but the error introduced is only about 1qf6. 

Tensile Results 

Unirradiated (heat treated and not heat treated) and irradiated specimens 

were tested at 20°C, 1S0°C, 300°C, 450°C and 600°C. No differences were found 

in yield stress and elongation values between the heat treated and ~ heat 

treated unirradiated specimens (Fig. 1). 

Irradiated Specimens 

Although only results from longitudinal specimens are discussed it was 

found that similar effects occured in transverse specimens. 

Irradiation 'A' 

Only one Pechiney specimen was tested, this being at 150°C. However, a 

number of Brush specimens were tested at various temperatures (Fig. 2). 

Irre.dia ting at 1 00°C to e. dose of 4 X 1 o20 n/ cm2 produces an increase in yield 
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stress and a decrease in elongation. 

The return of the yield stress to the unirradiated value cannot be 

determined accurately due to the scarcity of results. 

however return to the unirradiated value, 

Irradiations B, C and D 

The elongation does not 

Specimens irradiated at 350°C received fission neutron doses from 1.6 x 1017 

n/cm2 to 8 x 10
20 n/cm2

• The tensile results for irradiations B, C end Dare 

given in Fig. 3, 4 and 5 respectively. Fig. 6 shows the results of Brush speci-

mens from irradiation D. Fig, 7 illustra.tes the dose dependence of the yield 

18 The yield stress appears to be independent of dose up to fV 10 

n/cm2 and then there is a steady increase. This is similar to the effects 

found in other metals but hardening starts later in beryllium. 

Figs. 3, 4 and 5 shm1 that as the dose increases the temperature of recovery 

tends to increase. At .2 x 1020 n/cm2 this temperature is 300-400°C whereas at 

20 n/ 2 . 0 8 x 1 0 em it l.S 450-500 C. · There is also an indication that as the dose 

increases the recovery of elongation (even at 600°C) becomes more difficult, 

Indeed in specimens irradiated to a dose of 8 x 1020 n/ cm2 the elongation does 

not recover. Even very long periods of annealing (3 months at 600°C) does not 

give recovery of elongation (Fig, 4). 

Irradiations E and F 

Specimens irradiated at 600°C have received doses of 4.8 x 1017 to 

6 x 10
20 

n/cm
2

, 

Unfortunately due to temperature fluctuations irradiation E specimens were 

not held at 600°C throughout the irradiation period. The temperature fe11 to 

450-525°C for some time, There is an increase in yield stress but no change 

in elongation (Fig. 8). Fig, 9 shows the results from irradiation F specimens, 

here the temperature was held steady at 600°C throughout the irradiation period. 

There is no change in yield stress and elongation during irradiation, 

Density Measurements 
0 

No changes in volume occured in 350 and 600 C irradiated specimens. Table 

IV gives some values from irradiation B and F specimens, 
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Table IV 

Irradiated at 350°C Irradiated at 600°c 

Time (hrs) 1 1 2 1 1 1 1 3 5 8 

Temp. ( °C) 1000 1100 1100 800 900 1000 1100 1100 1100 1100 

Swelling (%) 0.5 1.0 1.2 0 0.5 1 .1 4.1 5.9 7.7 12.7 

On post irradiation annealing the maximum swelling even at 11 00°C for 2 hrs. 

was 1.2% for the 350°C irradiated specimens (3 hrs. at 1100°C gave 5.9% for the 

600°C irradiated specimens). Swelling was greater in the 600°C irradiated 

specimens due to the increased amount of helium present. Swellings experiments 

on hot pressed beryllium have been carried out and these are discussed in other. 

report/ 1- 2). 

Helium Concentrations 

Table V gives the amounts of helium produced during irri.diation. Also the 

calculated fission neutron doses are included. 

Table V 

Irradiation Title ccs of He/cc of Be Calculated Fission 
at N.T .P. Neutron Dose 

A o.58 
20 

4.5 X 1020 
0.49 3.8 X 10 

B 0.29 
20 2.2 X 1020 0.24 1.8 X 10 

c 0.67 5 X 10
20 

Can 1,2 & 3 
6 X 1020 0.82 

Can 1,2 & 3 
5 X 10

20 
0.67 

Can 1 ,2 & 3 
0.16Can4 1.2 X 1020 
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Table V - continued 

Irradiation Title ccs of He/ cc of Be Calculated Fission 
at N.T.P. Neutron Dose 

E o.8 20 
5.9 X 1020 

0.72 5.5 X 1020 
0.86 6.2 X 10 

p o.8 5.9 X 1020 

Can 1, 2 and 3 
6.8 X 1020 

0.9 
Can 1, 2 and 3 

5.2 X 10
20 

0.7 
Can 1, 2 and 3 

1.6 X 1019 0.02 
Can 4 

As previously stated the doses calculated from helium concentrations are in close 

agreement with those calculated from cobalt monitors. 

Micro-Hardness Testing 

20 No hardness changes were observed after irradiating specimens to 2 x 10 

n/ 2 0 20 n/ 2 0 em at 350 C and 4 x 10 em at 100 c. Similarly no changes were found in 

the 600°C irradiated specimens. 0 Irradiating specimens at 350 C to a dose of 

20 2 . 
6 x 1 0 n/ em gave an increase in hardness. Recovery of hardness started 

around 500°C during post irradiation annealing (Pig. 10), the hardness returning 

eventually to the unirradiated value. Also there was a return to.the 

unirradiated value due to annealing at 600°C for 3 months. . 

. 0 20 n/ 2 Specimens irradiated at 350 C to a dose of 8 x 10 em have hardened, 

(Fig._ 11). Recovery starts at~ 600°C and eventually returns to the unirradiated 

value. Table VI illustrates the relative changes between yield stress, 

elongation and micro-hardness. 

Table VI 

Irradiation _Jios~ Te~)· Yield Stress Elongn. Micro-
Title em (oc Hardness 

A 20 100 Increase Decrease No Change 4 X 1020 
B 2 X 10 350 Increase Decrease No Change 
c 6 X 1020 

350 Increase Decrease Increase 20 D 8 X 1020 350 Increase Decrease Increase 
E 6 X 1020 600 Increase No Change No Change 
F 6 X 10 600 No Change No Change No Change 
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Thin Film. Microscopy 

Specimens irradiated at 1 00°C to a dose of .tv 4 x 1 o20 n/ cm2 .contained 

dislocation loops 400-8ooX dia and ('12 x 1014/cc. No post-irradiation 

annealing experiments were carried out on these specimens. 

Irradiating at 350°C to 2 x 1 o20 n/ cm2 produced dislocation loops 200-500~ 
dia. and a concentration of rv'1.2 x 1 o14/cc. These loops disappeared on 

e.nnealing at < 500°C for 1 hr. Annealing at 600°C for 1 hr. produced about 

1 o14 bubbles per cc of ,v 1 ooX dia. The size of these bubbles increa5ed and the 

number decreased on increasing the annealing temperature. At 1000°C the 

bubble concentration was f\1 2 x 1 o13 / cc of 400-1200~ dia. 

14 ° Dislocations loops f\1 5 x 1 0 / cc of 250-1250A dia. were observed in 

specimens irradiated at 350°C to a dose of 6 x 1020 n/cm2 (Fig. 12). Post 

irradiation annealing at 600°C for 3 months produced bubbles in the grains and 
0 

grain boundaries (Fig. 13). In the grains these bubbles were 125-320A dia. and 

the concentration was tv 3 x 1014/cc. 

dia.. 

.o 
The grain boundary bubbles were 70-280A 

Specimens irradiated at 600°C contained bubbles mainly in the boundaries. 

The bubbles in the grains of Pechiney longitudinal specimens were elongated 

(Fig. 14). Post irradiation annealing gave a decrease in bubble numbers and 

an increase in size. 

Experiments were carried out in an attempt to correlate microstructure with 

experimental irradiated yield stress values. Table VII shows the results 

obtained from tensile heads of specimens irradiated at 350°C to a dose of 

20 2 
8 x 10 n/cm • Table VIII illustrates the relation between microstructure and 

yield stress values for various conditions. 

Table VII 

Annealing ¥s. CalcuJa. ted Unirradiated Calculated YS Actual Irrad. 
Temp. ( 1 hr. ) from bubble data YS + Unirrad. YS YS 

800 11,798 40,000 51,798 ~ 41,700 
800 14,142 40,000 54,142 
900 8,532 40,000 48,532 41 ,1 00 

1000 11,764 40,000 51,764 ~ 45,600 1000 19,820 40,000 59,820 
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These specimens were annealed at the temperatures shown and then tested at 

room temperature. Specimens shown in Table VIII have been annealed at the 

temperatures shown and tested at the temperature shown in column 5. 

Table VIII 

I Post Calculated Unirr. 1 alculated Actual 
Irradiation Irradiation Irradiation Ys from Yield Stress YS + Irradiated 
Dose n/cm2 Temp. (oc) Annealing 

Temp. ( 0 c) bubble psi nirr. YS Yield Stress 
Counts psi psi 

2 X 1020 
350 1 hr. at 

600°C 
5,080 35,000 (20°C) 40,080 44,300 

2 X 1020 
350 1 hr. at 6,420 35,000 (20°C) 41,420 37,000 

10000C 

6 X 1020 
350 3 months 

at 600°C 
13,110 21 ,8oo· (3oo0 c) 34,910 32,700 

P.1.5 X 1021 280-480 - 35,900 16,800 (300°C) 52,700 53,600 

•1.5x10 
21 

" 1 hr. at 14,370 12,700 (450°C) 27,070 28,500 
9000C 

~1.5 X 1021 II 1 hr. at 8,420 12,700 ( 450°C) 21 ,120 20,800 
950°C 

6 X 10
20 

600 - 5,080 35,000(20°C) 40,080 40,000 

*Hot pressed ber,yllium( 2) 

Although bubbles were not observed in specimens irradiated at 350°C a 

possible size has been calculated from post irradiation annealing experiments. 
0 

For specimens irradiated to 2 x 1 o20 n/ cm2 this bubble size was :v 1 OA dia and 

20 2 ° 20 2 
feP 8 ll: 4 0 B/em tMe lnilll3le eiBe was · 4 0!. Ilia &Rd for 8 x 1 0 n/ em was 

0 ij,JJ ' 
30A dia. If these values are used to calculate the irradiated ~ stress 

there is good agreement between the theoretical and experimental values. For 

specimens irradiated at 350°C to 2 x 1020 n/cm2 the theoretical irradiated yield 

stress was 62,720 ps~actual being 55,000
2
psi). The theoretical yield stress 

for specimens irradiated to 8 x 1020 n/cm was 69,000 psi (actual value was 

70,000 psi). 

147 



DISCUSSION 

Micro-hardness testing 

When considering the effects of irradiation on the ductility of beryllium 

micro-hardness testing does not appear to be a reliable guide. Beryllium 

being anisotropic produces quite a scatter of results when hardness testing. 

Small changes in hardness are masked·due to this scatter and so only specimens 

irradiated to a fairly high dose at low temperatures show a definite change 

(see table VI). Post irradiation annealing shows that as the do3e increases 

the temperature required to start recovery of the hardness increases. 

Hardening in Irradiated Be~llium 

20 n/ 2 0 Irradiating beryllium to doses up to 8 x 10 em at 350 C produces 

dislocation loops. The size of the loops increasing as the dose increases. 

Burger's vectors of dislocation loops have been determined(S) but the sense 

(whether vacancy or interstitial) has not yet been determined. 

Makin, Whapham and Minter( 6) observed loops and very small defects 
0 

(<25A dia.) in irradiated copper. The loops ru1d defects exhibited different 

annealing characteristics and it was concluded that they were different in 

nature. It was stated that the loops were interstitial and the defects were 

vacancy defects. Thin film observations in beryllium has never revealed small 
0 

defects (.-J 25A dia.). Only dislocation loops and bubbles have been observed 

on irradiation. Due to the lack of contrast in beryllium thin foils it would 
Cf 

be very difficult to see small defects ~ubbles) 1 even if they were present. 

Point defect hardening occurs when most metals are irradiated below their 

self diffusion temperature. The number of point defects produced in beryllium 

appears to be considerably smaller than in other metals. Copper for instance 

has an atomic concentration of tv 1 o-4 after a dose of 1 o18 n/ cm2 ( 6), whereas 

beryllium contains less than this after 2 x 1 o20 n/ cm2• The tensile properties 

of copper cha:qge after a dose of <1017 n/cm2 ( 7), in beryllium this occurs at 

1018-1019 n/cm2 (Fig. 7). Barnes(B) has sugge.sted,that this reduced effect in 

beryllium could be due to the smaller number of point defects in clusters, and 

the low atomic weight of beryllium would probably result in a small displacement 

spike and this would result in fewer point defects being preserved. 

