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ABSTRACT

The elements Sn, Mg, Ti, Zr, Hf, Si, C4, and U were alloyed
with plﬁtonium fo determine their effect on stabilization of the beta
phase., Zirconium.was found to be the most effective. Kinetic studies
vere condgctéd on Pu-Zr alloys having 0.2k, 0.65, and 1.7 a/o Zr con-
tents. The beta to alphé»traﬁsfbrmation iniﬁhe Pu~Zr alloys was
samewhatAsimilar to that.in unaiioyed plutonium. The main differeﬁce
being that Time, Temperature, Transformation curves of the allcys
were shifted to the right as ﬁhe zirconiﬁm concentration increased.

Tt was determined that the amount of beta Phase retained at
room temperatupe increased.as the zirconium concentration increased.
The minimum amount of Zr needed to stabilize the beta phase of
plutonipm at room temperatﬁie was determined to be 2.0 a/o. A 2.4 a/o
Zr addition stabilized the beta phase of plutonium at atmospheric
pressufe frdm rde temperature to 265 C.

During m?chanical property testing it was determined that the
stabilized beta‘Pﬁ;Z.h a/o Zr alloy was brittle from room temperature
tob23Q Ci :Bothmtensiie and compression stréngths of the beta stabili- '
zed allothére'greater than the unélloyed be%a phase of plutonium.

A brittl§:ductile transition was nofed between 130 and 180 C

.on the Pu-0.65 afo Zr alloy.:

'ége.hardening étudies were conducted at room temperature with
a Pu-2.4 afo Zr alioy. A slight aging'efféct was noted due to the

precipitatibn’of an intermetallic compound.
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Compression tests on the Pu-2.k a/o Zr alloy iandicated that

below 80 C the stabilized beta phase started to transform to al

pha
vhase during the spplication of compressive loads.

Vi



A
A

1t

d
e

TABLE OF CONTEIT

[
2

CHAPTER PAGE
L IVTRODUCTION evvvevonvcnosrosscccneasseccccccssaasssscnns 1

Furpose OF SBUAY vveeeveeereeresatacscssovsostscascssanss
Titerabure SUTVEY soeseesocrcccrsvescsnsocssancvsoavosns

IT EXPERTMENTAT WORK L iiuveveessenesscicacssosnsscsccsasasanss

Vi W W

Byperimental Material and Alloy MakeuD seeecescocsososss

o

AA—J_lO::fE‘...‘ wvlatiol‘l @ S 0 8 O P & 4P O 0 S D00 E SO NN LY SO PE OO0

(@)

¥inetic Determination TeChNigliSs seeescercscoscoccscnsae

Y

s o 3 o Pl ey 3 . m y S o~
Mechanicel Testing TechniigUeS sovvsvvosecooscocsvoscaans 13
PN B P A4 - - <
Metallographic ProCedill? weeecsvcscocasosssasasosossones 1c
T ORECULNS AND DTSTIISSTON {
II_‘_ ReEouiilo SN0 "..'.L)’vﬂ.,l-dt)_-ol\‘.' ® 6 0406060 680060600066060606000606ese00s060e860 19

Mechznical Pfoperty Studies with the Pu~Zr 21107 cevveawe 3L
Tensile Property STUdies seeeeseoscesrocsennsnnnovennnes 30
Compression Property SHUdieS soeecsosccscvnsossocasasnss 45
Age Hardening Studies‘.,..........,.............,....... .
IV SUMMARY AND CONCLUSIONS +etuuveennnennnseeenneseneeonnnees O
BIBLTOGREPHY «vvueenensonsnneanencanonnensenniosennenesnasnes 58

.A})quDIX '0--oocvoootnaolooootno.onccocc-oo.-nooootccon.-on.'oot 61



LV

. e

Yo.le

ooy
/
v

™
oy

-

T, PR S
SO0, LEUTEYTEATITE s eesvesosetocacsovsstsccesansccses

Terngile Progert

1}
Lo Tea AT e :
O L LU0V ceececscsesansune

Pronerties of Various

Ornivm~Zirconium A1l

Elevated Temperes

2o e e se o0

assion ¥

Temverature on thie Comp:

