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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 m 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 techmcal sessions in companson with
the three that were held in 1955. Even so, the percent-
age of orally presented papers was less in 1958 than
in 1955.

In arranging the programme, the Conference Secre-
tariat aimed at achieving a balance, allowing ade-
quate 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 programme activities so that informal meet-
ings and_discussions 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: Ourom, Dr. Walter
M. Barss, Dr. Lewis G. Bassett, Mr. K. R. E. Smith,
Martha Gerrard, Mr. F. 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,
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Dr. I. D. Rojanski, Dr. David Finkelstein,
Dr. Cavid Erginsoy (Dr. Erginsoy’s services were
furnished through the courtesy of the International
Atomic Energy Agency), Dr. Vera ] Peterson,
Dr. Paul S. Henshaw, Dr. Hywell G. Jones,
Dr. Alvin Glassner and Mr. J. W. Greenwood.

The speedy publication of such a vast bulk of litera-
ture 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 mmmmum, 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 Ftench edition. Such assistance from Govern-
ments has helped greatly to speed publication.

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

The complete Proceedings of the Second Umted
Nations International Conference on the Peaceful
Uses of Atomic Energy are published in a 33-volume
English-language edition as follows:

Sessions
Included

1, 2, 23a, 23b, 23¢
E-5,'E-7b, E-9"

E-10, E-6, and E-7a
E-11, E-12, C-14, C-15

........ Sivees teevienene... E-14, E15

E-13, E-17, E-18
E-19, E-21, E-22
3,6,7
B-9, 8-10, B-11
B-5, B-12

" B-13, B-14a, A-14
B-17, B-18, B-21
B-19, B-15, B-14b



Yolume Sessions

No.

14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
A
32
33

included
Nuclear Physics and Instrumentation . .... ....cooiviiiiiiiiiiniiiiiiininane, A-18, A-19
Physics in Nuclear Energy .......... c..ciiietoiiiiiiiiiiaeiiiiiaiiianaens A-21, A22 °
Nuclear Data and Reactor Theory ... ..................... e A-11, A-12, A13
Processing, Irradiated Fuels and Radioactive Materfals ......................... C-17, C-18, C-19
Waste Treatment and Environmental Aspects of Atomic Energy .............. C-21, C-22, D19
The Use of Isotopes: Industrial Use............... ..., 5b, D7
Isotopes in Research ...... ... i e D-6
Health and Safety: Dosimetry and Standards....) i aae e 5a, D-15
Biological Effects of Radiation ............ ... it D-9, D-10
Experience in Radiological Protection............ ... i, D-11, D-12
Isotopes in Biochemistry and Physiology, Part 1 ......... ... D-13
Isotopes in Biochemistry and Physiology, Part 2 ............................. D-14
Isotopes in Medicine ...t e D-17, D-18
Isotopes in Agriculture ...........iiiieiiiiiiiiiii i e D-21, D-22
Basic Chemistry in Nuclear Energy.............cooiiiiii i, c-9, C10, C-11
Chemical Effects of Radiation ..........c.coviiiiiiiiiiiiini et C12, C13
Fundamental Physics . ... ... . . i 15, A17
Theoretical and Experimental Aspects of Controlled Nuclear Fusion ........... 4, A-5, A6
Controlled Fusion Devices ...........ccovuiiiiiiiiiiinernioeiiiianinnnnaens A-7, A9, A-10
Index of the Proceedings

vi



TABLE OF CONTENTS

Yolume 5

Session E-14: Properties of Reactor Materials; Part |

P/1993
P/2044
P/2046
P/2049
P/2054
P/2055
P/1450
P/707

P/714

P/767
"P/1271
. € /1430
P/1166
P/305

_P/1146.

P/2153
P/194
P/1455

P/1148

P/1164
P/2190
P/679

P/319
P/320
P/24
P/1147
P/1159

"Caillat, Darras

Baird ¢ al.

Structural and Sheathing Alloys

Adamson Jr. et al.
Ambartsumyan et al.

Ivanov, Grigorovich ......

Kiselev et al.

Korobkdv etal............

Emelyanov ¢ al. ......... :

O'Driscoll et al.
Maxwell e al. ............

Draley et al. .............

...................

Coriou ¢t al.
Ayres et al. ..............
Bernard et al.