148 



The hardening of the grains in beryllium probably occurs due to the 

presence of large numbers of very small helium bubbles. Probably only a small 

amount of hardening occurs due to lattice distortion and dislocation loop forma-

tion. Increasing the irradiation or post irradiation annealing temperature 

causes dislocation loop annihilation and bubble growth. As the bubbles grow 

in size their effectiveness as obstacles to dislocation movement is reduced. 

Yield stresses (Figs. 3, 4 and 5) and hardness (Figs. 10 and 11) values fall 
trtovJ 

towards the unirradiated values as the bubbles ~ in size. The elongation 

values of high dose specimens does not appear to return to the unirradiated 

value even at the higher temperatures of testing (Fi~. 5). This could be that 

although the grains have softened due to the removal of gas to the boundaries 

fracture occurs with small strains due to the weakening of the boundaries by 

these gas cavities. 

The simple model proposed by Barnes(S) relating the yield stress with 

bubble sizes and numbers seems to apply roughly to specimens tested in these 

experiments. When the calculated yield stress from bubble counts (Figs. 13, 

15 and 16) is added to the unirradiated value then the total agrees fairly closely 

with the observed irradiated yield stresses (see columns 4 and 5 in table VII 

and columns 6 and 7 in table VIII). These theoretical irradiation yield stresses 

were calculated from bubble counts in the grains. All the results apply to 
0 . 

visible bubbles of >100A die.. and Makin( 9) has pointed out some of the 

difficulties in the theoretical calculations of this hardening and the inadequacy 

of the semi-circular dislocation model(e) when extrapola~ing t~ small bubble 

diameters. However 1 an interesting fact was found when the. theoreti·cal bubble 

size of specimens (not containing resolvable bubbles) was determined from the 

extrapolation of post irradiation annealling results. The calculated ·yield 
0 0 

stresses from .these extrapolated sizes 10A dia. and 30A dia. were 62,720 psi 

(actual was 55,000 psi) and 69,000 psi (actual was 70,000 psi) respectively. 

It seems quite possible therefore that the hardening of specimens irradiated 

at-350°C is due to numerous very small unresolved bubbles. When large bubbles 

are· present in the boundaries theo~tical calculations ..t using the semi-

circular dislocation model will not be possible. 
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CONCLUSIONS 

1. The yield stress increases on irradiating at 350°C, the increase being 

dependent on the dose received. 

Dislocation movement will be impeded by numerous small helium bubbles giving 

an increase in yield stress. As the number of gas bubbles increase (with dose) 

the yield stress also increases. 

2. Elongation values fall during irradiation at 350°C. Recovery of the elonga-
II\ 

tion to the unirradia.ted value is not achieved .eft the higher dose specimens. 

The reason that elongation does not recover even' at 600°C is probably due to the 

weakening effect of the gas in the boundaries. 

3. Micro-hardness testing only seems a reliable test for specimens that have 

received doses of at least 6 x 1 o20 n/cm2• Small amounts of hardness 

increases are probably masked by the scatter of results produced. 

4. Irradiation at 600°C produces no change in yield stress or elongation to 

fracture. The gas bubbles are mainly in the boundaries and are bigger and 

less numerous than in the lower temperature irradiations. 

5. Swelling of beryllium is not a problem when irradiating at 600°C to a dose 

of 6 x 1020 n/cm2• 

6. A rough theoretical estimate can be made of the irradiated yield stress if 

the bubble configuration in the grains is known. 

7. From the extrapolation of post irradiation annealing results the size of 
0 

unresolved bubbles was determined. These sizes were 10R and 30A for 

specimens irradietE:d at 350°C to doses of 2 x 1 o20 n/ cm2 and 8 x 1 o20 n/cm2 

respectively. It is difficult to explain why bubbles so small cause fairly 

large increases in yield stress but theoretical and experimental values are of 

the same order. 
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Fig. 13 Helium Bubbles formed on Post Irradiation Annealing Specimens 
Irradiated at 350°0. X 40,000 

Fig. 14 Helium Bubbles formed during Irradiation at 600°0. X 40,000 
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Fig. 15 Heliu~ bubbles in Beryllium pos~ Irradiation annealed at 800°C 
for 1 hour. X 40,000 

Fig. 16 Helium Bubbles formed in Beryllium post Irradiation annealed 
at 1000°C for 1 hour X 40,000 
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1 . Introduction 

The Recrystallisation Characteristics of Wrought 

Ingot Beryllium Sheet 

D. A. Cheer and J . N. Lowe 

Grain refinement was considered to be one approach to the beryllium 
ductility problem. In previous work<1 •

2 )J the grain size had been reduced 
from 300 to 40 microns) and mechanical testing confirmed the decrease in the ductile 
to brittle transition temperature T(c). Extrapolation of these results 
showed that a grain size of approximately 10 microns would be re~uired to reduce 
T(c)to room temperature . 

In the work reported the complete range of sub-recrystallisation working 
temperatures and subse~uent annealing treatment was covered systematically 
in an attempt to obtain fine grained beryllium sheet. 

2. Experimental 

2.1 Material 

Material used was fully recrystallised beryllium ingot sheet 
(grain size approx. 120 microns) 0. 500- in . thickJ which had been produced by hot 
rolling vacuum cast electrolytic flake metal. The ingot was rolled 
69% at 950°CJ and followed by a further 23% at 800°C . 

Chemical analysis is given in Table 1 . 

TABLE l 

Analysis of Material Used for Grain Refinement 

Analysis p.p.m. 

Total 
Be 

Materi~l M~ Al Fe Si Mn Cr Ni Cu 02 % 

Beryllium <5 70 uo 105 <5 <10 <5 20 60 >99. 90 

Ingot Sheet 
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To determine the work hardening characteristics during rolling, 
it was desirable that all material should be fully softened prior to 
de'formation. Specimens. w,ere given a solutionising treatment ( 800°C 
for l hour) followed by a.rl anneal to induce precipitation (575°C for 

, 200 hours) 3 • · 

2.2 Rolling and Annealing 

Due to the excessive edge cracking and oxidation encountered when 
bare rolling above 600°C, the beryllium.was sheathed prior to 
rolling. Initially, mild steel sheaths were used; but below 650°C the 
sheaths were suscP.ptible to surface cracking and were later successfully 
replaced by staj.nJ.ess steel cheaths. 

Rolling was conducted on a 2-high reversing mill. Slabs 
· measuring ,3. 75 X ,3. 75 X l inch were reduced in increasing amounts between 
"5% and 90% reducGion and were rotated 90° between each pass. Reheating 

was carried out after alternate passes. 

Specimens measuring 0.25 X 0.125 X 0.125 inch were annealed in a 
Variac-controlled resistance-heated salt bath. The environment of the 
molten salt was conducive to the maximum temperature in the specimen· 
being o'otained aft·er 3-4 seconds immersion. :. 

2.3 Structural Examination 

Metallography and Hardness 

Sections were metallographically examined and Vickers' 
hardness tested, transverse to the rolling direction, remote 
from the edge of the sheet. The hardness values shown in 
Figure l represent the average of three indentations per specimen 
using a 20 Kg. load. 

X-Ray Examination 

X-Ray diffraction techniques have been used to study· · 
the structural·change occurring during deformation and annealing 
processes. 

Laue back reflection photographs of specimens in the worked, 
recovered a.nd recrystallised conditions were taken with a Philips 
universal flat plate X-ray diffraction camera, type P.W. 1030. 

. . . . 
Prior to X-ray examination in which-Cu radiation was.': 

used, each specimen was deeply etched in dilute sulphuric ·acid.· 
solution to remove surface effects and also reduce material to 
a suitable thickness to give interpretable diffraction patt~rns. 

,3. Results and Observations 

,3.1 Work Hardening 

The effect of warm rolling at 250°C, .450°C and 650°C on the 
hardness of beryllium ingot sheet is shown in Figure 1. Typical 
microstructures and a summary of rolling schedules are shown in Figure 2 
and Table 2 respectively. A survey of the microstructures in Figure 2 
shows that at 250°C twinning is associated with deformation, whereas 
at 450°C and 650°C only slip is observed. 
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TABLE 2 

Sumrnar;y: of Rolling Variables 

Specimen Rolling Temperature Reduction % Remarks 

A 5 Sound 
B 12 Sound 
c 23 Sound 
D 650°C 38 Sound 
E 55 Sound 
F 44 Bound 
G 65 Sound 
H 74 Sound 
Q 84 Sound 

I 56 Sow1d 
y 35 Sound 
M 450°C 28 Sound 
N 28 Sound 
R 74 Sound 
u 90 Sound 

T 5 Sound 
K 20 Sound 
0 250°C 27 Sound 
L 28 Fractured 
J 35 Fractured 
s 6!1. Fr.actured 

3.2 Conventional Annealing 

3.2.1 Annealing Material Rolled at 650°C 

The variation in recrystallised grain size with% reduction 
for material annealed at 750°C, 800°C and 850°C is shown in 
Figure 3. 

The grain size does not continuously decrease with 
increasing reduction, but the plateau obtained with medium 
reductions is not associated with a similar plateau on the 
hardness/reduction curve shown in Figure l. 

Full details of annealing temperatures, times, hard.ness values, and 
grain sizes are summarlsed in Table 3. 
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TABLE 3 

Annealin~ Characteristics of Material Rolled at 650°C 

Grain Sizes 1J. 

750°C 8oo0 c 850°C 
Reduction 

% V.P.N. 10 mins. 30 mins. 3 mins. 10 mins. l min. 

5 129 
12 135 112 115 
23 132 96 98 
38 140 88 72 
44 137 73 72 64 72 64 
55 145 72 72 64 72 64 
65 150 56 60 63 72 64 
74 154 45 51 58 66 58 
84 161 34 44 46 . 50 42 

3.2.2 Annealing Material Rolled at 450°C 

For comparative purposes, the variation is recrystallised 
grain size with% reduction for material annealed at 750°C, 800°C 
and 850°C is shown in Figure 4. Again the curves are continuous 
but not. smooth. The recrystallisation behaviour of the material in 
the range 30-5~ reduction, is similar to that of material rolled 
at 650°C in the range 4~-6~ reduction. The rapid decrease in 
grain size with further reduction following ~he plateau for medium 
reductions, appears to be diminishing in the most worked specimens. 
It is anticipated that further reduction at 450°C and 650°C would 
not significantly further reduce the grain size, even if it were 
technically feasible. 

TABLE 4 

Annealing Characteristics of Material Rolled at 450°C 

Grain Sizes 1J. 

10 mins. 

118 
no 

92 
90 
90 
88 
76 
48 

750°C 8oo0c 850°C 
Reduction 

% V.P.N. 10 mins. 30 mins. 3 mins. 10 mins. l min. 10 mins. 

28 150 68 72 78 84 74 96 
35 147 68 68 72 86 72 80 
56 163 78 68 68 76 78 88 
74 176 44 50 46 54 50 58 
90 225 34 45 33 45 34 55 
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Anne~ing Material Rolled at 250°C 

The variation in recrystallised grain size with% reduction 
for material annealed at 750°C, 800°C and 850°C is shown in Figure 
5· 

Due to high rate of work hardening of the stainless steel 
sheaths it was not possible to obtain reductions greater than 6~. 
The characteristic plateau associated with Figures 3 and 4 is again 
reproduced at an even lower reduction range. Apart from this 
effect, Figure 5 is similar to Figures 3 and 4. 

Full details of annealing temperatures, times, hardness values 
and grain sizes are summarized in Table 5. 

TABLE 5 

Annealing Characteristics of Material Rolled at 250°C 

Grain Sizes J.L 

Reduction 
% V.P.N. 10 mins. 30 mins. 3 mins. 10 mins. l min. 10 mins. 

5 
20 
28 
35 
64 

132 
161 
160 
161 
194 

3.3 Isothermal Annealing 

68 
68 

84 
88 
78 
38 

74 
72 
60 
50 

Figure 6 represents isothermal annealing curves for material 
previously rolled at 250°C, 450°C, and 650°C and annealed at 700°C, 
750°C, 800°C and 850°c. The full lines refer to the changes in 
hardnesses, and the broken lines to % recryst.allised (determined by 
linear intercept). Typical microstructures observed are illustrated 
in Figure 7. 

3.4 Flash Annealing 

105 
104 

84 
54 

The effect of annealing on the gra~ n size at 900°C and 980°C for 
times ranging from 5-30 seconds for material rolled at 250°C, 450°C and 
650°C is shown in Figure 8 and summarised in Table 6. 
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TABLE 6 

\Grain Sizes ll. 

