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PREFACE

More than 2,100 papers were submitted by the
nations, the specialized agencies, and the International
Atomic Energy Agency, which participated in the
Second United Nations International Conference on
the Peaceful Uses of Atomic Energy. The number of
papers was thus about twice that involved in the First
Conference. Provision was therefore made to hold
five concurrent technical sessions in comparison with
the three that were held in 1955. Even so, the
percentage of orally presented papers was less in 1958
than in 1955.

In arranging the programme, the Conference Secre-
tariat aimed at achicving a balance, allowing adequate
time for presentation of as many papers as possible
and, nevertheless, leaving time for discussion of the
data presented. Three afternoons were left free of pro-
gramme activities so that informal meetings and dis-
cussions among smaller groups could be arranged. No
records of these informal meetings were made.

A scientific editorial team assembled by the United
Nations checked and edited all of the material
included in these volumes. This team consisted of :
Mr. John H. Martens, Miss L. OQurom, Dr. Walter
M. Barss, Dr. Lewis G. Bassett, Mr. K. R. E. Smith,
Martha Gerrard, Mr. . Hudswell, Betty Guttman,
Dr. John H. Pomeroy, Mr. W. B. Woollen,
Dr. K. S. Singwi, Mr. T. E. F. Carr, Dr. A, C. Kolb,

Dr. A. H. S. Matterson, Mr. S, Peter Welgos,
Volume
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14 Nuclear Physics and Instrumentation ..........
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Dr. I. D. Rojanski, Dr. David Finkelstcin, Dr. Cavid
Erginsoy (Dr. Erginsoy’s services were furnished
through the courtesy of the International Atomic
Energy Agency) and Dr. Vera J. Peterson, Dr. Paul
S. Henshaw and Dr. Hywell G. Jones.

The speedy publication of such a vast bulk of
literature obviously presents considerable problems.
The efforts of the editors have therefore been primarily
directed towards scientific accuracy. Editing for
style has of necessity been kept to a minimum, and
this should be noted particularly in connection with
the English translations of certain papers from French,
Russian and Spanish.

The Governments of the Union of Soviet Socialist
Republics and of Czechoslovakia provided English
translations of the papers submitted by them.
Similarly, the Government of Canada provided French-
language versions of the Canadian papers selected for
the French edition. Such assistance from Govern-
ments has helped greatly to speed publication.

The task of printing this very large collection of
scientific information has been shared by printers in
Canada, France, Switzerland, the United Kingdom
and the United States of America.

The complete Proceedings of the Second United
Nations International Conference on the Peaceful Uses
of Atomic Energy are published in a 33-volume
English-language edition as {ollows:
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P/1258 France

The Growth of Large Perfect Crystals of Uranium by Cold
Working and Annealing Polygonized Crystals obtained by
Beta-Alpha Phase Transformation

By Paul Lacombe and Daniel Calais*

The only way in which it has been possible hereto-
tore to prepare large uranium crystals of the non-
polygonized type has been by using the phenomenon
of discontinuous growth of the grain in the presence
of a dispersed phase.! This is a method inspired by
Beck’s research on the exaggerated growth of grains
in alloys of Al, Mn and Cu? The conventional
technique of critical cold-working, applied to poly-
crystalline samples with a fine grain, causes the
development of crystals which are perfect but is
limited to small dimensions (1 to 2 mm diam), despite
all the effort of various research workers?» 3 to increase
their size. The heterogeneity of the plastic deforma-
tion undergone by the crystals of the polycrystalline
aggregate, due to the multiplicity of the modes of
deformation of the uranium, must be a first explana-
tion for the failure of the critical cold working method.

It has been thought, therefore, that it would be
easier to define critical cold-working by applying it to
imperfect monocrystals, namely, polygonized ones,
such as can be obtained by the B -»« phase-shift
method.3-5 Indeed, it is likely that the deformation of

. Original language: French.
* Centre de Recherches Métallurgiques de 1'Ecole des
Mines de Paris.
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Figure 1. Shape of the temperature gradient used for the prepara-
tion of monocrystals by phase transformation. (I) 120°C/cm:
samples 0.5 mm thick; (I} 70°C/cm: samples 2.3 mm thick

the imperfect monocrystals would be more homo-
geneous in the total mass of the crystal, due to a lack
of interaction between neighboring crystals. In the
second place, it is easier to define the mechanism of
plastic deformation as a function of the oarientation
of the crystal most favorable to the formation of
nuclei for recrystallization.