Sinelnikov et al.

Bernard et ai.
Bochvar et al
Crawford Jr., Wittels

Beryllium and‘BeryI"Iia
Livey, Williams...........
Barrett et al. ............

Elston, Caillat
Elston, Caillat.

...........

Page:
Metallurgy of Zr and Ti Alloys ........... e 3
Mechanical and Corrosion Properties of Zr and its Alloys 12
Structure and Properties of Zirconium Alloys......... 34
Working Zirconium and its Alloys .................. 52
Oxidation Kinetics of Zirconium Alloys. ......... ... 60
Mechanical Properties of Zr-Ta-Nb Alloys........... 69
Zr Alioys Resistant to Gaseous Oxidation........... .7
Iron-Aluminum Alloys for Reactor Components...... 106
High Temperature Aqueous Corrosion of Aluminum
CAHOYS L 113
Corrosionof Al-Fe-Si Alloys in ngh-Temperature Water 121
Corrosion of Al-Fe-Ni Alloys in Hot Water and Steam 128

Aluminum Fuel Cladding in Pressurized Water Reactors 153

Magnesium and Aluminum Alloys as Structural Materials 157

Properties of Mg and Nb Canning Materials....... ... 208
Mg Alloy Corrosion in Gas-Cooled Reactors......... - 220
Mg-Be Alloys for Nuclear Reactors. S N 234
Zircaloy-2 and Al-Ni-Fe Alloys in Water above 300° C 241
Mechanical Propertles’ of Mg and Zr Alloys .......... 249
Oxidation of Ordinal;y Steel in CO, under Pressure ... 261
Thermal Stress Determinations for Reactor Materials.. 266
Stability of Metals and Alloys under Thermal Cycling. 288
Radiation Stability of Nonmetals and Ceramics...... 300
Fabrication Technology of Beryllium and Beryllia .... 311
Pressureless Sintered Beryllium Powder.............. 319
Compatibility of Be with Other Metals in Reactors.... 328
Corrosion of Beryllia ..............ccoooiii s, 334
Properties of Sintered BeO under Irradiation......... 345

vii



viii

VOLUME 5
P/621  Gilbreath, Simpson ...... . Effect of Irradiation on Physical Properties of BeO... 367
P/2325 Rollier .................. Properties of a Deuterated Organic Be Moderator. .. .. 375
Other Materials
P/1454 Bradbury et al. .......... Cofnposite Neutron-Absorbing Materials ............. 382
P/69%6 Wright et al. ............. - Preparation and Properties of Gd and Eu Alioys P 390
P/1272 Hochmann, Desestret. . . ... High Boron Steels .. .. .. P U 396
P/1152 Tourasse ................. Phy;ical Properties of Heavy Concretes.............. 403
F/1326 Saji, Homma ............ Thermal Cycling of Power~Reactdr Concretes......... 415
Record of Session ............ e e 424
Session E-1n.5: Properties of Reactor Materials, Part !l
Radiation Effects _

P/1978 Wilson Ceteiieterraaenas Trradiation of ‘Structural Materials .( ................. 431
P/80 Makin et al. ............. Properties of Irradiated Metals and Alloys. ..... P 446
P/2052 Pravdyuk ef al. ......:... Effect of Neutron Irradiation on Structural Materials . 457
P/1878 Bartz ......... e Performance of Metals in the Materials Testing Reactor 466
P/190 Trudean ................. Properties of Irradiated Ferritic Steels and Irons .. ... 475
P/29 Barnes, Greenwood. ....... Effect of Irradiation-Produced Gases in Reactor