Rolling Reduction 9000c 980°C 

Temp. ojo 5s lOs l5s 20s 25s 30s 5s lOs l5s 20s 25s 30s 

250°C 64 45 46 47 47 - 57 59 64 73 80 
450°C 74 45 45 48 50 "" 56 58 64 72 80 
650°C 84 40 44 47 51 - 52 59 64 71 73 

3.5 X-Ray Diffraction 

X-ray diffraction has been utilised to assist in the study of 
rec:r·yotallisation for material previously worked at 250°C, 450°C 
and 650°C. The specimens were examined, first in the as worked 
condition, then at intermediate stages during annealing. The 
important points to note are;-

(a) 

(b) 

(c) 

The sharp reflection spots from the initial grains do not 
wholly degenerate into continuous rings, with deformation 
at 250°C (Fig. 9), but some discrete reflection spots 
remain as sharp and as well defined as the original. The 
spots indicate the presence of undeformed grains which were 
presumably unfavourably oriented for slip. In general, 
the spot size was smaller than in the original specimen 
showing that the unworked grains had twinned or even 
fissured. 

By comparing the line breadths from material deformed at· 
250°C and 450°C with that of material deformed at 650°C, one 
can demonstrate. that the latter is simultaneously accompanied 
by a recovery process. See Figure 10. 

Good agreement with respect to recrystallisation has been 
recorded between diffraction patterns and their corresponding 
micrographs. 

3.6 Activation Energies for Recrystallisation 

The activation energies for recrystallisation have been 
determined for beryllium previously worked 3?%, 56%, and 5?% at 250°C, 
450°C and 650°C respectively. Figure ll represents the log of the 
time to iive 50% recrystallisation with temperature. The following 
equation can be applied to calculate the activation energies 

where 

Qp 
loge t = log QK + RT 

t = 
QK = 
Qp 

R 
T 

time needed to give 50% recrystallisation 
constant 
activation energy for recrystallisation 
gas constant 
absolute temperature. 
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Experimental data and activation energies are given in Table 8. 

TABLE 8 

Annealing Time needed to give 
Temperature 5CF/o recrystallisation ~p 

Treatment ( oC) (Seconds) (K cals/g atom) 

700 1200 
3 'Y/o reduction 750 360 33 ± 3 
at 250°C 8oo 150 

850 67 

700 1100 
5'Y/o reduction 750 340 46 ± 3 
at 450°C 800 120 

850 44 

700 
6'Y/o reduction 750 820 56 ± 3 
at 650°C 8oo 200 

850 65 

3.7 Activation Energies for Grain Growth 

The activation energies for grain growth in the temperature range 
860°C-980°C ai'ter recryst!:!.llisation have been calculatP.d for beryllium 
previously worked, 64%, 74% and 84% at .250°C, 450°C and 650°C respectively. 
The mean grain diameter as determined by metallography, plotted against 
isothermal annealing time in logarithmic co-ordinates, results in a 
linear relationship. Figure 12 represents the time to increase the 
graj_n size from 70 1J.- 150 1J. as a function of isothermal annealing 
temperature. Typical structures of the annealed speelwens are shown in 
Figure 13. 

The process of grain growth in beryllium can be defined by the 
expression 

where D 
t 

Do 

average grain diameter 
isothermal annealing time 
constant 

The value of the time exponent n for all temperatures indicaterl in 
Table 9 is equal to 0.27. 

The activation energies can be calculated from the equa:tion4
• 

1 t 1 
Qg 

age - og Go - (n-l)RT 
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where t isothermal annealing time 
Go constant 
Qg activation energy for grain growth 
R gas constant 
T absolute temperature. 

Experimental data and activation energies are summarised in 
Table 9. 

Treatment 

64% reduction 
at 250°C 

74% reduction 
at 450°C 

84% reduction 
at 650°C 

4. Discussion 

Annealing 
Temperature 

( oc) 

860 
900 
930 
980 

860 
900 
930 
980 

860 
900 
930 
980 

TABLE 9 

Time needed to 
increase the mean 
grain size from 

70 JJ.- 150 JJ. 
( Geconds) 

6050 
1733 

825 
246 

5470 
1930 

910 
348 

7100 
2070 
1100 
365 

Qg 
(Kcals/g atom) 

106 ± 5 

95 ± 5 

97 ± 5 

Work hardening curves for beryllium established by hardness measurements 
on sections parallel to and transverse to the rolling plane have shown a 
difference of 40-50 V.P.N. between the two values. Rolling textures indicate 
that there is a general tendency for basal planes to lie nearly parallel to the 
l·olling plane; and due to the anisotropy of the crystal lattice and the absence 
of a non-basal slip direction, hardness measurements made parallel to the C 
axis, i.e. normal to the rolling plane, will be higher than those in other sections. 

It is important to emphasize the fact that hardness measurements were 
monitored at room temperature where deformation is essentially due to basal 
slip. The ease with which basal slip occurs does not vary significantly with 
increase in temperature5 , whereas additional slip systems are more operative 
at.elevated temperatures. It is for this reason that hardness should be 
determined at the temperature of warm working in order to obtain authentic 
work hardening curves. 

The work hardening is complex and has three noticeable features. 

(a) It has an initial rapid increase in hardness with small reductions. 
This suggests more than one slip system is operative, resulting 
in a high rate of work hardening due to dislocation interaction. 
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(b) Secondly, a much lower rate of work hardening gives almost a plateau 
in hardness vs. reduction curve. Simile;r. effects ·in other 
materials have been ascribed to rapid rate of work hardening 
due to dislocation interaction followed by grain fragmentation 
and rotation. 

(c) A final rapid increase in hardness is associated with high reductions, 
presumably due to the inability of the material to accommodate 
fUrther deformation. 

This explanation assumes one mechanism of deformation at all three 
working temperatures. It should be noted, however, that metallographic and 
X-ray evidence reported in Sections ).1 and).~, respectively, show that 
deformation _at 250°C is associated with twinning, see Figure 2, while 
deformation at 650°C is accompanied by a recovery process, see Figure 10. 
The factors are complimentary to the hardening mechanism involved in Figure 1. 
The relatively slow rate of work hardening associated with reductions at 650°C 
could be the result of progressive recovery between each pass, i.e., reheating 
period between rolling. The presence of twinning as an additional mode of 
deformation would show a high flow stress and tend to reduce the rate of 
work hardening. This could account for the anomalous plateau associated with 
medium reductions at 250°C. 

It should be noted that these assumptions were made on a limited amount 
of experimental data and that the object of the study was to establish 
recrystallisation characteristics of material deformed at different temperatures 
but having e~uivalent hardness values. 

In gene:ral when hot rolled beryllium ingot sheet with a grain size of 
approx. 120 microns was cold worked and reruu1ealed, no recrystallisation occurred 
for very small reductions. A definite and characteristics strain is re~uired 
to induce recrystallisation; and the minimal critical reduction-generally 
results in a very large grain size on annealing, while as the amount of 
deformation increases, the grain size diminishes. Unfortunately, this . 
relationship is terminated when an e~ui-axed and uniform grain size of about 30 ~ 
is achieved. However, fine grains of the order of 10 microns have been observed 
(Figure 14) in small segregated areas situated at the grain boundaries 
during the early stages of annealing. 

_By increasing the rolling reductions the grain size developed by final 
heat-treatment became progressively smaller. In general, it was found that 
the lower the annealing temperature, the smaller, but more hetrogeneous was 
the resulting mean grain size. No appreciable improvement in grain size, but 
a more uniform and e~ui-axed structure, could be achieved by flash annealing. 

The recrystallisation of a deformed metal is normally described in terms 
of a nucleation fre~uency N, and a growth rate G. After an incubation period 
strain free grains start to grow from a number of sites, and the strain free 
grains grow until they have consumed the matrix. A graph of fraction recrystal
lised as a fUnction of time gives the sigmoidal reaction curve shown in Figure 5. 
E~uations defived by Johnson and Mehl(e) and Avrami(?) of the form 

fraction recry?tallized- X'= 1 • : • • • • • • • • • • ( 1) .' 
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account for the observed transformation, and for three dimensional recrystallisation 
the equation has limiting values of 3 < K < 4 

equation (i) may be rewritten 

1 BtK 
1-X = L. ( 2) 

1 
:.log log l-X = log B + K log t (3) 

K values have been determined for the isothermal annealing_with values ranging 
2.0 - 3.6. See Figure 15. 

Another description of the recrystallisation process has been prop·osed 
by Cook and Richards (e). They postulate that recovery is a first· order 
rate process so that the fraction W of a specimen recovered is: -

W = 1 - r.-Bt ( 4) 

They also propose recrystallisation is a process confined entirely to 
the specimen which has undergone recovery and obtain the equation for the 
complete process recovery and recrystallisation. 

1 -. 2 
1-X = r. ct • • • • • • • • • • ( 5) 

which is identical in form with Avramis equation but with a value of K equal 
to 2. 

It is considered that in the present work, two values of K have been 
obtained. 

( l) K~2: material is recovering during the annealing process. 

( 2) K ~ 3: material has recovered or undeformed; grains are present for 
nucleation; and recrystallisation is purely a fraction of growth. The 
main exception is material rolled at 450°C and annealed at 850°C when, 
due to the high temperature, recovery is completed very quickly. 

The hardness changes shown in Figure 6 occurring during annealing are 
different from the recrystallisation observed metallogx·aphically. In 
comparing the percent recrystallised with corresponding changes in hardness it 
clearly indicates that recoyery precedes recrystallisation. There is no 
incubation period, and the rate decreases as the process proceeds. The fact 
that the hardness change is apparently unaffected by the onset of recrystallisa
tion is surprising. A simple concept is that the changes occuring throughout 
recovery and recrystallisation are due to the annihilation of dislocations. 
Initially dislocations of opposite sign can simply cancel, and finally more 
stable dislocation networks are consumed by the recrystallising grains. 
Annealing at 800°C and 850°C produces an initial increase in hardness, and, 
also, the final hardness is higher than that obtained at 750°C although the 
grain sizes are similar. These features provide evidences of a re-solution 
of the precipitated phase or phases< 3 > and suggest that at a temperature 
between 750°C and 800°C a beryllium solid solution boundary exists. 

Comparing the activation energies for recrystallisation, it would appear 
that the lower the temperature of deformation, the lower the activation 
energy for recrystallisation, irrespective of the variation in percent reduction. 
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The results of A. A. Kruglykh( 4
) favour the above, as he found the activation 

energy for beryllium deformed 30% at room temperature to be 21 ± 3 Kcals/g. atom. 
The activation energy obtained for grain growth is high and similar to that 
reported for the activation energy of volume self-diffusion. 

In all the experiments the finest grain size obtainable was limited to 
30 ~' and further refinement was not possible for two reasons. 

(1) Impingement of recrystallised grains did not limit the grain size, 
and grain coarsening occurred by absorption of recrystallised grains, 
almost as fast as recrystallised grains grew through the 
unrecrystallised matrix. 

(2) Nucleation took place hctrogeneously, indicating some grains were 
·more favourably orientated for deformation than others. This is 
confirmed with deformation at 250°C in which X-ray diffraction 
reveals sharp reflection spots in material·reduced 64%. 

Therefore, the conditions necessary to produce complete recrystallisation 
also established and the equilibrium grain size Wld not a metastabl.P. fine-grained 
material which would subsequently be coarsened. The recrystallization 
behavior is illustrated schematically in Figure 16 when Tl, the minimum 
temperature to produce complete recrystallisation, is associated with a 
definite finite grain size Dl. At higher temperatures the grain size 
increases continuously with time due. to grain coarsening. 

5. Conclusions 

The grain size of wrought beryllium ingot sheet could not be reduced 
below 30~ by conventional warm working and recrystallisation techniques. The 
limiting factor was the inability to produce homogenous nucleation due to 
heterogeneous deformation resulting from the limited number of available slip 
systems. Therefore, if further slip systems could be made available (i.~., 
when beryllium becomes ductile) further grain refinement should be possible. 

Recovery processes precede recrystallisation and although connected with 
the kinetics of recrystallisation, but do not affect the final grain size. 
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Figure 14 Fine Grain Areas Observed During the Early Stages of Annealing 
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The Air Force Sponsored Beryllium Research and Development Program 

S. H. Gelles* 
Ledgemont Laboratory, Kennecott Copper 

Lexington 7 3, Massachusetts 

Abstract 

A, research and development program aimed at making beryllium more 

useful as an Air Force structural material is described. Three approaches . . . 

were used: {_1) To improve t?e inherent mechanical properties of the metal 

by purificati<;m. {2) To alter the properties by changing structurai parameters 

such as grain size and preferred orientation, and (3) To increase the tech

nology and understanding of commercial beryllium . 
. 