1 .
u-2,4 a/o Ze AlICY vevevescncnoas

Axing Tinme on the

1dy of the

n

= -~ ] - - . . - /
Properties of z Beita Stabilized Pu-2.4 a0 T

ll'\.llo')r 4 68 60000 00® 0806060608060 0000080006006Es060e0d2Pssssasso

Chemical Anslzrsis of Plutonium and Other Metalis

i

Tjsed il’l\i'l_.l.loy S-t-,ldies .b.v’l...o.'..o‘..'l...ll.od..‘.i

Ln




(]

FIGURE

-3

0
e

il.

12,

[
(&S
.

LIST OF FIGURES

E

Graphite Mold znd As-last 0,250 Inch Diametex

Tenzile Specinens ...........;....................
Schematic Diagram of Gioved Box and Automatic

Recording Balance Used in Kinetic Studies ceeveeee
Evacuable Glove Box with Atltending Equipment

Used in Kinetics Work with Pu-Zr ALIOYS ceeeoscess
Machined 0.250 Inch Diameter Tensile Specimen ......
Aetual Size Machined Compression SPeciliél seceececens
Removable Hood Arrangement for Mechanical Property

TeSTING cvvecvresocorssnscnsssscoonecassncasassonsccocs
Engineering Stress-Strain Relationship for Beta

Stepilized Pu-2.4 afo Zr Alloy at Room Temperature
Stress~Platen Displacement CUrveS «.veveeeenvnsocass
Pilutonium Zirconium Equilibrium Diagram

0-35 Atomic Per Cent Zirconium_............‘.'...,
Weight Change Versus Temﬁerature Curvg Tor

& Pu-0.65 /0 Zr AL10Y +eeeeeenecoconnnsonacannns
Weight Change Versus Temperature Curve for

8 Pu-0.65 2/0 Zr ALIOY vevevveecsosnncacsonscaasas
Weight Change Versus Temperature Curve for

Pu-1.7 8/C Z2 AJLOY eeeevevrnvacnannnnnononassnans

Tsothermal Reaction Curves for Pu-C.2kL a/o Zr Allc

PAGE

12
1k

1h

1k

22

23



L]

FIGURE

}_J
=

b
W
.

}__l
O

22,

N
(@3]

[§¥]
N
.

Isothermal Reaction Curves For Pu-0.2% afo Zr Alloy ...
PR N D o Pl e o T Lo / -
Izgthermal Reactlicn Curves for Pu-0.05 aj/o Zr Alloy ...

T e T e I ey P o -
fosthermal Heaction Jurves Zcxr Pu-C.05 a/o Zr Allcy ...

Unalloyed Plutonium, z Pu-0.24 z/o Zr Allcoy and
8 Pu=0.65 a/0 Zr A110F veeuverrrnnnureeeannnneseennns
Isothermal Reacticn Curvz of Pi-l1.7 a/o Zr Allcy

R I I R R I I I I R N A R I N R R I

pres

Fhotomicreograph of Pu-1.7 afo Zr Alloy Feld at 220 C

i

for 24 Fours and Then Quenched to 30 C 5 Hours after

7

o

Quench and Phéﬁomicrograph off Smme Alloy 48 Hours
HT0ET QUEMACH tv et e iveneescnsscnacsacensssssaconsnnens
Elzctrovolished Pu-2.4 a/o Zr £Ailcoy, Polarized
Tliumination, 1COX. GCrain Size.0.0QB vt S AU
Start of Transformation at -20 C Versus Zr
Concentration sveeeeerreneoeseseseesconooeacscsannces
Effsct of Temperature on Tensile Strength of
Pu-2.4 2/o Zr #11oy and Unalloyed Plutonium .e.......

e

Comparison of the Effesct of Temperature on Ductility

of Unelloyed Plutonium and a Pu-2.L a/c Zr Alloy ....