Materials..................... e 481
P/1163 Gautier et al. ............ In-Reactor Testing of Creep and Elastic Modulus. . ... 486
P/1890 Kittel, Price........ e Effect of Irradiation on Fuel Materials ... ... ... L 500
P/SO Eldred et'al. ............ ¢« Fuel Element Behaviour under Irradiation........... 510
P/306 Hardy, Lawton ........ ... Assessment and Testing of Fuel Elements. ... .. o 521
P/616  Willis ................... Sources of Fuel Element Instability........ S 532
P/617 Hayward, lBentle' ......... Bilrh~up of Metal Fuels at High Temperatures ....... 537
P/81 Barnes et al. ... ..., ... ... Swelling and Gas Diffusion in Irradiated Uranium ... 543
P/2191 Zaimovsky et al. ......... "The Behaviour of Uranium under Irradiation . ....... 566
P/2192 Konobeevsky et al......... Effects of Irradiation on Fissionable Materials......., 574
P/622  Leeser et al. ......... .- - - Stability of Power Reactor Fuel Elements ........... 587
P/1158 Bloch ¢t al. e, Recrystallization and Hardness of Irradiated Uranium 593
P/1785 Bauer ¢t al........ ....... Physical Metallurgy of Zr-U Alloys ..........,...... 602
P/1924 Thomas et al. ............ Properties of Gafnma—Phase Uranium Alloys ......... 610
P/1862 Weber .................. . - Radiation Damége in Nonmetallic Fuel Elemerits...., 619
Record of Session ................................................................ 623







Session | E-14 ..

PROPERTIES OF REACTOR MATERIALS, PART |

LIST OF PAPERS

Structural and Skeathing Alloys ' ‘ | : Page

P/1993 Recent advances in the metallurgy of zirconium and tita- N
nium alloys of special interest in reactor techmology............ G. M. Adamson Jr. ¢f al, 3

P/2044 Mechanical propertiés and corrosion resistance of zirconium
and its alloys in water, steam and gases at high tem-

PEIAtUTES L. vntnitrt s iee it R. S Amba.rtsum;/an et al. 12
P/2046 Structure and: properties of zirconium alloys .......... O.-S. Ivanov and V. K. Grigorovich 34
~ P/2049 Some problems in working zirconium and its alloys............ PP, .A. A. Kiselev et al. 52

P/2054 Electron diffraction and kinetic investigations of the oxi- :
L dation reactions of zirconium and some of its alloys ................. 1. 1. Korobkov et al. 60

P/2055 Mechanical properties of zifconium binary and ternary
alloys with tantalum and niobium at room and elevated

tEMPETAtUTES . ...\t titetitineeaeerneeiennesueriationnons V. S. Emelyanov ¢t . 69
P/1450 Development of Zr alloys resistant to gaseous oxidation......... ... W.G. O’Driscoll et ai. 75" .
P/707 Iron-aluminum base alloys for reactor components . .-....... e _. W.A. Maxwell et al. 106
P/714 High temperature aqueous corrosion of aluminum alloys ....%....0..0.... J.E. Draleyetai. | 113
P/767 Corrosion of aluminum with additions of iren and silicon - .

in high-temperature water ........ N e ceereeeeseeeeas... K Videm 121
P/1271 ‘Al—Fe—Ni‘alloys corrosion resistant in hot water and steam ..............c... H. Coriou ef al. 128
P/1430 The use of aluminum as fuel cladding in pressurized water '

POWET TEACLOTS ottt vvviinisrnaneeeseannonssraseennennnns e .J. A. Ayres et al. 153
P/1166 The use of magnesium, aluminum and their alloys as struc- .

tural materials ..... R T R P J. Bernard et al. 157
P/305 The mechanical and physical properties of magnesium and .

' piobium canning materials. . ... .. .. i e T. J. Heal 208

P/1146 Corrosion of magnesium and some of its alloys in gas-cooled ' .

reactors .......... A FRRS e e R. Caillat and R. Darras 220
P/2153 Magnesium-beryllium , alloys as materials for nuclear ,

Tt 1) £ JAUP O K. D. Sinelnikov et al. 234
P/194 Chalk River experience with zircaloy-2 and aluminum-— :

nick_el—iro‘n alloys in high-temperature water...\.............. ... a F. H. Krenz ¢ al. 241

P/1455 Mechanical properties of alloys of magnesium and of o
‘ zircomium . ............... e e i ...G.C.E. Olds et al. 249

P/1148 Oxidation of ordinary steel heated in carbon dioxide under - ‘
PIESSULE & . outvtateananeeuane e e G T, ...R. Darras ¢t al,, 261




’