In the fie~d of puri~ication, research is described on the preparation 

of pure beryllium by the decomposition of beryllium iodide and on the prepa

ration and evaluation of high purity beryllium .produced by distillation alone . . . 
and by a combination of distillation and zone refining. In addition, other ef-

forts designed at understanding the role of impurities in beryllium are treated. 

These include a study of aging and strain aging-behavior of commercially pure 

beryllium, a study of the flow and fracture characteristics as a function of 

grain size, purity level ahd heat tr~athtent, a study of the dislocation struc

ture, of recrystallization and grain growth, and of impurities and precipitates. 

In addition, a limited study of the basal slip characteristics of high purity 

beryllium single crystals grown·from the ~elt is· described. 

The programs aimed at alt'ering the prop'erties and increasing the tech

nology of commercially pure beryllium include studies of joining by TIG weld

ing, resistance weldi.llg, furnace brazing and ultrasonic welding; a program on 

the effect of low temperature, low reduction 'rolling on the mechanical- proper

ties of beryllium and beryllium alloy sheet; and a program dealing with sur-
. ' 

face damage in beryllium. 

Recommendations for further work in beryllium research and develop

ment are made. 
I q~-:-:-- _.-

* Formerly of Nuclear Metals, Incorporated, West Concord, Massachusetts. 



, Iritroduction 

A research and development program aimed at making beryllium more 

us:efulas an Air Force Structurc:tl Material was started April 1, 1960. In 

· th~s effort Nuclear Metals, Incorporated, , has actec;l as prime contractor, 

pe~forming close to .50 per cent o(the research "in house" and sub-contracting 

th~ remainder to other sites. After approximately eighteen months, the 
., 

program was renewed, discontinuing some of the prc;>grams and starting ·some 

new ones. 

Three approaches were used in this effort: ( 1) To improve the inherent 

mechanical properties of the metal by purification, (2) To improve the mech

anical properties of the metal by changing .structural parameters such as 

grain size and preferred orientation, and (3) To increase the technology and 

understanding of commercial beryllium such as the Brush QMV powder. 

Purification and Evaluation of PUrified Metal 

In the first part of this program two methods of purificahon were inves

tigated, that of decomposition of Bei
0 

and in the second, that of distillation 

and condensation on a hot collector. ) 

· p~c~~posi~o.E ..9~ Bei2 
The iodide decomposition program carried out by Vondra, Shipko, and 

Pepkowitz at Nuclear Materials and Equipment Corporaticm** made use of 

the van Arkel-de Boer process applied to beryllium. This process depends 

upon the decomposition of high. purity be_ryllium iodide i,nto high purity beryl

lium and iodine according to the equation: 

( 1) 

** Appollo, Pennsylvania. 
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The major problems in this program were to prepare a high purity 

Bei2 and then to determine the conditions needed to bring about its dec om

position. High purity Bei2 was prepared by either reacting Be with 12 
vapor at 450°C under vacuum conditions or by the reaction of Be 2C and 

-HI under vacuum. 

Attempts were made to decompose the Bei2 on a hot filament by careful 

control of the reaction conditions (filament temperature, atmosphere, static 

or dynamic system). No conditions were found under which the Bei2 decom

posed into Be and 12. It was concluded that either the decomposition tem

perature is above the melting point of beryllium or the rate. of evaporation of 

beryllium exceeds the rate of decomposition at temperatures near the melting 

point of beryllium. 

P~E~~io~andEvruu~i~~~D~~~e~Beryll~~ 

The early work on the preparation and evaluation of high purity dis

tilled metal has been described previously, (Z) while more recent work will 

be discussed elsewhere in the present conference. (3) Suffice it to say that 

high purity beryllium has been prepared by distillation onto a hot condenser. 

The purity can be further improved by zone refining, by a second distillat~on 

or by a combination of these processes. Evaluation of extruded flats con

solidated by carefully controlled powder metallurgy techniques has led to 

the conclusion that metal of the purity of double distilled metal has an en

hanced ability to deform along the basal plane as evidenced by the superior 

b.emdability of the textured ex:tn..1ded flat. Since only limited data was taken 

and the effect of fab.ricaUon conditions were not fully evaluated, the results 

require further confirmation. 

~va!__uat.!_on _£f_Hig_!_l ~rity ~~yl_!j.':._n;_ Sing!_e_C_:ystals _Gr~w.E _!r_9~ ~h~ ~elt 

A limited study of the basal slip characteristics of high purity single 

crystals grown from the melt was initiated late in the program for the fol

lowing reasons: 

1) To ascertain whether the great ability to undergo basal slip 

found b sL"1gle crystals grown by the floating zone-refining 

procedure could be found in single crystals grown from the 

melt Lr.t BeO crucibles. 
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2) To check the results of' Garber et al. {4) on the deformation of 

distilled metal single crystals grown from the melt in BeO 

crucibles. In this work a critical resolved shear stress for 

basal slip of approximately 3Kg/mm
2 

(4300 psi) and elongation 

values of about 2o/o in the basal slip orientation range (basal 

plane 45° to tensile axis) were reported for material having a 

resistance ratio (RRT/R4. 2) of 16. 7. This value of critical 

resolved shear stress is approximately twice that found in 

commercially pure material and about 4. 5 times that obtained 

·on z~ne-refined metal having about the same resistance ratio. (5) 

The elongations were approximately the same as that found in 

commercially pure beryllium single crystals; 

It was felt that differences in mechanical behaviour between crystals 

prepared by floating zone-refining and those prepared by growing from the 

melt in BeO crucibles could arise as a result of the removal by the zone

refining process of select impurities such as 0, C, Al or Si or from a 

difference in the perfection {dislocation density, growth structure, pres

ence of precipitates) of th~ crystals produced by the two methods. 

Crystals were prepared from vacuum-melted SR grade Pechiney 

beryllium flake and from distilled beryllium prepar~d at Nuclear Metals, 

Incorporated, by melting Ln :aeo crucibles in a vacuum of approximately . 

10-6 mm of Hg and solidification in situ essentially fro'm the bottom upward. 

The apparatus used to grow the crystals is schematically represented in 

Fig. 1. It consists of a tantalum wire wound on BeO furnace having three 

zones independently controlled to produce a gradient in the furnace for 

directional solidification. The furnace surrounded by tantalum and molyb

denum radiation shields is placed within the same bell jar -vacuum system 

used in preparing ·the distilled metal. (2) 

Figure 2 is a photograph of the SR billet prepared by the above tech

nique and snows the large crystals from which tensile samples oriented 

for basal slip were prepared. 

The tensile samples were prepared by spark machine trepanning fol

lowed by turning of the gauge length by spark machining and electrolytic 

polishing techniques des.cribed by Kaufman et al. (5) Gauge lengths of 1 inch 

and gauge diameters of 0. 100 inch were used. Table I is a summary of the 
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Figure 1 - Schematic Diagram of apparatus used for 
growing large beryllium single cryst~ls. 
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Figure 2 - Photograph of Billet of Pechiney SR grade beryllium con
taining large crystals. 
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TABLE I 

Tensile Properties and Resistance Ratios of Vacuum Melted SR Pechiney Flake 

Sample No. 

SR-1-1 

SR-2-1 

DSC-4-1 

<I> * 0 

90 

43 

55 

and Distilled Beryllium Single Crystals 

A ** 
0 

19 

53 

35 

98 

68 

298 

T
0

, psi €, % 

1415 4.4 

923 9. 0 

*<1>
0 

Angle between C-axis and Tensile axis in degrees. 

*~'<A0 Angle between Tensile axis and nearest <1 l"ZO>: in degrees. 

T f' psi 

1694 

1200 

9.6 

18.4 



mechanical properties and purity levels (as. measured by the ratio of the 

electric reE?istance at room temperature to that at 4. Z°K, RRT/R4. 2oK ). 

The properties re.corded are T 
0

, the critical resolved shear stress for 

basal slip; E,% elongation; Tf' resolved shear stress at fracture and "f' 

shear strain at fracture. 

As may be seen from Figs. 3 and 4, for Cl. given purity level as meas

ured by the resistance ratio, (R4. 2/RRT) *, both the critical resolved shear 

stresses for basal .slip and the work hardening rate are greater .for .the crys-
·. ('5) 

tals as determined by Kaufman et al. The values for elongation are also 

substantially lower than those for ~one-refined crysfals when compared OP 

a resistance ratio basis. These differences maybe due to a bigher disloca

tion density or the presence of a second phase in, the c.rystals grown from 

the m.elt. 

In contrast to the .work of the Russietn inv~stigatorE?, ( 4) the present 

results show a decrease in crit1cal re.solved shear stress and improved 

elongation compared to commercially p\}re·single crystals. 

Positive conclusions cannot be made with regard to the differences 

between the present investigation and that of Garber et al. (4) The differ

ences are possibly due to Sl3.rnPle preparation (the Russian investigators 

used grinding followed by chemical polishing and fin~shed by mechanical 

polishing) or maybe due. to sample geometry (rectangular cross-section 

samples were used .compared to the round cross-section samples used in 

the present investigation) .. 

Understanding the Role. of Impurities in Berylli:um 

A number of studies have been carried out and iri .some cases are 

still in process .. to determine the role of impurities on the mechanicetl 

properties of beryllium. Work at Nuclear Metals, Incorporated, during 

the first period of the contract was concerned with the study of the aging 

and the strain-aging behaviour of commercially pure powde;r metallurgy 

beryHium. In this study it was. found that pronounced changes in ultimate 

tensile strength and ductility could be obtained by the aging of solution 

treated extruded beryllium rod. between ZOO and 800°C. The aging be

haviour was. found to be related to the precipitation of a compound which 

*Note: This is the inverse of the ratio used previously. 
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0 

could be index_ed as an FCC structure and·lattice parameter a = 6. 07 A. 
0 

A yield point which was present in some of the material could be ·made to 

disappear by straining and then made to reappear by aging between 300 

and 400°C. The activation energy for the return of the yield point was 

determined to be 48, 000 Kcal/mole. In this study it was gene.rally found 

that with an increase in strength due to aging there was a corr.esponding 

increase in tensile elongation. Figure 5 shows a graph. of tensile strength 

vs. elongation at fracture in which all of the results from the aging study 

are plotted. It may be seen that a master stress -strain curve was obtained. 

It appears from this curve that the plastic flow characteristics of the sam

ples are independent of the aging treatment and the aging process is removing 

a source of fracture; that the longer this source is inoperative,'' the greater 

will be the strength and ductility. The conclusions from the above study are 

that commercially pure beryllium is really an alloy which can undergo both 

aging and strain-aging effects and that solute elements present in commer

cially pure beryllium are harmful to both the strength and ductility of the 

metal. 

Investigators at the Pechiney Company ·are currently involved in a 

study of the effect of purity level and oxide distribution on recovery, re

crystallization, and grain growth in beryllium. They have fabricated sheet 

from Pechiney SR flake material and from Brush vacuum melted 1ump. 

The two different materials were chosen so as to embrace an order of mag

nitude variation in metallic impurity content. The sheet was fabricated 

from cast metal and from powder of two different size ranges (-50 mesh + 
110 mesh and -200 mesh) in order to effect different. distributions of beryl

lium oxide. The sheets were prepared by hot forging foll<:>wed by hot rolling 

and were then warm rolled to different degrees· of reduction for the re

covery, recrystallization, and grain growth studies. Electron microscope 

and mechanical property studies were conducted on the samples at differ• 

ent points in the fabrication procedure. Of particular interest are the 

studies of the distribution of beryllium oxide in the powder metallurgy ma

terial vs. the cast material. Beryllium oxide is generally not observed 

in the cast metal; whereas, in the material made from -50 + 110 mesh 

powder or -200 mesh powder, oxide is found to be dispersed at the grain 

boundaries and subboundaries, as well as within the grains. Figure 6 

*CRM Chambery, France. 
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Figure 6 - Transmission electron micrograph of SR Pechiney beryllium 
sheet produced by forging of -200 mesh powder and hot rolling. 
Warm rolled to a 50% reduction to-t 20, OOOX. 

-t-
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shows a transmiss i on electron m ic r oscope photogr aph of t he oxide par t icles 

present in sheets of metal p r oduced from powder. It has been confir med 

that these particles are indeed BeO by selected area electron diffraction. 

In this photograph is also shown an unusual view of what is believed to be 

beryllium oxide on edge in a gr ain boundary. The thickness of t he oxide is 
0 

approximately 500 A. The effect of annealing cold worked st r uctures has 

been observed in sever al ways . X-ray diffraction and optical microscopy 

have established a recrystallization temperature range of 675 t o 725°C for 

the cast metal, depending upon t he amount of cold work in the structure. 