X

32

Lo
w

%)

T

(O%)
-3

39



27
_

D

\O

ol
PAGE
Delomaticn and Frecturs of a’c Zr Alloy
Tested at 20C £, Middle
o

IR I IR S B R SR S I I R I R PR S i

L

£ ieteenieieseoecsvoancnnansnnss

L6

Yr 8iioy, a Tu-0.65 a/o

[

Zr Allcy Tested at 130 L7
~O O / 7.
[N Il ot ‘&/C e

A Unalloyed Plutonitll ceveeeceeesesaconseeses Lg

] ey o TR /- AT T e o Ry
Aging Curves for Tu-z2.4 z/o Zr A11ov at 30 C vivennnnn. 52



Jutonium metel is unique in that it is characterized by six
solid allotropic forms. In accordance with conventional practice
these solid allotropes are called «w , B 5 v 5 é 5 5’, and ¢ . As
shown in Table I the stable temperature ranges of any of the phases

are not extensive.

TABLE T

CRYSTAL STRUCTURE OF THE PLUTONIUM ALLOTROPES
£11o- Rengs of Crystal No. of Atoms X=-ray
trope Stability (°G) Lattice per Unit Cell Density (z/cc)
Alpha Below 122 Monoclinic. 16 19.82
Beta 122-205 Monoclinic 34 17.70 -
COrthorhombic
Camms, 2C56-319 Face Centered 8 17.1k

Cubic Face

Delta 319-k452 Centered L 15.92

Delta Tetragonal :

Prime 452.0580 Body Centered 2 16.00
bic Body

Epsilon L80-640 Centered 2 16.51

As expected, a metal with these characteristics has rather
limited engineering application. Consequently it would be very de~
sirable to stabilize a high temperature allotrope of plutonium so

that a single phase would exist over a wide temperature range.

L
-
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N
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Since the factors which influence the stability of one phase
with raspect to ancther are poorly understood even for such common
metals az iron and zirconium which possess only two sollid allotropes,
it is dirficult to predict which elements are likely to cause stabili-
zetion of a particular allotrope of plutonium. Some idea, however, as
to what elements might stabilize a high termperature phase of plutonium
e o o 2 . 1,2
could be obtained from a study of the existing equilibrium diagrams.
These indicate that both the veta and delta phases of plutonium can be
stabilized st room temperature by proper alloy additions. In unelloyed
plutonium the delta phase is characterized by a cubic structure, high
ductility and very low sﬁrength,3 The bets phase has a monoclinic
structure and is considerably stronger and more ductile than the delta
L :
vhase,™

A good deal of effort has been expended in studying the mechani-

cal properties apd the staebility of several of the delta stabilized

ziloy systems,5’6 Although the delta phase is stabilized up to k50 ¢,
it is limited in appl ication because of its low strength. Since no

bete informetion was found an investigation of the stebilized phase of

beta plutonium relative to its rangé of stabllity and mechanical

Ir, w. Schonfeld, E. M. Cramer, W. N. Miner, F. H. Ellinger
and A, S° Coffinberry, "Plutonium Constitutional Dlagrams," Progress
in Nuclear Engineering, Vol. 2, Ser. 5, Pergamon FPress, New York

1959, pp 579-99.

2. A. Bochvar, S. T. Konobeevskii, V. I. Kubaitsev, T. S.
Menshikova and N. T. Chebotarev, "Interaction Between Plutonium and
~ other Metals in Connection With Their Arrangement in Mendeleev's

Periodic Table,”" Second United Nations International Conference on
Peaceful Uses of Atomic Energy, Geneva, 19538, Paper 2197.




properties was considered necessary becauses of its superior strengih,

-

duetility and greater density.

I. PURPOSE OF STUDY

LI

mis study was initiated to determine what elements will stabi-

ize the beta phase of plutonium. In addition studies of beta phase

-

stability as & function cof alloy addition and mechanical properi
-

determination on a stabilized beta phase were to be conducted.