P/1164
P/2190

P/679

P/319

P/320
P/24

P/1147
P/1159

P/621

P/2325

P/1454

P/696

P/1272
P/1152

* P/1326

LIST OF PAPERS

(Continbed)
Examples of thermal stress determlnatlon methods applic-
able to reactor matenals ........................................... J. Bemard et al.
Effect of thermal cyclmg on dimensional and structural :
stability of various metals and alloys ........coviiiviae i A. A. Bochvar et al.
Radiation stability of nonmetals and ceramics ........ J. H. Crawford Jr. and M. C. Wittels

Beryllium and Beryllia

Some aspects of the fabrication technology of beryllium :
and beryllia ... ... .. . D. T. Livey and J. Williams

Pressureless sint_ered berylium powder........... ... .. oo ....T. R. Barrett ¢ al.
Compatibility of beryllium with other metals used in

TEACKOTS o v ettt it e te e et et e e J. D. Baird et al.
Corrosion of beryllia ............ ... i J. Elston and R. Caillat

Physical and mechanical properties of sintered beryllia
ander frradiation ... ... i e i J. Elston and R. Caillat

The effect of reactor irradiation on the physical properties
of beryllium oxide ............. ... ... ...l J R Gﬂbreath and O. C. Simpson

Chermical, physical and nuclear properties of a new deuter- ;
ated beryllium complex to be used as a moderator ............. ...l M. A. Rollier

Other Materials

Composite neutron-a:bsorbing materials for control-rod and

screening applications ............. T E. J. Bradbury e? al.
The preparation, melting and properties of gadolinium

and europium alloys ............ .o i i i e M. L. Wright ef al.
ngh boron steels .. ... e D e J. Hochmann and A. Desestret

The heavy concretes—physxcal properties and mechanical
BESES L . e e e M. Tourasse

Growth due to thermal cycling in concretes for power
reactor shielding.......... e ettt e e K. Saji and E. Homma

266

288
300

311
319

328

345

' 367

375

382

390
396

403

415




Recent Advances in the Metallurgy
of Zirconium and Titaniunmr Alloys of Special Interest

in Reactor Technology

By G. M. Adamson Jr., J. 0..Betterton Jr., J. H. Frye'Jr. and M. L. Picklesimer *

At the time of the first Geneva Conference, the
status of zirconium and titanium metallurgy was
such that the metals and certain dilute alloys could
be employed effectively in simple structurcs, which
did not require exceptional mechanical properties,
and in environments that were not extremely corro-
sive. The principal advances since that time have
been as follows: .

1. The fabrication of Zircaloy-2 has been advanced

by the development of a fabrication schedule which
produces more nearly isotropic plate. :

-2. Welding procedures have been developed which
permit the field construction of complex structures
of alpha titanium, and perhaps zirconium, alloys. -

3. Zirconium alloys have been developed which are
heat treatable to high strengths with moderate ducti-
lities. '

4. The hazards associated with the use of zirco-
nium and titanium alloys in reactors are better under-

stood as a result of research on radiation damage and’

hydrogen pickup, and a partial delineation of the

conditions which lead to ignition of these metals in

oxygen.

5. Zirconium alloys have been developed which
are more. resistant to radiation-inducedycorrosion in
uranyl sulphate solution.

6. Progress has been made toward understahding
the factors controlling the structure of zirconium and
titanium alloys.

' FABRICATION OF ZIRCALOY-2 PLATE

Completely isotropic plate is desirable for applica-
tions in pressure vessels where tri-axial stresses exist,
such as around entrance and exit regions. As would
be expected, the anisotropy of Zircaloy-2 f plate can

* Oals Ridge National Laboratory, operated by Union
Carbide Corporation for the U.S. Atomic Energy Commission.
1 Zircaloy-2 is the designation given to the commercial
sponge-base zirconium alloy whose nominal composition is
1.5% Sn, 0.1% Fe, 0.05% Ni, 0.1% Cr and Zr remainder.

/

arise both from preferred orientation of the grains
and from stringers elongated in the rolling direction.

The microstructure in Fig. 1 shows an intermetallic
stringer that can result from conventional fabrication
procedures.! The inverse pole figure-of Fig. 2%3
shows the degree of preferred orientation resulting
from such a procedure. The intermetallic stringers
shown consist of the Fe, Ni, Cr, and Sn inter-
metallics and are produced in the following way. If
Zircaloy-2 is held at a temperature within the lower
part of the two-phase field (alpha plus beta), the
beta phase will tend to form in the grain corners and will
dissolve Fe, Ni, and Cr at the expense of the adja-
cent alpha material. On rolling, the beta phase will be
extended in the rolling direction. On cooling, the
intermetallics will precipitate from the elongated beta
phade, forming sheets or rods.