A range of 725 to 775°C was similarly established for sheet made from -50 
0 + 110 mesh powder and 740 to 800 C for -200 mesh powder sheet. 

Transmission electron m icroscope studies in conjunction with a hot 

stage made poss ible the observations of samples being annealed up to 600°C . 

In these studies (Figs . 7-9) the presence of polygonal subboundaries was 

observed in the cold worked s t ructure. The dislocations inside these poly

gons were found to move t o the polygon walls at elevated temperatures and 

the curved polygonal boundaries were found to modify their curvature so as 

to lie in crystallographic direct ions. Electron microscopy views of com

pletely recryst allized ber yllium (Fig. 10) have been obtained by t ransmis

sion on samples th inned afte r t he annealing of the bulk samples. In the 

material made from powder the gr ain boundaries and dislocations within 

the grains app ear to be pinned at oxide particles (Fig. 1 0) . 

As yet the r e has been no data compar ing the SR grade mat e r ial wit h 

the commercially pure Brush m etal. Such data should provide information 

on the relation of impurity level to the r ecr ystallization and grain growth 

parameters. 

The effect of r ec overy , r ec r ystallization, and grain growth parameters 

on the tensile and bend pr operties of SR metal is now being determined. The 

mechanical p r operties of t h e wa r m r olled and heat treated sheet appear to 

be sensitively related to the gr a in size, which is in turn relat ed to the amount 

of cold wor k. Table Il s hows this relat ionship between gr ain size, fractur e 

strength , elongation , and yiel d s trength for sheet made from SR cast met al 

which had been subjected t o var y ing a m ounts of warm work and r ecryst alliza- .e 
tion. 
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Figure 7 - Sheet made from Pechiney SR beryllium, cast, forged, 
hot rolled and warm rolled to a reduction of 180% to-t 
zo,ooox. ~· 
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Figure 8 - Same area as Fig. 7 but heated to 300°C for 5 minutes, 
20, ooox. 
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Figure 9 - Same area as Fig. 7. Heated to 600°C for 5 minutes, 
20,000X. 
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Figure 10 - Sheet fabricated from SR Pechiney Be -50 + 110 mesh 
powder. Forged, hot rolled and warm rolled to a 235'7'o 
reduction (t~-t)- Annealed in bulk 100 hours at 1000°C . 

TABLE II 

Relation Between Mechanical Properties and Grain Size in Cast 

and Worked Pechiney SR Beryllium After Recrystallization 

Grain Size u. T. S. Elongation 0 . 2 Offset Yield 
J.L Kg/mm2 '7'o Strength Kg/mm 2 

20-70 40 5. 6 21 

30-150 27 3. 3 19 

100-300 22 2. 3 15 

70-400 19 1.8 16 

140-700 15 1.4 12 

150-800 10 1. 1 9 
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In another program being conducted at Pechiney, efforts are being 

rnade at identification of impurities and inclusions in beryllium of different 

histories and in beryllium alloys. This research should provide a better 

understanding of the role of trace impurities on the properties of beryllium. 

Work on dilute beryllium-iron alloys by transmission electron microscopy 

and selected area electron diffraction has confirmed the presence of FeBe11. 

The crystallographic relationship between this compound and the beryllium 

matrix has been determined by selected area electron diffraction and found 
- -

to be the following: (0001} FeBe 11 11(0001} Be and (1010} FeBe11 11(1120}Be. 

These relationships have been determined by analysis of a series of electron 

diffraction patterns similar to the one shown in Fig. 11 for a Be-0. 25w /o . 

Fe alloy. The size of the precipitate was found to vary with the temperature 

of heat treatment, being of the order of 0. lf..L fo:r heat treatment at 550°C and 

several tenths of a micron for heat treatment at 600 to 630°C. An accurate 

estimate of the solubility limit of iron in beryllium was also determined in 

this study by observing the temperature at which the solution of the second 

phase occurred. The solid solubility limit was found to l:;>e approximately 

0. 1w /o at 650°C. 

In studies of dilute beryllium-aluminum alloys a seconq phase seen 

under the electron microscope was identified by electron diffraction as 

metallic aluminum. The diffraction pattern and inclusion generating this 

pattern are shown in Fig. 12. Of interest in connection with the aluminum 

present in these alloys is a series of photographs taken on a hot stage by 

transmission electron microscopy. The photographs in Fig. 13 show an 

aluminum inclusion at the grain boundary being heated. Figure 13a shows 

the ber~llium-0. 2w/o aluminum alloy in the cast and extruded state; 13b, 

after heating to 400°C; 13c, after heating to 500°C; and, 13d, after heating 
0 to 550 C. The spreading of the aluminum along the grain boundary occurs 

at a temperature b€low the melting point of pure aluminum and is thought 

to be connected with the onset of intergranular fracture at about 400°C. 

Inclusions of metallic silicon have been found in the beryllium-silicon 

system. Investigations of inclusions and precipitates in commercially pure 

beryllium and in high purity beryllium are being continued. 
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Figure 11 - Electron diffraction pattern of a grain boundary constituent 
(shown in upper left corner) in a Be-0. 25Yi/o Fe alloy, 
aged for 100 hours at 630°C after solution treatment for 
10 minutes at 1000°C. 

Figure 12- Be-0. 2w/o Al alloy cast and extruded. (112) of Al. 
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{a) (b) 

(c) (d) 

Figure 13 - Be- 0. 2w /o Al alloy cast and extruded. (a) as extruded, 
(b) heated to 4oooc, (c) heated to 500°C, (d) heated to 
ssooc, lO,OOOX. 
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A program at Lockheed Missles and Space Company being conducted 

by Jacobson and Underwood is aimed not only at determining the effect of 

purity level and oxide distribution on the mechanical properties of beryllium 

but also at determining the effect of other important metallurgical parameters 

such as grain Rize and preferred orientation on these properties . Particular 

emphasis is being placed on understanding the effect of the previously named 

parameters on the rapid increase in ductility between approximately room 
0 temperature and 300 or 400 C. These investigators have tried to interpret 

their findings in the theoretical framework that has proved valuable in inter

preting the ductile to brittle transition in body-centered cubic metals. 

All of t he material under investigation in the Lockheed study has been 

produced by powder metallurgy techniques. The grain size variation was 

accomplished by using different size powder as starting material. The 

purity variation was obtained by making use of Brush QMV powder and 

Pechiney CR powder. Texture variation was obtained by examination of 

randomly oriented hot-pressed metal as well as highly textured extruded 

flats in the longitudinal and transverse directions. 

In general, the results of tensile testing were as expected, i. e. , the 

ultimate tensile strength and yield strength decreased with increasing t em

perature and inc r easing grain size, and the elongations generally increased 

with increasing temperature and decreasing grain size. There were some 

exceptions to this trend, however, in the mechanical properties obtained on 

the extruded flats. Because of the relatively high ductilities of these mate

rials at room temperature, some low temperature tests were made in 

which the tensile strengths for the samples tested in the extrusion direction 

increased with increasing tem perature. Evidence indicates that this in

crease is related to twinning at the lower temperatures. 

The elongation values for the hot pressed beryllium are rather dif

ferent for the two materials tested. The QMV material increases gradually 

with temperature; whereas , the Pechiney material undergoes a relatively 

sharp rise in ductility with increaoing temperature followed by a sharp de

crease in ductility. The temperature of the ductility maximum decreases 

with decreasing gr ab siz e. 
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At the present time data is still being accumulated. Thus, only a 

limited amount of work has been done in fitting the accumulated data to a 

theoretical framework. 

Work presently being completed at the F~anklin Institute by Wilhelm 

and Wilsdorf is aimed at determiningthe causes of brittleness in beryllium. 

These investigators hope to accomplish their objective by comparing the 

dislocation structures of beryllium single crystals as a function of purity 

and degree of cold work. The purity le.Je!s i~vestigated have ranged from 

the commercially pure beryllium to high purity metal prepared by distilla

tion and zone refining. 

Some of the conclusions thus far reached on this work are: 

1) There is a high Peierls-Nabarro force in beryllium. This 

conclusion arises from the fact that dislocation lines tend 

to align in distinct crystallographic directions and from the 

fact that no dislocation movement is observed beneath the 

electron beam. 

2) ·Beryllium has a high stacking fault energy since no extended 

nodes are observed in dislocation networks and since no 

extended dislocations are observed. 

3) The observations of groups of dislocations forming a band 

along { lllO} traces in~iicate a connection between this struc

ture and "bend plane 11 activity. It is postulated by the workers 

of .the Franklin Institute that this type of structure is formed 

by the interaction. of two basal glide systems. This postula

tion is currently being checked by the examination of high 

purity single crystals which have been deformed by slip along 

a single basal glide system and by slip along two basal glide 

systems. 

Conclusions regarding the effect of impurity level on the dislocation 

structure and the mechanism of embrittlement have not yet been drawn. 

Studies of Grain Size Effects on Mechanical Properties 

There is much data in the literature to show that grain size has an 

important .effect on the mechanical properties of beryllium. Generally, it 

has been f<,:mnd that the tensile strength, yield strength and ductility increase 
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with decreasing grain size. This is what would be expected from ductile 

to brittle transition theory developed for body .. centered cubic metals. 

It was felt that <:me answer to the brittleness problem would be to 

produce beryllium with a very fine grain size. Recent observations made 

in magnesium (6) in which ductility of magnesium was extensively increased 

because of a very fine grain size has cqrroborated our feelings. A powder 

metallurgy route appears to be a promisip.g way of achieving a very fine 

grain size in beryllium since the more standard manner, 1. e. , cold working 

and recrystallization, usually leads to a non-uniform recrystallized grain 

size since some. grains undergo plastic deformation while others. not. In 

addition, it is very difficult to introduce cold work into beryllium. in suffi-
. . 

cient quantities for production of a very fine recrystalli~ed grain size. 

The method of attack adopted in this program was to produce very fine 

beryllium powder which would then be consolidated in such a way (warm 

pressing or warm working) as to prevent grain growth. There are quite a 
number of problems associated with producing the fine grained beryllium 

in this way. The first is the actual production of the fine powder a few 

hul}dredths of a micron to approximately one micron in size V.Vithout intro

ducing excessive contamination, the prime contamination. problem being 

that of beryllium oxide formation. Another problem concerns the hazards 

associated with the pyrophoric nature of the powder, and a third. problem 

area is tha:t of health hazard, which is made more extreme be9ause of the 

fine size of the powder.· 

The solution to these .pro~lems appears to lie in the direction of . 
.. : .... · 

handlfug of the powder completely in inert gas c;lry boxes and in never ex-

posing thein to the air or oxygen until they are consolidated into a massive 

body. 

Fine powder was produced by two different techniques. Powder in 

the size range. of approximately 0. liJ. was produced at National Research 

Corporation by an evaporation technique. Powder in the liJ. size range was 

produced at New England Materials Laboratory by ball milli.pg u·sing methyl 

alcohol as a grinding aid. 

Both National Research Corporation and New England Materials 

Laboratory were able to produce powders in their respective size ranges. 
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However, the powders produced at both sites had large amounts of con

tamination. New England Materials Laboratory encountered major con

tamination from the stainless steel of their attritor and some contamina

tion from oxygen. A beryllium lining was recently fabricated for the 

attritor and some powder produce9, in this system. This material, however, 

has not been evaluated. Four hundred grams of powder from National 

Research Corporation has been cold pressed into outgassed steel cans. in the 

Nuclear Metals inert gas dry box and hot pressed in an extrusion press. 

The as-received powder as well as the pressing have been evaluated by 

x-ray, chemical and spectrographic analysis. The material was found to be 

contaminated with carbon, aluminum, iron; and oxygen. The oxygen content 

however,. was relatively low(lS) when judged on the basis of the thickness of 

oxide on each powder particle. The large amount of contamination of this 

powder precluded any mechanical evaluation. Steps have been taken to im'"" 

prove the cleanliness of the powder produced. 

At the present time both powder production methods are capable of 

producing powders in the two size ranges desired. The major problems 

are those of contamination. In the ball mil,ling program use of beryllium 

components is expected to eliminate metallic contamination. It is also ex

pected that metallic contamination in NRC material can be eliminated by 

proper choice of materials of the system components. Carbon contamina

tion is expected to be greatly reduced by better trapping of vacuum. pump 

oils and the substitution of beryllium oxide for the boron.-nitride-coated 

graphitecrucihle used in the powder production. The major problems in 

producing the contaminant-free powder at both New England Materials 

Laboratory and National Research Corporation appear to be the control 

of the oxygen COJ?.tent of the atmosphere and the reduction of handling times 

since beryllium has a tendency to oxidize even in the best available atmos

pheres. Purity of the atmosphere is of course important since the rate 

of oxidation would be expected to increas·e with increasing partial pressure 

of oxygen. 
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Other Studies 

Among the studies aimed at increasing our understanding of commer

cially pure metal and improving its technology was a study of surface damage 

conducted at Lockheed Missles and Space Company by Jacobson, Almeter and 

Burke. It had been found in previous studies that the machining of beryllium 

test samples, unless. performed carefully, could result in a deterioration of 

the mechanical properties. The aim of the study at Lockheed was to deter

mine the mechanism by which the damage occurred. 