Our study is divided into four main parts: (a)
preparation of imperfect crystals by phase shift; (b)
study of plastic deformation by strain as a function
of the orientation of the crystal, comparing the
changes in the micrographic structure with those
noted on the strain curve; (¢) relationship between
plastic deformation and the evolution of its structure
by annealing above the a-phase stability range, and
(d) optimum conditions for the growth of large perfect
grains of a-uranium,

RESULTS
Preparation of Imperfect Monocrystals by Phase Shift

The conventional method3-% consists of slowly
cooling a rolled strip of metal by moving it in a tem-
perature gradient, such that passage from the 8 to
the x phase should take place over the whole sample
by local contact. We used as large a temperature
gradient as possible within the temperature range of
the furnace. This high gradient makes it possible to
minimize the shift in the isothermal front, along the
metal strip, due to small oscillations in the thermal
adjustment of the furnace. A variation of +1°C
thus causes a shift of the 8 — « isotherm by only 0.2
mm if the temperature gradient is 120°C /cm.

This gradient may be slightly modified according
to the cross-section of the sample subjected to growth,
because of the variation in the heat capacity of the
sample. For instance, for samples having a cross-
section 0.5 to 1 mmx5 mm, a 120°C/cm gradient
was used and, for a cross section of 3 mm X 5 mm,
the gradient was reduced to 70°C/cm (Fig. 1). The
optimum translational speed for the growth of mono-
crystals may vary between 0.5 and 3 mm/hr.

Previous passage of the samples into the v phase is
not a necessary condition for the growth of single
crystals. It only makes it easier to obtain a higher
gradient in the 8 — o« treatment. The length of the
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Figure 2. Diagram of the gradient-type furnace used for the

preparation of monocrystals by phase transformation. (1)

Copper cylinder (very good conductor); (2) insulator (asbestos);

(3) steel cylinder; (4) furnace; (5) water circulation; (6) silica
plunger. The distances are given in mm

sample which is sealed in vacuum in a silica tube is not
critical ; it may vary from 5 to 15 cm.

Figure 2 shows a diagram of the gradient furnace
used. The horizontal arrangement has been chosen to
avoid possible distortion of the samples by creeping.
Finally, the composition of the metal is not critical.
However, greater purity of the uranium increases the
chance of success. Qut of 100 processed samples, we
obtained on an average 70 monocrystals and 25 bi-
crystals with a contour substantially parallel to the
orientation of the growth.

The growth of these crystals is verified by photo-
micrographs and X-rays. They show a conventional
“ribbon” structure, in other words, they are made of
very slightly disoriented subgrains, the contours of
which are essentially parallel to the direction of
growth, This slight loss of orientation cannot be re-
vealed by examination under polarized light, but is
very plain after electrolytic etching® (Fig. 3). X-rays
show a disorientation varying from 2-10 deg maxi-
mum, according to the spread of the Laue spots,
which corresponds to an irradiated area of 1 mm?

Figure 3. Ribbon- or strip-type structure of polygonized
monocrystals, produced by phase transformation, as revealed by
electrolytic etching (x75)
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Figure 4. Laue diagram of the polygonized monocrystals produced
by phase transformation

(Fig. 4). Therefore it is always possible to determine
the orientation of imperfect crystals by Greninger’s
method.” All orientations may be obtained and thus
there is no preferential direction of growth due to the
shift of the gradient.

Investigation of the Strain Deformation of the
Phase-Shift Crystals

To determine the optimum conditions for the
growth of perfect crystals by annealing after defor-
mation, we made a systematic study of the types of
deformation that appear when imperfect crystals are
under strain, according to their orientation. In par-
ticular, a parallel study of the shape of the strain
curve and of the evolution of the micrographic struc-
ture should enable us to define in a more quantitative
manner the rate of cold working needed for the growth
of new crystals.

As an example, we shall describe the strain curves
given by a monocrystal. The first important point is
obvious: The monocrystals, regardless of their orienta-
tion, always have an elastic-deformation area charac-
terized, on the stress-strain curve, by a perfectly recti-
linear and reversible tracing (Fig. 5), as shown by the
load-unload cycles. On the other hand, the fine-grain
polyerystalline uranium samples show no such curve.8: 9