The following rolling and heat treating schedule
was devised to eliminate the elongated intermetallic
stringers and to decréase the ‘degree of preferred
orientation.* The material was forged between 970
and 1050°C, rolled to within 1259, of final plate

* thickness between 500 and 785°C, beta heat treated

3

and quenched, finally rolled to finish gauge at
480-540°C and then alpha annealed and quenched.
Zircaloy-2 plate, sheet, and rod have been success-
fully fabricated commercially by this schedule.

A typical microstructure for such plate is shown
in Fig. 3. Comparison with Fig. 1 reveals the elimina-
tion of intermetallic stringers and considerable reduc-
tion in preferred orientation which is effected by the
new schedule. The stringer appearing-in Fig. 3 is a
gas stringer, formed from gas entrapment during
melting. The effect of beta treatment was shown by
rerolling some of the plate previously studied, follow-
ing the latter part of the recommended schedule, and
determining the change in preferred orientation. The
dotted lines jn Fig. 2 are from this refabricated
material and show a 50%, reduction in intensity and
a 20° rotation of the peaks, indicating reduced
anisotropy.

The effect of preferred orientation on ductility can
be assessed by the examination of broken tensile

P/1993 USA
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Figure 1. Microstructure of a Zircaloy-2 plate fabricated by
conventional commercial practice, showing preferred orientation
“and large intermetallic stringers : chemically polished; anodized; -

polarized light. 3¢ 350

AS-RECEIVED
=== AFTER FABRICATION

0001

INVERSE POLE FIGURE
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000t 1074 . {010

INVERSE POLE FIGURE
+  TRANSVERSE DIRECTION

2o

a—— AS-RECEIVED
- AFTERREFABRICATION

odot ' 1014 1013 1T ) 0.3
1010 T
312 183 1010

INVERSE POLE FIGURE
NORMAL DIRECTION

«

Figure 2. Inverse pole figures showing decrease in anisotropy

by developed fabrication schedule: solid lines, as-received;
dotted lines, after refabrication

Flgure 3. Microstructure of a Zircaloy-2 phte fabricated by
developed schedule, showing reduced preferred orientation,
absence of intermetallic stringers, but presence of small gas
stringers : chemiczlly polished, ancdized ; polarized light. x 350

specimens and by Charpy impact tests. In these
metals, the cross sections of both the necked portion
and fracture surface of tensile specimens are ellipti-
cal. For Zircaloy-2 plate, the major axis of the
ellipse was always oriented in a direction normal to

-the plate surface, indicating less ductility in this

irection. The lengths of the two axes of these ellipses
are reproducible and the ratio between the percen-
tage reduction in the two directions provides a
measure-of the anisotropy. With the improved fabri-
cation schedules, these ratios have been reduced by
a factor of 5 to 8. The reduction in the anisotropy of
Zircaloy-2 plates can also be shown by impact tests:
Figure 4 presents Charpy V notch impact curves,
obtained with samples, and notches, cut from various
ortentations of a plate fabricated by the conventional

schedule and from material fabricated by the

improved schedule. These latter curves show more
nearly uniform impact energies and transition regions.

WELDING

Large structures would be very difficult to fabricate
from zirconium or titanium alloys using inert-
atmosphere boxes to provide protection from conta-
mination. Furthermore, the method of shielded weld-
ing, which was used to fabricate the Homogeneous
Reactor core tank and which was described at the
first Geneva Conference,)® is not adaptable for the

field welding of complex structures, such as the
piping associated with the Homogenebus Reactor.
Recently, it has been found possible to' make accep-
table weldments in unalloyed titanium using. only

conventional tungsten-electrode, inert-gas, arc-welding .

equipment.® The same procedure can be used some-
what less successfully for welding Zircaloy-2.

In this new procedure, the contamination is reduced
by maintaining a complete, inert-gas blanket and
increasing the freezmg rate of the deposited metal.