It was found that mechanical property deterioration could be induced 

in beryllium in the form. of surface twins and cracks by controlled machining, 

that the surface twins could be removed by annealing and the cracks could 

e>ubsequently be removed by etching. This led to a procedure by which the 

effect of both twins and cracks on the mechanical properties of the damaged 

beryllium could be separately evaluated. In some of th~ materials tested the 

annealing process alone led to optimum mechanical properties, little im

provement being gained on etching. However, in other material etching after 

annealing led to further property improvement. Figure 14 shows the tensile 

prope~ies of hot pressed beryllium sheet after various grinding, annealing, 

and etching procedures. It may be noted that in this material little improve

ment was obtained by etching after annealing. In metallographic studies done 

in conjunction with this program. it was found that cracks appeared to initiate 

in twinned regions at the intersections of twins and grain boundaries and that 

these could propagate along twin-matrix interfaces. 

In a program aimed at improving the mechanical properties of beryl

lium sheet conducted at Nuclear Metals by Levine et al. , the effect of rolling 

reduction, rolling temperature, and alloying on the uniaxial and biaxial 

mechanical properties were determined. It was concluded that a low tem

perature (1400°F) and a low reduction (approximately 6 to 1) rollirig proce

dure could lead to a sheet material having uniaxial properties comparable 

to that in the com.mercfally rolled (high reduction) beryllium sheet. However, 

the bendabllity of the low reduction sheet was superior to that of the high 

reduction sheet .. (?j Figure 15 shows a graph of the bend properties ·of sheet 
• ' I " ' "'" I .. ' ' I 

produced by the low temperature-low reduction technique (curve B) with 

those produced by other techniques. As may be seen from the graph, the 
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sheet of the present program has superior bendability to the high reduction 

AMC sheet (curve F). The sheet designated curve A has superior bend 

properties to that of the present sheet, but the uniaxial properties of the · 

former material are poorer. 

In addition to the programs described above, four programs on the 

joining of beryllium were conducted in the initial portion of this contract. 

These were: 

1) A program at the Brush Beryllium Company' on the brazing 

of beryllium with silver aimed at determining the optimum 

brazing conditions and ·evaluating the effect of an elevated· 

temperature environment on the microstructure and mechan- · 

ical properties of the brazed joint. 

2) A program at Hennselaer Polytechnic Institute aimed at 

determining the conditions necessary for resistance welding 

of beryllium sheet and to determine whether the cast struc

ture of the nugget formed during resistance welding could be 

modified. 

3) A program at Aeroprojects Incorporated, aimed at deter

mining whether ultrasonic welding techniques could be used 

for the joining of beryllium sheet. 

4) A program at the Brush Beryllium Company on TIG welding 

in which the cast structure in the weld zone was modified by 

mechanical deformation. 

Summary 

Progress has been made in advancing toward the goal of the program; 

to make beryllium more useful as an Air Force structural material. The 

current program has shown that large improvements in the purity level of 

beryllium are necessary to get improvement in the mechanical properties 

of polycrystalline beryllium. It may very well be that the costs involved 

in attaining such high purity metal will make the improved material econom

ically impractical, but it is too early to make defiT'ite conclusions until the 

impurity or impurities responsible for the brittleness are determined. The 

program on grain refinement by the powder metallurgy route has shown that e ultrafine powders of beryllium can be produced. Powder contamination is 

still an unsolved problem but does not seem overwhelming. 
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Attaining of improved beryllium sheet seems feasible by a low-
. ' 

temperature, low-reduction process. This coupled with direct rolling of 

?owders may prove _to be a practical process for, com~ercial.production 

of sheet superior to that .now being produced. 

It is felt that more work ought to be conducted on understanding the 

effect of impurities on the mechanical properties of high purity beryllium. 

It is also necessary to develop reliable analytical techniques in this regard. 

As a corollary to this, the alloying beha~our of the primary contaminants · 

should help in the understanding ofthe effe'ct of impurities on the properties 

of beryllium. 

It is expected that much painstaking methodical work will be ,necessary 

to bring beryllium to a level of usefulness forecasted by its inviting proper

ties. 
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A STATUS REPORT ON PURIFICATION OF BERYLLIUM AND ITS PROPERTIES 

R. F • Bunshah 

Lawrence Radiation Laboratory, University of California 

Livermore, California 

INTRODUCTION 

This paper represents a s:tatus report on work at LRL as of May, 1963 on the purifi-

cation of beryllium and its properties. The objective of the program is to purify 

beryllium to the highest degree possible and test its properties. 

MATERIAL PREPARATION 

It is desired to obtain purified Be in a useful shape for further fabrication 

and testing. Typical consolidated shapes would be rod and sheet. 

The raw material used is SR grade Pechiney electrolytic flake. Tne entire 

purification and consolidation are carried out on water cooled copper hearth so as 

to avoid any crucible contamination problems arising from the use of BeO crucibles. 

This is the major difference between this investigation and those of other investiga

tors who used a BeO crucible to melt and distill Be(l, 2 ) 

Compacts of SR flake are induction melted several times on a water-cooled 

-6 
copper hearth in a vacuum of 5~10 torr and cast into rods by the technique des-

cribed by Bunshah and Juntz( 3) elsewhere. During melting, the volatile impurities 

are removed and the vnsoluble impurities separate to the surface. The latter are 

mechanically and/or chemically removed between melting steps. Subsequently Be is 

distilled from the pre-melted rod and collected on a heated Ta substrate to yield a 

sheet of Be. The thickness varies from .002 to .050" and is of full density. 



; 
The as-distilled material shows large columnar grams, the distillate being 2 to 

4 grains ·;thick. Chemical analysis of the castings and the distillate are given in 

Table I. ·It should be noted that there is an uncertainity factor of ±3 in the 

mass spectrographic results. 

()J: 
Filmentary crystals were often found growing on the surface·of the distillate. 

1'. 

Fig. 1 ~s!a photograph of some of these crystals which can be bent seve~y without 

failure. They are very soft and quite imperfect. 

FABRICATION OF THE DISTILLATE 

The distilled sheets are annealed at 8o0°C for 1 hour in a vacuum and the~ hot 

rolledkat 700- 800°C) or warm rolled (at 300- 4o0°C) with reductions in thick-
!. . 
< 

ness rlinging up to 50%. The material work hard•ms at the lower rolling temperatures. 
' ·' 

It can~be!annealed at 600- 8o0°C and rolled further. . . 

Sheet specimens (.025" thickness and gram size 100 microns)'and foils (.001 to 

.010" thickness and grain size of 10 to 50 microns)depending on thickness were produced 

in this way. 

It is also possible to roll the annealed material at room temperature up to 4o% 

reduction in thickness. 

TEXTURE OF THE MATERIAL 

~Metallographic examination under polarized light as well as transmission 

LaUe X-ray diffraction techniques indicated that neither the as-distilled or the rolled 

and annealed sheet exhibited the strong basal texture found in commercial purity 

Be sheet. 
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BEND TESTS 

a. Three Point Bend Tests on Foil. 

Three ~oint bend tests were run on foil ranging from 1 to 10 mils in 

thickness in the rolled and annealed condition. The foil was 3 to 4 grains thick. 

The width to thickness ratio was much larger than 10/1. The results are shown 

in Table II ·and compared with data on commercial foil and high purity foil data 

reported by Alnonenko, et.al., of the Kha.rltov Institute USSR(4 ). The LRL 

material could undergo outer fiber strains up to io% without failure and exhibited 

bend angles of 120 to 180°. Some specimens could also be straightened and re-hent 

several times. When the material cracked, the failure was not catastrophic as is 

the case for commercial foils. Fracture was inter-granular. 

b. Four Point Bend Test 

Four point bend tests were run on 3 specimens. The specimen dimensions 

were • 500" width x .02.411 thickness giving a width/thickness ratio of 20. The 

specimens showed an outer fibre strain of 2.5~ without failure and a bend angle 

of 120°. Corrmercial sheet by comparison fails at strains of 1~(5), with bend 

angles of 20 - 30°. 

SUMMARY 

Purification of Be was accomplished by crucible-free vacuum melting and 

distillation. The distillate is collected in the form of a sheet which is 

then mechanically worked. The results of a limited number of bez::d tests on 

foil and sheet shows improved bend ductility over commercial meterial. At 

this stage it is not possible to state whether this improvement is a result of 

higher purity and/or less pronounced basal texture as compared to commercial 

material. Much further testing and evaluation is necessary. 
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TABLE II - RESULTS of 3 Point B nd Tests on Beryllium Foil 

Thickness of Foil LRL Material USSR Material(Ref.4) Commercial Foil (Anneate~at 
1!;er~ lV ~ o oarsen) gra n s1ze 

Bend Radius Outer Fibre Bend Radius Outer Fibre Bend Radius Ol:.ter Fibre 
Strain Stra i.n Strain 

.001" .020" * >2.5% * 

.003" .020" * >7-5% * .100" ** 3%** 

• 015" * >lo%* • 350" *** .85% *** 

.005'' .049''* >7.0% * • 500" ** 1.4% ** 
.o4e•* >7.5 * >3000*** *** 0.25% 

.ooe• .125'' 2.4% 

.09S' (Broke) <3% 

* These represents the smallest radius of plunger tried. The foils did not fracture. 

Hence they could be capable of sustaining larger strains. 

** The USSR material had a fine grained structure and a layer of oriented acicular 

structure. The symbol ** represents tests with the fine grained layer in compression. 

*** The symbol represents tests with the fine grained layer in tension. 
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THE STRUCTURAL APPLICATION OF BERYLLIUM IN THE·U.K. 

J. M. WORKER, A. MOORE AND G. C. ELLlS 

l. GENERAL INTRODUC.TION 

The mechanical properties and formability of beryllium depends upon the 
metal purity, grain size and texture which m~ be controlled to some extent 
by choice of powder metal or ingot metal with variations in fabrication · 
schedule. 

This report on structural application covers both powder'and ingot 
forms and shows the differenc-es obtained from powder metal of high strength, 
low purity, small grain size and high degree of texture compared with ingot 
metal of large grain size, high purity and low texture. All specimens and 
prototype components have been produced_by the Metals Division, A.W.R.E., 
Aldermaston. 

Design information to specify the precautions, safety factors and 
limitations of beryllium under diverse conditions is essential for structural 
applications of beryllium and most particular to aircraft usage • . . • I., ' , .. 

A preliminary study of prototype aircraft components, damping capacity, 
crack propagation, dimensional stability and m~chanical properties has been 
made. 

The attractive structural properties, in particular true stiffness 

(·modulus · . 
d •t ) must be fully def1ned and offset the detrimental properties of low ens1 y 

ductility, suscept.ibili ty to machining and assembly damage, grain growth and 
adverse changes '.in orientation, in order to enable sui table structural 
components to be'made and used with confidence. 

This work is.in its infancy and emphasis is made on the need for further 
research and development particularly in mechanical preparation, thermal 
treatment and structural changes to establish beryllium as a structural 
material for specific components where it may supersede many alternatives. 

2. AIRCRAFT COMPONENTS 
:t,. \. ,, 

2.1 General 

Co-operation between the Ministry of Aviation, Hawker Aircraft Co. Ltd. 
and A.W.R.E. and the subject of a Ministry of Aviation contract has led to 
the production of some prototype beryllium components of the Hawker Hunter 
control system. These components were redesigned for beryllium on an equal 
strength basis. The components have been made in powder/wrought and ingot/ 
wrought material selected on the basis of the most applicable for any 
specific component. 
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The components have been "proof" tested in tension, compression and 
torsion and the torsion component was tP.sted. to the fully factored load 
and finally to fracture. 

Selected components were compared as assemblies with the actual 
components for rigidity factors. 

2.2 Prototype Hawker Components in Beryllium 

Five different parts were made, See Fig. 1. 