II. LITERATUEE SURVEY

7

Barly work at Log Alamozs’ indiczied that when zirconium in

amounts of S a/o wes added to plutonium the x-ray powder patterns

ghowad the alloy to be beta plutonium. ILater that year8 they reported
ot additions of 3 /o Zr geve an x-ray patiern of beta plutonium at
9

room temperature. Russian investigators” also reported that the beta

vhase of plutonium could be retained at room temperature by adding 3
to 17 Tr/o of uranium to plutonium and quenching.

10

Zachariasen in his work on determining the unit cell of beta

plutonium used 0.5 a/o zirconium to stabilize the beta phase.

*A beta retainer is an element which when alloyed with plutonium
will retain beta phase plutonium upon guenching down to room tempera-
ture.

3H. R. Gardner and I. B. Mann, "Mechanical Property and Forma-
bility Studies of Unalloyed Plutonium," FPlutonium 1960, 513-570 and
Proceedings of the Second International Conference on Plutonium,

(Crencble, Frence) Memoire 36. April 19560.
2

Ly
’..-
L)
[N



crystal structures, velencies, metallic redii and electronegativities

could be added to pluitonium and their effect on beta stabilizat

N

on

evaluated.

bLA3~CM-B~ll~309h, P. 33,

P
6. s e - Myt P
R. 0. Elliot and K. A. Gschneidner, Jr., "Behevicr of Soms
2lta-Stabilized Plutonium Alloys ot High Pressures,  Extractive and
Physical Metellurgy of le*@nvum and Its Alloys, DPP. 243~ 262, New
g scie :

o
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Vol. 12, 175,
11 .. .

D. M. Poole; et al. ~Phase Diagrams of Some Flutonium
Miloy Systems,” Plutonium 1960, p. 278 and Procsedings of the

ar py
. - - =~ - o - = \
Second International Conferencs on Plutonium (Grencble, Francej,

Memoire 6  April, 1960.
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CHAPTER IT

EXPERTMENTAL WORK

Experimental Material and Alloy Makeup. Special precautions

must be used in the handling of plutonium and its alloys. Flutonium
is a fissionable material and an alpha emitter. Because it is fis-
sionable care must be exeréised to prevent the assembly of a critical
mass. Due to its radiocactivity extreme caution must be used in making
certain that the operator is édeqpately protected from exposure and
possible ingestion of plutonium. The alpha particles of plutonium-
239 only have a'penetrating power of 3.68 cm in air and can be ab-
sorbed compleﬁely by a plece of paper;' Thus performing work with the
metal can be dcne safely within a glove on enclosure mainteined &t a
negaﬁive pressure. All work with plutonium at Hanford meets the
safety requirements established by the Atomic Energy Commission.

The plutonium used in this study was produced by £he bomb re-
duction of plutoﬂium tetrafluoride with calcium. High pﬁrity buttons
were produced by thié metallothermic reaction. Prior to alloying the
plutoﬁium buttons were cast into'l/g-inch diaméter rods to improve the
metal quality-and to mroduce a more copvenient.form from which to
make uﬁ alloy stock. See Appendig for chemical analysis data.

When molten, plutonium is highly reactive w&th most elements.
For this reason great care must be teken in selecting the proper
crucible and mold materials. A1l melting must be done under vacuum or

in en inert atmosphere because of the high oxidation rate of plutonium.
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Tantalum crucibles heated in azir to about 500 C until a hard black ox=~
ide coat is establiched were found to be nonreactive with the plutoniuvm
alloys studied. All charges were poured into heated graphite molds
coated with -MgO and slowly cooled to room temperature. No rezction
was evident between the alloys and graphite or MgO. A ﬁypical mold
is illustrated in Figure 1.