The face of the weld is blanketed without turbulence

ar
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Figure 4. Charpy v impact energy curves for various specimen orientations of Zircaloy-2 fabricated by : left, conventional
commercial schedules; right, by developed schedule ‘

by carefully controlling the gas flow rate and by
using a large gas cup. The root of the weld is pro-
tected by inert gas back-up of the weld zone. A
smaller molten pool is produced by reducing the
power input and by using small root and land
spacings, thus reducing the area and time available
for contamination to occur.

It was found that such welds would have adequate
toughness if the hardness did not exceed 220 DPH.
This requirement could be> met consistently in
unalloyed Ti weldments, but, at present, it is not
possible to keep the hardness of Zircaloy-2 weldments
below 220 DPH. Nevertheless, a considerable degree
of toughness is maintained in Zircaloy-2 welds.

HAZARDS

Three factors of importance to the safety of reactors
using zirconium and titanium alloys are the effect of
radiation on their mechanical properties, the possi-
bility of hydrogen pickup and embrittlement, and the
effect of operating conditions on their tendency to
react with oxygen.

Subsize tensile and impact specimens of Zircaloy-2,
crystal bar zirconium, and A40 titanium have been
irradiated in fissioning aqueous uranyl sulfate solu-
tions at temperatures of 250 to 280°C and to inte-
grated fast fluxes (> 1 Mev) of up to 3 x 10" nvt

for zirconium and 10™ nvt for titanium. The latter

undergoes slight . embrittlement with increases in
tensile and yield strengths and decreases in reduction
of area amounting to about 109, of the values of
unirradiated material. On the other hand, zirconium
appears not to suffer from embrittlement, since only
in the yield point were changes noted, these being
very small. -

In an aqueous reactor, hydrogen may be formed
by both corrosion reactions and by dissociation of

the water. If such hydrogen should be picked up by
the zirconium, severe embrittlement would resuit.
Samples of Zircaloy-2 and crystal bar zirconium have
been placed in the in-pile corrosion loops and exposed
to fissioning uranyl sulfate at 250° to 280°C for
more than 1000 hr. Under the heavily oxidizing
conditions bf these loops, very little, if any, hydrogen
was picked up by the zirconium.

Unfortunately, both massive Ti and Zr can react
quite rapidly with oxygen - under circumstances
where the ordinary engineering alloys are quite inert.
The conditions under which such reactions occur have-
been investigated by E.M. Kinderman’ and co- °
workers of Stanford Research Institute.

Two types of tests were developed for studying the
ignition reactions; in one, a dynamic-atmosphere
test, a thin metal disk was fractured by either gas.
pressure or by a plunger; while in the other, a static-
atmosphere test, either a thin sheet or a }-in. rod
was broken in tension. In.either test, composition,
pressure, and temperature of the atmosphere could
be varied. It proved to be surprisingly easy to initiate
combustion of titanium in both types of tests. Igni-
tion and complete consumption of both disks and
rods occurred when titanium and Zircaloy-2 were

_ ruptured even at room temperature in a high pressure
of pure oxygen.

The limiting conditions for ignition of A55 tita-
nium are shown in Fig. 5. The upper curve was deter-
mined under the static conditions of the tensile-type
test, while the lower curve was determined using a
disk ruptured mechanically and with high velocity gas
passing through the rupture. Reactions occurred

-under conditions shown by the area above the lin
but not under those below. :

"In a high-velocity stream of pure oxygen, reaction
occurred at pressures as low as 50 psi with titanium.
The lowest curve in both figures becomes asymptotic
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Figure 5. Limiting conditions for titanium combustion reactions
according to tests at the Stanford Research Institute

with the pressure axis at about 35%, oxygen, indi-
cating that no reaction will take place with leaner
- mixtures at any pressure. It should be pointed out
that, with higher velocities than those studied, it is
possible that the critical oxygen pressure is even
lower than shown.

A point of major interest in the consideration of
the use of titanium in aqueous reactors, with their
steam pressurization, is that similar curves result
when the oxygen is diluted with either helium or
steam. The water vapor apparently does not enter
into the -ignition reactions. As would be predicted
from these curves no reaction takes place when the

sample iy fractured under water even if the water is

saturated with oxygen.