(i) AILERON TORQUE TUBE made from hot pressed -200 mesh QMV 
powde1· extruded at 10: l producing a tube 2-l/2 ins. 0. D. 
2 ins. l. D x 22 ins. long. The tube was machinP.<l t.o 
2.245 ins. O.D. 2.138 ins. l.D. x 22 ins. long. The 
internal diameter was obtained by boring with a four-cutter 
end mill and the outer surface turned. The holes were 
drilled and reamed and reassembled to the attachments with 
steel ferrules and tubular rivets. 

This component was selected to test beryllium in torsion 
and to investigate rivetted assembly. 

(ii) RUDDER OPERATING ROD selected to observe the ability of 
beryllium to resist buckling under compression instability 
conditions (push-pull of a relatively long cylinder). 

(iii) 

( iv and v) 

This component was made from extruded hot pressed -200 mesh 
OMV powder tube l ins. 0. D. , l/2 ins.· l. D. and machined 
similarly to (i) above producing the component tube 
0. 87 ins. 0. D. , 0. 763 l. D x 18 ins. long. 

AILERON OPERATING ROD redesigned in beryllium for observing 
the fatigue properties and an exercise in screw cutting. 
This component was machined from hot pressed -200 mesh QMV 
powder extruded to 1.7 in. square section at ll:l reduction 
ratio. 

The outer flat surfaces were ground, the outer cylindrical 
surfaces were turned and the recessed sections and end radii 
milled. 

The adjustment thread was of Whitworth form having 55% root 
depth engagement. The bush was squeezed into a drilled end 
reamed hole with a temperature difference of 300°C. 

After completion of static tests several components are to 
be rig tested. 

RUDDER LEVER AND TORQUE TUBE LEVER. The side plates were 
made from 0.10 in. hot rolled ingot sheet from Pechiney 
commercial metal. This component compares the stiffness of 
beryllium with the conventional component which comprises of 
steel plates with flanged edges for induced stiffness. It 
was decided that ingot sheet with isotropic properties would 
be beneficial for forming if flanging were necessary. The 
sheet was finish ground using three point ball bearing face plate 
support taking equal cuts from both top and bottom surfaces 
alternately. 
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The centre spools were fastened to the plate_s using "CHOBERT" 
steel rivets and sealing pins thus permit control of the rivet 
hole hoop stress. 

2.3 Testing of Components 

All five components have been statically tested to 82.5% of the 
fully factored load and then to failure. 

2.4 Observations 

All the components withstood their respective proofing stresses 
(1.2 x working stress) the maximum stress applied being 26,700, without 
failure or permanent deformation except for the Aileron Operating Rod 
which failed in the region of the bushed hole in tension but only after 
withstanding the proofing stress in compression. 

Following this failure a numbe1· of coupon tests taken from the 
failed component and its stock material have shown:-

( i) 

( ii) 

(iii) 

( iv) 

That the low strength failure is attributed to mechanical 
damage introduced in the vicinity of the hole in the forked 
end by its preparation and bush assembly. 

In machining beryllium structural components care must be 
exercised to prevent metal damage or to remove any such 
damage by etching or thermal treatment. 

Etching is not practical where dimensional accuracy is required, 
e.g. bushed holes. Similarly spark erosion machining cannot 
maintain dimensional accuracy and_ from the present work it may 
be concluded that such machining can lead to fissuring and local 
metal fusion which markedly lowers the properties of beryllium. 

Thermal treatment can be expected to remove any damage caused 
by machining but from the present study it has been shown that 
recrystallisation of the worked layer can result in a local 
change in orientation of the grains within the highly textured 
matrix (see Fig. 2) which decreases the strength of the 
component. 

(v) Thermal treatments combined with precision machining can 
produce components with optimum properties but thermal treat
ment must avoid re-orientation or grain growth. 

THE AILERON TORQUE TUBE withstood a fully factored shear 
stress of 2,830 lb/in. 2 in torsion without failure and 
fractured with a partially longitudinal fracture and 
partially 30° spiralled fracture at 2.06 x the fully factored 
load. A comparative stiffness ratio of 1.92 was obtained 
against the actual component and a shear modulus (G) on a 
15 in. gauge length of 20.9 x 106 was obtained. 

The Rudder Operating Rod showed a stiffness ratio of 5.3 compared 
with the standard rod and the tensile modulus (E) on a 
12 in. gauge length of 41.2 x 106 was obtained. 
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2.5 Toxicity 

Recent experiments involving the introduction of 1. 5 Kg. of beryllium 
to a petrol fire at 1100°C in open air has suggested no respiratory hazard in 
the vicinity of the fire up to ),000 yards radius. 

These results which relate to 1.5 Kg. of beryllium at a maximum 
temperature of 11006c, look very encouraging. Further work is necessary, 
however, before it can be finally confirmed that the airborne hazard, in 
the event of an aircraft fire involving beryllium, would be negligible. 

The deposited concentrations ranged from 12-26~ gm/M2 for sampling 
stations between 20 and 3,000 yards from the fire. The tolerance level 
accepted for surfaces is 18 ~ gm/M2

• 

2.6 Discussion 

Both powder and ingot metal forms have been used and where 
unidirectional properties are required powder metal is shown to be most 
applicable but where isotropic properties and good formability is 
required ingot metal is selected. 

Simulative testing has shown that other successful components with 
improved properties can be made. Optimum conditions involve minimising 
metal damage and internal stress and amelioration of unavoidable stresses 
by thermal treatment without increasing grain size or changing orientation. 

The results have stimulated interested in the application of beryllium 
to aircraft structures in specially selected components mainly with 
stiffness and lightness requirements. 

Where components are stressed mainly in excess of 150°C, the 
selection of beryllium for rigid structures is enhanced since ductility 
is increased, impact resistance is improv~U., inherent strength is 
maintained, true stiffness is maintained and notch sensitivity is 
reduced. 

Further research and development into minimising machining 
damage and subsequent thermal treatment should be undertaken to optimise 
the structural properties of beryllium. 

), CRACK PROPAGATION 

3.1 General 

This is the subject of a contract between Bristol Aircraft, Ltd., 
and the Ministry of Aviation. The crack propagation and crack resistance 
properties of sheet beryllium to be compared with other aircraft sheet 
metals namely alloys of aluminum, magnesium, titanium, nickel and iron. 

3.2 Manufacture of apProx. 16 SWG Beryllium sheet 

'l'he test panels were cut frum vacuum cast Pechincy flake metal 
(commercial purity 99.8?%) steel sheathed and cross rolled at 950°C. 
These partially reduced ingots were resheathed and cross rolled at 
800°C to the appropriate width ~d finally unidirectionally rolled at 
the required length with the exception of one panel which was completely' 
eros s rolled. 
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3.3 Test Pieces, see Fig. 3. 

Panels 18 x 10" x ~ 0.060" were used for both static and 
dynamic test. The' initial slots were spark erosion machined and the end of the 
slot was sharpened by a razor blade. 

3.4 Observations 

3.4.1 Static Tests 

p d d 'f( gross stress) lc (critical crack) 
ro uce f( ultimate stress) vs b (sheet winth) 

graphs Fig. )! , No duetile crack initiation was produced, the 
prepared slot lengths became critical crack lengths (lc) at 
specific gross stress (f). 

The static crack 1·esistance factor 0. 586 was obtained for 
panels of high texture Fig. 5 associated with the finishing 
unidirection roll passes. An average ultimate tensile stress 
24,000 p.s.i. was obtained from coupon control specimens. 

3.4.2 Cyclic Tests 

One specimen which was completely cross rolled produced 
ductile crack iniation and propagation (Fig. 6). A linch 
prepared crack grew to 2.96 inches before catastrophic failure 
occurred, Fig. 7. The tensile stress strain curves of this 
ductile panel obtained from control coupon specimens, differed 
from all the unidirectionally rolled panels having a lower work 
hardening rate, see Fig. 8. Another cyclic panel initiated an 
audible crack at the peak stress. The panel failed completely 
during the next cycle without being visibly detected. The net 
stress for th~s initiation corrcspondeu to the net initiation 
stress of the ductile cross rolled panel. 

Metallography 

The cross rolled panel revealed more intergranul~ 
fractur~, Fig. 9 than the unidirectionally rolled specimens, 
Fig. 10 but in the section outside the critical crack length, 
transgranular failure prevailed, Fig. 11. The difference in 
crack propagation and crack resistance could not be attributed 
to any difference in crystal size or structural differences 
associated with prior fabrication and thermal history. Typical 
texture contours are shown in Fig. 5 and 12 which are not actual 
but are being checked with preferred orientation studies. 

3.4.4 Comparisons 

A comparison of static crack resistance factions.is given 
in Table I, where beryllium is similar to magnesium alloys. 

3.5 Health Physics 

A cautious approach was made without inhibiting testing procedure. 
The tests were carried out using an AVERY TENSILE MACHINE.in an open 
laboratory. The machine was segregated from the other machines by an 
8 ft. high partition, and the test panels were enclosed in polythene 
sheathing containing a special PERSPEX viewing point. 
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Air samples and smear tests were taken prior and after ea.ch test 
and values of 0. 01 to 0. 12 p. gm/W and < 0. 2 p. gm/ sq. ft. were obtained. 

After completing the tests the whole partitioned area was cleaned 
by water swabbing and values below 0. 2 p. gm/ sq. ft. were recorded. 

3.6 Discussion 

Contrary to previously reported work beryllium sheet has been 
shown to initiate cracks (20°C) which propagates slowly in a ductile 
manner. This has bP-en observed in cross rolled ingot sheet of high 
purity and low texture. The panel which produced ductile crack growth 
can be easily reprod1..teecl and further work should be done on sheet with 
si..milar properties to confirm the anticipated higher sto.tic crack 
residence factor, Fig. 4. · 

It is not surpr~s~ng that the unidirectionally rolled sheet 
gave poor crack propagation properties having increased texture and 
not being in the optimum conditions of mechanical and thermal treatment. 

It is expected that ingot sheet with a s!Jlooth surface cr.oss rolled 
and of increased mechanical properties now being produced should give 
enhance crack propagation and crack resistant properties and possibly 
increase static crack resistance factor values. This work should 
stimulate interest for further research and development in ingot sheet. 

4-. MATERIAL DAMPING 

4.1 General 

This work involves a contract between R.A.E. Farnbo:rough and 
MICROCELL LTD. 

The material damping of beryllium in many wrought forms was to 
be compared with mild steel, aluminum, copper/manganese and tufnol. 

Two metbods using tuning fork specimens and a matched pair of 
cylinders were employed with intended coruparison.between the.results 
from each method. 

4.2 Materials Studied 

4.2.1 

4.2.2 

Tuning Fork Specimens machined from:-

( i) 
( ii) 

(iii) 

( iv) 

Hot pressed -200 mesh Brush QMV (98.8%) powder slab 
Hot pressed -200 mesh .Brush QMV (98.8%) powder 
extruded at 1050°C at 11:1 reduction ratio. 
Vacuum cast commercial electrolytic flake (99.8~) 
cross rolled to approximately 1/4" thick sheet. 
Vacuum cast conrrnercial electrolytic flake ( 99· 8~) 
extruded at 1050°C at 11:1 reduction ratio. 

Structural Shape 

A matched pair of cylinders were made by roll bending at 
4oo-6oo0c. 0.060" thick hot rolled ingot sheet. The seam was 
arc braze-welded using 13% Al/Si filler wire. 
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4. 3 Specimens 

4.3.1 Tuning Forks 

Fig. 13 were made from the appropriate material by milling 
and finally finish ground and were joined to the spacer block using 
Easi-flo filler and "THESSCAL" flux with flame brazing. 

4.3.2 The cylindrical shapes fig. 14 were arc blaze welded to 
the end flanges with 13% Al/Si filler wire and assembled to the 
central vibration plate with bolts. 

4.4 Testing 

4.4.1 The tuning forks were naturally vibrated in centilever 
motion by removing a tunnel wedge from the free en<l of the 
tuning fork ru1d measuring the amplitude decay from both tuning fork 
legs. 

The log decrement (8) of amplitude was obtained, Fig. 15. 

4.4.2 The cylinders were firstly vibrated individually ·in 
cantilever motion naturally by attachment to a large concrete block. 
The natural frequencies with and without end weights were obtained 
and also the log decrements (8) of amplitude. 

Secondly, the "back to back" assembly of a matched pair 
of cylinders was force vibrated at constant force in "free-free" 
motion at varying frequency and the response curve, Fig. 16 were 
plotted with and without end weights. The damping factors (%) 
were obtained at the various end loading using the band width · 
method. 

% damping factor 

4.5 Observations 

The log decrement values (8) of beryllium from both· tuning forks 
and cylindric·al shapes are low and similar to aluminum. 

The uandwidth method for cylindrical shapes give a low damping 
factor for beryllium which is ·slightly higher than for aluminum. 