Several different procedures were used to make up the various
alloys. The first alloy made was Pu-U. DNo speciél casting technique
was regquired to meke up this elloy. The Pu-U alloy wes made in a
vaecuum resistance fufﬁace. The charge was loaded in a tantalum cru-
cible and held molten at 1200 C (this exceeded the melting poinfs of
both metals) for 20 minutes and ﬁhen poured into a graphite mold.
Because of the high-melting points of Ti, Zr, Hf, and Si it was
necessary to first meke master allocy buttdns by arc fusion. The
masher alloy buttons could then be charged with the proper amocunt of
plutonium in the vacuumvresistance furnace and cast as before. Since
the boiling points of Cd and Mg are low, subsfantiai.amounts are lost
by vaporization when charges containing them ere heated in Vécuo to
the 640 C melting point of Pu. To reduce evaporation the charges
were melted in helium at 2 atmospheres of pressure.

' To insure good homogeneity in the make up of all but Cd and Mg
alloys each alloy charge was_meltea ana cast at least four times.,

The Pu-Zr alloys were the only alloys chemically analyzed.

The reason for this will be explained below. The method'of analysis

for zirconium is‘described by Bricker and Waterbury.l
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I. ALLOY EVALUATICN

To avoid altering the naclear propercies of'pure‘plutpnium
appreciably, the'introduction of foreign atoms was-held to a maximum
of 3 a/o except with uranlun, §e3° Lelﬁg fissionsble. The beta stebi-
lizing effects of thg alloying elements were evaluated by densityband
x—fay éiffraction measurenents, Table II. The data indicate that T4,
Zr; and  Hf retain varying amounts of beta phase depending on the
amount added. The other alloys produced mixtures of alpha phase

plutonium and intermetallic compounds in which even beta heat treat-

ments and quenching to room temperature would not produce retained
X & v ,

From the above studiesg it was found that a zirconium addition
wes the most effectvive in retaining the beta phase at room tempera-
ture. Consequently, the kinetics and mechanical properties of the

Pu-Zr alloy system will Ee the only one discussed in this thesis.
II. XINETIC DETERMINATION TECHNIQUE

- The transformation kinetics of Pu-Zr elloys were studied using
a fluid displacement technique where the volume change of a plutonium
specimen wag determined as it transformed. Wafers 1.45 inches in

diameter and 0.0SO to 0.070 inch thiék were prepared. A hole was

lC. E. Bricker, and G. R. Waterbury, "Separatlon and Deter-
mination of Microgram Quantities of erconlum, Analytlcal Chemistry,.

Vol. 29, 1957, pp. 558-561.
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A COMPARISON

OF VARTOUS BINARY ATIOYS AS TO THEIR ABILITY
TO RETATN EET

A 1;? ASE PLUIONIUM AT ROCM TEMPERATURE

Alloy As Cast ‘ 4 Plutonium
Cemposition Density (g/;c} Fheses Present
Pu - 2 a/o 8n | 18.92 - o
Pu - 3 a/o Mg 18.79 o
Pu -.3 afc Cd 18.85 o+ 8
Pu - 1 &fo 81 16.35 @+ 6
Py - 1 a/o T 19.25 o+ B
Pu - 2 a/o. Ti 18.59 o+ B
-d§-3-a/o w5 17@9 o+ B
Pu - 0.2k a/o Zr 19.56 o
Pu - 0.65 afo Zr 19.33 o+ B
Pu - 1.7 afo Zr 17.56 o+ B (o< %)
Py - 2.4 afo 7r 17.38 8
Pu - 1' a/o Hf 19.11 o+ B
Py - 2 afo EF 17.25 @+ B+ b
Pu - 3wfoU 19.02 o
Pu-Tw/oU 18.72 ‘ o
Pu -.15 w/é U 18.53 o

SN YAL
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drilled near the e’ge the wafer so that a wire could be attached.
:The waler plus wire could then be suspended in solution from the begm
of an enalytical balance, Figure 2. To avoid the effect of cémposi—
tion variations kinetic studies were conducted on semples from the
same casting heat.