The beginning of plastic deformation is indicated
by the sudden change in the slope of the strain
curve. Beyond that point we note, according to the
type of deformation, the twinning of the crystals or
deformation strips and some sudden breaks due to the
violent relief of stress. These relaxations are of greater
amplitude in the case of the twinned crystals (Fig. 6)
than in that of the distorted strips (Fig. 7). For the
most part, after the conventional corrections, the shape
of the strain curve of the uranium monocrystal,
allowing for the decrease in area as a function of the
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Figure 6. Beginning of the strain curve of a monocrystal, the
axis of which [195] coincides with the direction of strain; sudden
break beyond the elastic limit due to the formation of twinned

crystals
Figure 6b. Photomicragraph for the same crystal, as deformed by
Table 1 the formation of twin crystals and simultaneous slip (X150}
T Elastitimit,  ironking fod, Emga,ion, elongatmp, is similar to those qbtamed for other
Orientation E, kgimm? R, kg bmki{; Ztm'nf metals!? in a monocrystal state (Fig. 8).
= . % 53 The values of the mechanical parameters vary with
gmog ; 66 0 the orientation of the monocrystal, with respect to its
?10()% 5 ot 12 axis of strain, Table 1 shows a series of values of the
Enoﬁ 3 56 62 elastic limit, the breaking load, and the elongation
(334] 6 45 43 breaks of various crystals.
r041] 25 78 43
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Figure 7a. Beginning of strain curve for a monocrystal with axis 12587 - ' > ;
{274] parallel to the axis of strain. The successive breaks beyond SR i ,
the elastic limit correspond to these two deformation _bands Figure 7b. Corresponding photomicrograph { x 150}
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Figure 8. Complete and corrected strain curve of a monocrystal
having axis [274] parallel to direction of strain

The strain curves of bicrystalline samples, on the
other hand, do not show a true elastic area and perfect
reversibility of the load and unload cycles: the be-
havior is similar to that of the polycrystalline samples
(Fig. 9). It is important to indicate that, prior to any
strain, one crystal of the bicrystalline sample always
has very fine twins that bear against the contour of the
grain (Fig. 10). This clearly shows that, during cooling,
one of the crystals has been subjected to marked
stresses due to the anistropic expansion. The stress
might be considered as even greater for the fine-grain
polycrystalline sample, the stresses being greater for
a given grain of the aggregate where it is in contact
with scveral crystals of different orientations. The
existence of these stresses is doubtless the reason for
the absence of elastic limits in polycrystalline uranium
when the stress due to the anisotropy in the expan-
sion has not been completely relieved.

In conclusion it should be noted that, on the
sample polished before the load is applied, we may
follow micrographically the development of the differ-
ent types of distortion and relate them to the various
anomalies noted in the strain curve. As shown in Fig.
11, the discontinuvity A corresponds to the develop-
ment of a few small twins (172), and C corresponds to
that of the twins {130).

Relationship between Plastic Deformation and the
Structure Obtained after Annealing above the «-Phase
Range

According to the orientation and total elongation
of the crystal, some slip lines, twin crystals, and de-
| 1258.9

RI kg/mmz

10 20 TV S
Figure 9. Strain curve for a bicrystal; absence of elastic defor-
mation area; irreversibility of load-unload cycles

Figure 10. Formation of fine twin crystals in a single grain of the

bicrystalline sample; the twin crystals stop suddenly on the

joint which separates the two elements of the double crystal
(x75)

formation bands develop successively or simultane-
ously. Thus, it is impossible to define a priori any
critical degree of cold-working for each crystal: This
will vary according to the type of deformation.

However, we may accept the classical concept of a
minimum critical degree of cold-working needed for
the development of new perfect crystals, by annealing,
having an orientation different from that noted in the
initial crystal; this is recrystallization. On the con-
trary, under this cold-working there will be a restora-
tion in the sense that annealing will give an imperfect
crystal but one with an orientation essentially identi-
cal with that of the initial crystal.

We shail show, by means of a few examples chosen
from crystals of different orientation, how a micro-
graphic study makes it possible to distinguish be-
tween restoration and recrystallization, according to
the type of deformation undergone by the crystal
prior to annealing.}

1 Monocrystals have been annealed in two ways; either
by suddenly bringing the temperature up to 640°C or else by
shifting about in a temperature gradient that covers the whole
of the « phase.

~ 1259.11
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Figure 11. Analysis of the strain curve of the crystal having axis

[120] parallel to the direction of strain. (A) Appearance of some

twin crystals; (B) critical hardening; (C) appearance of twin
crystals (130)
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Example of Restoration

This restoration seems to be possible regardless of
the deformation method (twinning, bending or slip-
ping) provided the cold working, as defined by the
total elongation of the crystal, is small.