The results from all the metal fabrication forms are not complete and 
it is not known if types of material (powder or ingot) and various fabrica
tion has significant effect on material damping. 

The natural frequency of beryllium is high componed with aluminium 
for the same shape and loading. 

4.6 Conclusions 

The material damping of beryllium although low is higher than 
expected being comparable with aluminium. 

This 'low material damping should not deter the selection of beryllium 
for rigid skin structures as the required damping can be obtained through 
composite designed joints. 
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It is considered that the relationship between damping factor (%) 
and log decrement a does not apply as the values were obtained for 
different vibration conditions namely "free-free" and cantilever. 

5. DIMENSIONAL STABILITY 

An investigation into the factors influencing dimensional stability has 
begun using shapes simulating gyroscope gymbols. The effects of particular 
factors: -

(a) purity (99.85-97-0%) 
(b) fabrication mode (wrought and powder routes) 
(c) machining 
(d) internal stress 

are being studied together with the effects of low temperature ageing 
(i.e. 20 to 500°C) which can itself by influenced by the factors (a-d). 

6. MECHANICAL PROPERTIES 

6.1 General 

For structural design purposes it is essential to know tensile, 
compression, impact, torsion, fatigue, creep and impact properties of 
powder and ingot metal in all fabricated forms from -40°C to.350°C. 

6.2 Facilities at A.W.R.E. for this Work 

( i) TENSILE: An Instrori TT-C-:L 10,000 lb. capac.tt.y constant 
strain rate screw power tensile machine. 

Ancillary vacuum furnace up to Ooo0c. 

Ancillary AMSLER refrigeration chamber capable of -196°C 

Three modified constant strain rate Hounsfield Tensometers 
with autographic load recording. 

(ii) FATIGUE: One 10 ton AMSLER VIBROPHORE machine 

(iii) 

One 2 ton AMSLER VIBROPHORE machine 

Ancillary equipment for high temperature testing to 800°C 
and refrigeration chamber capable of -196°C. Drum camera 
and automatic load maintainer facilities. 

CREEP: A bank of 16 modified BRITISH NON -FERROUS METALS 
RESEARCH ASSOCIATION type creep frames. 

(iv) HARDNESS: Vickers hardness machine with hot hardness 
facility. 

( v) IMPACT: Amsler 20 ft. lb. model capable of both beam and 
cantile.ver tests. 

6. 3 Specimens 

British standard specification specimens and procedures are adopted 
universally. 
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Machining by milling, turning and grinding, inv9lving decreasing cut 
techniques is employed with the aim of minimising machining damage. 
Properties are being obtained from specimens with all surfaces prepared 
by optimum conditions and also with surface assimulating the anticipated 
surfaces of structural components. 

6.4 Observations 

6.4.1 Tensile at 20°C. 

lb/in. 2 lb./in. 2 % 
Material Size U.T.S. L. of P. Elongation 

Hot pressed block 0. 564" dia. 32-36,000 30,000 0.5 
l/4" thick ingot sheet 2-l/2 X l/2" 38,500 33,,300 'Cfo. 
Hot pressed extruded (electro- ) 86,000 84,000 l.CY/o 

polished) (10:1 reduction )0.357" dia. Nil 
machining damaged) ) 23 ,ooo 23 ,ooo 

6.4.2 Impact at 20°C 

Size Type Results 

Hot pressed block 
l/4" thick ingot sheet 

10 m/m X 10 m/m 
10 m/m X 10 m/m 
10 m/m X 5 m/m 

Beam 
Cantilever 
Beam 

.41 to 1.5 ft. lb. 

.22 to 1.95 ft. lb. 

.11 to 0.14 ft. lb. 

6.4.3 

Mean stress Prange± 0.9 P. S/N curves, see Fig. 17. 
Fatigue limits. 

Material 

Hot pressed block 
l/4" thick ingot sheet 
Hot pressed extrude (10:1 reduction) 

6.4.4 Creep 

Fatigue limit 
lojo UTS 

8&/o 
97% 
93% 

UTS as machined 

37,000 lb. /in~ 2 

' 2 38,000 lb. /in. 
48,000 lb./in. 2 

A programme of 1,000 hour creep tests at l50°C, 200°C and 
350°C tci obtain stress ~log time plots for deformation up to 
0.2% total plastic deformation is being initiated; 
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6.5 Discussion 

It is intended that sub-room and high temperature uata will be 
available, and the information should be related to the basic metallurgical 
understanding of beryllium. 

The preparation of specimens is most important and further 
research and development specifically on machining damage internal 
stress and its amelicration is essential. 

The high fatigue limit of all forms of beryllium at 20°C appears 
to be associated with the limited slip systems available at 20°C. The 
theories associa.~ed with fatigue crack initiation involves either, shear 
on interacting slip bends, or cross slip operating on a single slip 
direction system, and these combinations of slip mode are not readily 
satisfied in beryllium at 20°C. Above the temperature for the "brittle/ 
ductile" transition it is anticipated that fatigue limits of 5% UTS 
will be obtained. 

6.6 Conclu::;ions 

The design data obtained at present accentuates the high true 

stiffness (mdodu~uts) and the high fatigue limit of beryllium as the most 
ens1 y 

significant potentials of beryllium for structural application. 

7. GENERAL CONCLUSIONS from the cursory studies recorded here it is clear 
that: 

(a) This report acknowledges both powuer and ingot beryllitun with their 
respective properties of purity, texture, strength, grain size and 
formability and suggests structural applications most beneficial 
to each form. 

(b) The high rigidity of beryllium, provided care is exercised to 
minimise machining and fitting damage can be exploited for 
specialised structural aircraft components. 

(c) Ductile crack propagation is possible in cross rolled ingot 
sheet and is comparable to magnesium alloy sheet used structurally 
in aircraft. 

(d) The material damping of beryllium is comparable to aluminium but 
this is of no consequence as the required damping in a structure 
can be obtained from carefully designed joints. 

(e) Dimensional stability involves the usual factors which effect 
internal stress and also the study of low temperature ageing. 

(f) An incomplete survey of mechanica.l properties has shown a fatigue 
limit at room temperature of> 8% UTS in mean stress P, ± 0. 9P 
range loading cycle. This could be associated with limited slip 
modes below the "Brittle/ductile" temperature but it is anticipated 
that in. the ductile temperature region conventional fatigue limits 
of 55% UTS are expected. 
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Fig. 2 Reorientation Damage 

233 

DAMAGED 

REGION 

RECRYSTALLISED 

AND 
REORIENTATED 



-

-0- 5 I 
24 HOLEb i6 In OIA~- -0-

I I I 
-o~ 

I I 4 5° I I 
I -0-

~/o,.~o• 
-0- I 

-0- I I -0-
I I I I 

-0- -0-
I 3 I 

I I /~InDIA I I .... 
- -0-----0--- --?~---?-

I I 
I I 

-0- -0-
I I I I 

-0- I RAZOR 8L ... OE I -0-
I -0- SHARPEN.ED -0- I 

I I I I 
-?- -0-

I -6- I -0-
I I 

18 in 

18 X 10 X 16 BliG Crack PrOpl(l!l.t iO:l Teot P!ece 

1 · 0~-------------------------------------------------. 

0 · 9 

0 ·6 

.... 

...J 
:::> 

0 ·5 ... -~ 
0 ·4 

0 ·3 

0 ·2 

0 · 1 

UNI-0 IREC TIONAL 

Lc I b 

0 } + CYCLIC PANELS 

• 

: } STATIC P ... NELS 

0 

Pig. ~. SCll? and dynamic 

234 

~ 
0 -

-



LAST PASSES 

1!1g. 5 Unidireational Texture 

235 



I iO
in

 G
R

A
D

U
A

T
IO

N
 



" ., 
1&.1 
...J 
u 
>-u 

~ 

0 

ci 
z 

400r-------------------------------------------------------------, 

300 

PANEL REMOVED 
FROM TEST 

MACHINE FOR 
EXAM I NATION 

CYCLES PEAK lOAD lGROS.S1 STRESS AREA 

0 - 40 1·89TONS 7,1901bs /In 2 
41- 57 2 ·20TONS 8,370 lbs/rn 2 

58- 100 2 ·515TONS 9,5901bs/rn .2 

101-170 2 ·70 TONS I0,290ibs/on2 . 
171-190 2·63 TONS 10, 7201ba/on2 
191- 220 3 ·00TON5 11,4301bs/•n2 
221-260 3 ·14 TONS 11,9601bs/1n2 
261 - 299 3 -30TONS 12,5501bsfrn2 
300-388 3.46 TONS 13,1701bs/ln2 

200 

100 

SOL-----------~------------~----------~------------~----------~ 
0· 5 1·0 1-5 2 ·0 

CRACK LENGTH (l) : in 

Fig . 7 Crack Hi story n/ 1 Plot 

237 

2 ·5 3 ·0 



c: -.. 
Sl 

(/) 

N (/) 

"' w ex> a:: 
t
(/) 

40000~-------------r------------~r--------------.--------------r---------------------------~ 

®CROSS-ROLLED 

REMAINDER UNI -DIRECTIONALLY 
ROLLED 

OL-------------~------------~L-------------~------------~L-------------~------------~ 

STRAIN, I UNIT~ 0·001 

Stress strai n curves 



• 

Fig. 9 281A Micrographs 

Fig. 10 325 Micrographs 

Fig. 11 281B Micrographs 

POLARISED LIGHT XlOO MAGn 

239 



BRAZED 
JOINT 

3R 

Fig. 12 

LAST PASS 

IR 

Tex t lll7e of Cross-rolled 2hect 

2 B.A . HOLES FOR TRANSDUCER COUPLING 

I 2 in 

Fig. 13 Trming !'ork 

240 



ARC SEAM ''BRAZE- WELD\ ARC •BRAZE WELD,, 

HORIZONTAL AXIS 5 in Dl A 

END LOADING FLANGE 
8 HOLES ON 5·86in P.C.D. 

1 5 in -------------il~~ 

VI BRATIQN PLATE 
16 HOLES ON 5·8binP.C.D. 



.I 

. t 
l X -

+ 
AMPLITUDE 

N. CYCLES 

I X0 
LOG DECREMENT : n LOGe X n 

Fig~ 15 Log dec. 

AMPLITUDE 
·x 

I FREQUENCY ~2 
t I ' Af -
j DAMPING• FACTOR,.=~ fo XMAX2-x2 

- ... _ ~-- ................. ~ ... ---··--·-· .. j 

Response curve .•· 

242 

~I 

··~ ·- _I 

" :~ • 



• 
60,000 

so.ooo 

(~ 
-=- ~ HOT PRESSED EXTRUDE (93°/oUTS) 

40,000 

I'll 
c -~ 

J I . 
I T 

.A b lin THICK CROSS !..,. ROLLED IN~OT 
I-.. ~ SHEET I I I I -.... _ 

X . lx ~ HOT PRESSED BLOCK (e6'o UTS) 
1/) 

... 30,000 
1/) 

. 
"" 

1/) 

"" "' w a: ' a. ~ . 
1-
1/) 

~ 
<( + 

"' 20,000 
Q. 

- ~~ 
. 

• . 
• 

' 
' 

ropoo 
' . 

-
\ . 

+ -· 

0 . i 

ro
4 2 3 4 5 6 7 8 9105 2 3 4 5 6 7 8 9106 2 3 4 5 6 7 8 9107 2 3 4 5 6 7 8 'lc 

CYCLES, n 

Pig. 17 Fatigue CUrves 



* 
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'Iable 1 

MATERIAL TYPE 
MATERIAL ~OM. u. T. s. 

TONS/IN 2 S.C.R.·F. 
SPEC 1-FI CATION 

TITANIUM I.C.I. 3 17 50 Ml N 1·00 

FERROUS D.T.O. 166 8 52-70 .. . 9 57 

ALUMINIUM ES 10 18 •90 

FERROUS · FV 520 77·6 . 82 2 

TITANIUM I.C.I.318 ltc. 62 MIN. ·735 

ALUMINIUM RR.58 25 .700 

NICKEL NIM 90 80 •69 0 

ALUMINIUM L 73 27 MIN. • 660 

-
MAGNESIUM O.T .0. 732 14-17 • 59 3 

BERYLLIUM - 9 - II. • 56 0 

MAGNESIUM O.T.D. 62 6 17 MIN . ·5 24 

.. PANELS 18inXIOin (REMAINDER 30inXIOi~ 

L73 GAVE SIMILAR S.C.R.F. VALUES FOR BOTH 30in X lOin AND 18in X lOin 

PANELS WITHIN EX.PERIMENTAL LIMITS TO ENABLE COMPARISONS 

TO BE CONFIDENTLY MADE. 
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