While zirconium is similar to titanium in that
auto-ignition can occur, the critical oxygen pressures
appear to be considerably higher. Where under
dynamic conditions titanium ignited with 50 psi
oxygen, a zirconium disk required 500 psi. Under
static conditions a 0.015-in. thick strip of titanium
ignited at a pressure of 350 psi but a similar strip of
zirconium required 750 psi. A i-in. titanium rod
1gmted under the same COI'ldlthl’lS as the strip, but a
zirconium rod did not ignite at 1500 psi oxygen. On
the other hand stainless steel, aluminum, magnesium,
iron, tantalum, niobium, and molybdenum did not
ignite at oxygen pressures as high as 2000 psi.

Although the pressures of the present reactor
concepts do not fall within the reaction range, the
ignition hazard must be considered in future designs.

In summary: neither titanium nor zirconium appears
to be very susceptible to radiation damage; both
titanium and zirconium can react rapidly if fractured
in an oxygen-enriched gas, but fortunately not in

oxygénated water; and hydrogern pickup of Zr and Ti
alloys does not appear, at the present time, to be
a hazard in oxidizing environments.

ZIRCONIUM ALLOY DEVELOPMENT

* Zircaloy-2 is satisfactorily resistant to corrosion by
uranyl sulfate solutions in the absence of radiation.
However, if the metal-liquid interface is subjected to
radiation by heavy fission fragments, the corrosion
rate increascs sharply. It has been found that this
rate can be reduced by alloying zirconium with Nb,
Pd, or Pt. The zirconium-niobium-base alloys can be
heat-treated to attain high strengths with moderate
ductilities. However, under many conditions, brittle
alloys result, creating problems in welding. Sufficient
metallurgical data have not been obtained on the Pd
or Pt binary systems to include a discussion of them
in this report.

The hardness of Zr-159%, Nb alloys, quenched from.
the beta region and aged, increases with time at a
variety of temperatures as shown in Fig. 6. It is
clear that hard and presumably brittle structures are
to be expected in multipass welds in such alloys.
Studies are being made to'delay such hardening by
the addition of ternary solutes. That success in this
direction has been achieved by the addition of 29}, Pd
or 2% Mo to the 15% Nb alloy can be seen by com-
paring Figs. 7 and 8 with Fig. 6.8

Metallographic and X-ray diffraction studies are

being made -of the structural changes accompanying
the hardness changes. It has been found that consi-
derable differences in hardness can occur without
visible changes in microstructure, as can be seen in
Fig. 9.
- It appears that thelc are at least three metastable
transformation products in the Zr-159, Nb alloy and
that the transformation sequence is quite complex.
it has been demonstrated, however, that the major
hardening is produced by the decomposition of the
retained beta phase to omega plus beta enriched in
Nb. The omega-phase structure has been found to be
hexagonal, in agreement with the work of Silcox,
Davies, and Hardy? on Ti-V alloys. $

Cursory fabrication studies have been performed
during the course of the alloy development program
in the preparation of sheet specimens for the transfor-
mation kinetics study.’® All of the Zr-Nb-X alloys
have been hot-rolled from 800°C quite successfully.
A sponge-base Zr-15%, Nb ‘arc-casting has been

-successfully extruded at'950°C.

A small amount of mechanical property evaluation
of the Zr-15% Nb alloy has been performed. An

t 1f this structure be heated to 600°C, the omega phase
disappears within two minutes. At the end of two hours, the
structure consists of alpha plus enriched beta. At the end of
two weeks it consists of alpha, enriched beta, and the niobium-
rich phase. These results are consistent with the Zr-Nb
diagram as determined by Rogers and Atkins?® The dilato-
metric arrests found by Bychkov, Rozarrov, and Skorov,!t, 1
at 550°C are ptesumably to be attributed to the changes
outlineéd above and not to a eutectoid transformation. '
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Figure 8. Time, temperature hardness curves for beta-quenched
and reheated Zr-15%, Nb-29/ Mo alloys

ultimate tensile strength, at room temperature, of
200,000 psi (with no elongation), was obtained on
specimens beta-quenched and aged at 400°C for two
hours. An ultimate strength of 150,000 psi, a yield

strength of 135,000 psi, and an elongation of 109, at

room temperature has been obtained for a Zr-15%, Nb
specimen aged at 500°C for two weeks. The same
aging produced an ultimate strength of 105,000 psi,
a yield of 90,000 psi, and an elongation of 16%, in
one inch at 300°C. .