(@) Example of slip or deformayion of the bands.
For small elongations deformation bands appear when
the axis of deformation is perpendicular to the direc-
tion of slip [010] (Fig. 5) and sometimes in the direc-
tion of slip. In the first case, there is a rotation of the
lattice around the [001] axis, perpendicular to the
direction of the slip, and located in the plane of slip.
This is shown by the large Laue diagram in Fig. 12,
in which the spot corresponding to the "001] axis has
not changed.

Figure 13 shows the micrographic aspect of a bundle
of fine deformation bands which are distinct from one
another. After annealing at 640°C, these give rise to
a polygonized structure, the subjoints of which are
essentially parallel to the longitudinal direction of the
deformation bands. This polygonized structure is
superimposed on the ‘‘ribbon’ structure, which 1is
the initial one noted in the phase-change crystal.
Polygonization of the area of the crystal that is prim-
arily covered with intertwined deformation bands
would be due to the disappearance of the curvature
of the slip planes that define the boundary of each
band at its contact with the parent crystal.

(b) Example of deformation by twinning. For small
elongations (about 2°;) variable according to the
orientation of the crystal, the phase-change crystals,
deformed only by twinning of the crystals, can be
completely restored so that there is complete absorp-
tion of the twinning during annealing. This behavior
1s similar to that of the twinned titaniuml!! or mag-
nesium crystals.1?

. 13l

Figure 12. Laue diagram for a monocrystal, with a strain of 4%,
along the axis [221] annealed 50 hr at 640°C; rotation of lattice
around axis [001]

For larger elongations, where there are many fine
nearly equidistant twinned crystals (Fig. 14) that
cover the whole volume ot the crystal, the restoration
is accompanied by an absorption of some parts of the
twinned crystals while others become wider (Fig. 15).
A second proof of the restoration is shown by the per-
sistence of a polygonized structure at whose joints the
extremities of the twinned crystals, as widened by the
annealing, come to bear (Fig. 15).

For some orientations, deformation by twinning is
limited to the development of very fine and very short

Figure 13a. Phase-change monocrystal under strain; note the  Figure 13b. The same area after annealing for 50 hr at 640°C.

deformation bands on the polished surface (X 150)

Superimposition of two polygonization lattices; one corresponds
to the initial polygonization of the crystal, the second to the

polygonization of the deformation bands
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Figure 14. Fine equidistant twin crystals which appear after Fi

twin crystals that arise out of the subjoints of the
polygonized structure (Fig. 16). If the deformation is
sufficient, these short twinned crystals are very
numerous and very tightly packed so that, during
subsequent annealing at 640°C, they appear to coal-
esce to give a crystal elongated in the direction
of the subjoints. We are dealing, in fact, with a poly-
gonized crystal the edges of which remain very pro-
nounced as they follow the initial shape of the ex-
tremities of the small twins (Fig. 17). It would seem,
in this case, that we are dealing with a true recrystalii-
zation, generated by these fine twinned crystals,
rather than a restoration.

(¢) Example of slip deformation. For some orienta-
tions of the initial crystal, the deformation causes a
simultancous appearance of slip lines and twins:
The slip is preponderant so that, as elongation in-
creases, there is a progressive rotation of the crystal
with respect to the direction of the strain. With
annealing at 640°C, the twins disappear completely
and there is polygonization of the crystal with sub-
joints essentially perpendicular to the slip lines. This
polygonization due to annealing does not eliminate the
“‘ribbon” structure of the first crystal and thus there
are two lattices of superimposed subjoints (Fig. 18) as
inthe case of annealing the deformation bands (Fig. 13).

Examples of Recrystallization

For larger degrees of instability than those which
gave restoration, annealing causes the appearance of
recrystallization, where the orientation is homogene-
ous throughout the volume. The relationships be-
tween the deformation structure and recrystallization
will be described below.

(@) Case of deformation by deformation bands.
For an imperfect crystal with the beginning of the
orientation that fulfils the conditions mentioned

gure 15. Same area following restoration annealing; there
2%, strain of an imperfect monocrystal at the phase change (X 150) remain polygonization strips against which a small number of
enlarged twin crystals come to bear (x 150)

above, we see, by annealing at 640°C, either a re-
crystallization of part of the sample or complete
recrystallization.