While the Zr-15%, Nb-base ternary alloys are still
of interest primarily for their potential improvement
in corrosion resistance, they show promise of a wider,
more general use. These alloys are the first zirconium
alloys that may be treated to high strength and yet
are weldable and fabricable alloys. They show prom-
ise of becoming a structural material usable in
reactors.

A

FUNDAMENTALS OF ALLOY BEHAVIOR

In addition to the development of new alloys,
progress has -been made in understanding zirconium
and titanium alloys from a fundamental standpoint.
The starting point in this work has been an exami-
nation of the binary equilibrium diagrams.

As a result of the electropositive natures of zirco-
nium and titanium, the more concentrated alloys are
nearly always characterized by brittle, intermediate
phases of narrow solubility range. These phases are
especially stable with electronegative solutes like Si,
Ge, Sb, B, C, N, and O, or with Group VIII solutes
such as Co, Ni, and Pt. On the other hand, they are
much less stable with elements such as Cu, Ag, and Au,
and with other elements of Group IV-A they are
absent. entirely. These intermediate phases are of
considerable theoretical interest; but, for reactor
construction, the region of interest is limited to the
zirconium-rich and titanium-rich alpha and beta
phases.

Understanding of the factors governing the phase

boundaries between these terminal phases has been

In both Zr and Ti alloys, the a/f phase boundaries
are depressed and a eutectoid-type system results with
each of the transition elements and with the elements
Cu and Ag. The a/ boundaries are raised by elements
from B subgroups, I1I-B, IV-B, and V-B. This corre-
lation is improved by making an allowance for
atomic size effects which, when large, rotate the
boundaries downwards. With appropriate allowance
for size effects, a linear relationship between the
electron concentration and the mean temperature of
the «/B boundaries can be deduced in terms of the
conventional metallic valencies for the solutes as
follows: 1 for Cu and Ag, 2 for Cd and Zn, 3 for Al
and In, 4 for Sn and Pb, 5 for Sb, and 0 to 1 for
transition elements. This relationship is consistent
when Zr and Ti are made equivalent in valency to
Cd, or divalent in the metallic state. The divalency
implies that two of the four outermost electrons,
presumably the 4d electrons of the free atom, are
not important’ in alloy formation. Such a situation
would make alpha Zr and Ti analogous to hexagonal
Mg where the Brillouin zone structure is fairly well
understecod and where the addition of -electrons by
alloying expands the axial ratio. In fact, this effect
does occur in Zr#® and Ti* although a complete
understanding of the allaying effects of the axial ratio
is not currently available; in particular, because there
are uncertainties about the role of the d electrons in

- this process. Investigations of these alloys are conti-

nuing with an investigation of the electronic specific
heat at liquid helium temperatures. The initial

~results for the alpha phase of the Zr-In system® -

show an increase in the density of-states of Zr, which
is large enough to measure accurately and which
agrees with the expansion of the axial ratio by In
alloying in terms of a Brillouin zone overlap. When
these measurements have been completed, with

- solutes of other valencies, more definite information

will be available about the validity of various theore-
tical models for these Ti and Zr alloys.

As can be seen in Fig. 10, the clements which
permit choice of alpha- or beta-type alloys are clearly
defined by this electron concentration and size-factor
rule. The possibilities of mechanical-property improve-
ment by precipitation processes or the avoidance of
the allotropic transformation in fabrication or thermal
cycling can thereby be predicted in these alloys
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CONCLUSION

In summary, Zr alloys are currently available with
better neutron and corrosion properties than any
other known reactor material of comparable strength
and ductility. Progress has been made towards
resolving some of the special problems in these and
certain Ti alloys such as fabrication and welding
procedures, improved corrosion resistance under
heavy particle bombardment, and the delineation of
buming hazards. Ultimately, alloy development may
permit full utilization of the strong binding forces in
these metals, indicated by their high melting point

and heat of vaporization, in terms of mechanical
strength at higher temperatures. More immediately,
alloys which are less sensitive and more resistant to
contamination. in fabrication are urgently required
to reduce the cost of preparmg zirconium and tita-
nium materials.
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