The distribution of the deformation bands due to
strain in a monocrystal is far from being homo-
geneous, cven when the total elongation of the crystal
is greater than that which leads to restoration by
subsequent annealing. Consequently, the appearance
of new recrystallization crystals remains localized in
the crystal volume affected by the deformation bands
(Fig. 19). The crystals so created show a high degree
of perfection,according to the appearance of thespotson
the Laue back-reflection diagram (Fig. 20). However, if
the regions covered by thedeformation bandsaresepara-

Figure 16. Development of fine and short twin crystals along the
subjoints of an imperfect phase-shift monocrystal following
3%, strain, (x150)
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1258, 17a o Bk ™ .

Figure 17a. After annealing at 640°C there is a recrystallization

process along the same subjoints ( x150)

ted from each other by undistorted areas, the crystals
formed above the deformation bands will have very
similar orientation. Quite often, it is possible to
deduce their orientation from that of the initial
matrix by a simple rotation. We shall give two ex-
amples of the growth of perfect crystals in the de-
formation bands: A monocrystal having an axis
[034] perpendicular to the direction of slip [100] led
to the development of three distinct crystals along
the deformation bands. Two of them have the same
orientation (211) [120],§ while the third has an
orientation (221) [331], which is very close to the first

1 The orientation is defined by the crystalline plane parallel
to the surface and by the direction parallel to the longi-
tudinal direction.

1258, 18

Figure 18a. Slip deformation and twin crystals of a 39 hardened
phase-shift monocrystal (< 150)

1258.17b : & - *
Figure17b. Balance of highly polygonized crystals along the
old subjointsfollowing 6% hardening and annealing (<150)

two since it can be produced from them by a 6 deg
rotation about the [203] axis (Fig. 21). On the other
hand, it is not possible to establish a simple con-
nection between the orientation of these recrystalliz-
ation crystals and the original or parent crystal.
Secondly, a monocrystal, having an axis [221] and
elongated 5%, is distorted by deformation bands.
Annealing shows the development of two crystals with
similar orientations, namely, (104) [421] and (117)
[411], which can be deduced one from the other by
a rotation of 73 deg about the [230] axis. In this
instance it is possible to relate the orientation of the
recrystallization crystals to that of the parent crystal
by a simple rotation about axis [103], close to axis
'001], and located in the slip plane (Fig. 22).

1258. 18k

Figure 18b. The same crystal after 50 hr of annealing at 640°C;
there is a restoration which leads to the superimpositiocn of
two pelygonizing lattices (< 150)




10 SESSION E-13 P/1258

P. LACOMBE and D. CALAIS

1258. 198

Figure 19. The same imperfect crystal, as hardened by strain,

gives after annealing a recrystallization crystal, R, which develops

along the distortion strips, and an imperfect serrated-contour

crystal, P, at the level of the short twin ¢rystals formed on a
subjoint of the original crystal (x 40)

It would seem, therefore, that total recrystallization
of the original monocrystal into a single perfect crystal
might be obtained if the deformation bands could be
developed uniformly all along the strained sample.
The growth of a perfect single crystal would be further
facilitated by continuous displacements of the sample
in a temperature gradient without, of course, exceed-
ing the transformation temperature of § — .

(b) Example of deformation due to twinming. Some
recrystallization crystals generally develop starting
from the intersections of twinning crystals that are
areas of considerable deformation (Fig. 28).

Gradient
axis

W T (e
i R'

1258.21

Figure 21. Stereographic projection (with respect to the plane

of the sample) of the orientations of the 3 recrystallization

crystals developed from deformation bands; R and R’ have

similar orientations, and R has an orientation produced from
R and R’ by rotation about axis [203]

1259,
Figure 20. Laue back-reflection diagram corresponding to perfect

crystal, R, excluding the fine twin crystals developed on cooling
after annealing

It is also possible to observe the development of
crystals due to local twinning, where plastic deforma-
tion has created essentially a single system of twin
crystals (Fig. 24). If this local enlargement is deve-
loped parallel to the rectilinear outline of the twin
crystals it might be the cause of their thickening, as
mentioned above, for a small deformation. For larger
plastic deformation, this thickening might lead to
coalescence of several neighboring crystals with the
same orientation in this single sheet (Fig. 25). It is
difficult, in such a case, to say whether one is dealing
with a true recrystallization, or restoration as defined
in Fig. 15.

Gradient
axis

125822

Figure 22. Stereographic projection (with respect to the plane
of thesample) of two recrystaliization crystals Rand R’, developed
from deformation bands; the orientation of one is produced
from that of the other by rotation around axis [230], which is
common to both. The orientation of R and R’ may be produced
from that of the parent crystal by rotation about axis [103]