Because of the oxidation of Pu-Zr alloys in air at elevated
temperatures speclal liguid baths and glove box atmospheres had to be
used. Degassed Dow Corning 760 silicone oil did not react with the
alloys at temperatures up to 200 C, when used in an inert atmosphere.
An argon atmosphere was provided by evacuating a glove box, Figure 3,
and back filling with argon. It was necessary to use carbon tetra-
cﬁloride and dry ice at -22 C as.the oil was too viscous. Acetone
and dry ice was used as the quench medium at -4O C and -80 C.

Weight change versus temperatufe curves were cobtained from
26 C to 300 C for each alloy composition.

Isothermal reaction curves for the beta to alpha transfor-
matiQn were obtained by solution heat treating at 175 C for one-half
hour, quenching to temperatures between =80 C znd +75 C and holding
until no further apparent transformation as indicated by weight
change. The fraction transformed was plotted as a function of the

time of transformation and was determined from the following

relationship.

(\’j)'\_
Sk
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W, = velchc in sclution at any time

Wf = welght of specimen at holdﬁng tempera~
ture after being cold treated at -20 C.
: S

It shcould be pointed ocut that We does nct necsggarily indicate that
£
ould still h

the transformation was complete. There ave been beta

[@]

phase presgnf, However, after the cold treatment at -20 C and re-
weighing at the holding temperature no welght change or density change
wag observed afier many hours. Therefore, the ﬂransformaﬁion a8 con~
sidered complete. The time elapsed while transferring the sample
from the heat treating bath to the quench bath and then allowing the

.L

recording balance to stabilize was approximately ten seconds.

IIT. MECEANICAL TE

Méchanical property tegts were conducted cn 0.250 inch dia-
meter tensile specimens, Figufe L gnd 0.500 inch diameter, 0.750 inch
long cémpréssion_specimens, PMgure 5. The tesgt specimen designs had
been prev1ously evaluated on unalloyed pluitconiun and Lound to be
satisfacfory.2 A1l specimens were tested on a 440,000 pound Beldwin-
Tima~-Hamilton Universal Tgsting Machine eqpipped’with a glove box,

Figure 6.

2. . . -
Gardner, op. cit., pp. 519, 53h.



At room temperaiure a Baldwin Separeble Averaging Microformsr
Extensometer wasg uged with the tensile specimens to obtain a stress-

strain curve. TFrom the curve, Figure 7, 0.01 pesr ceat yield sirength

modulug of elasticity and elorngetion Gata could be determined. A one-

-3

e length was used as a basis for the elongation datz. At

an_extensom~v:ﬂ vas not used since the tTyyp
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available either gouged the specimen cor slipped on the gege diameter
at elevated temperaturss. However, oy u ilé a Ealawln Platen Deflece

-ould be obtained, Figure 8.
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Since it was not possibl

to strain in the tensile specimen a siress-sbrain relationship could

determined. However, an arbitrary yield strength could be determined

from the load-~platern displacsment curve. The initial porticn of the

strength deta was also obfained for the compression tests.

g

Peanut oil was uzed as a heating medium Tor the elevated

temperature work. A Rrown Pyro-Vane Controller was used to awto-
eiy.. b . -
matically control bath temperatures within . 2 C during testing
Through vigorous agitation 2 uanorm temperature was assured through-
out the bath.
Testing speed, the rate of platen motion, was controlled by a
Baldwin Flaten Motion Pacer. In all studies on the effect of tempera-

.L

ture on was 0.015 incﬁ/minute.

. :"2:3
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IV, METALLOGRAPHIC PRCCEDURE

The metéllographic specimens were mounted in catalyzed Thalco
polyester resin wﬁich completely polymerizes below TO C. Rough grind-
ing was accomplished on wet silicon cerbide paper from 180 through
600 grit. The lubricant used was carbon teitrachloride.

Fine polishing was done on Syntron vibratory polishers. A two
hour polish on billiard cloth with Idinde A emulsion in carbon tetra-

chloride followed by a five to fifteen minute polishing period on

O

Buehler micro-cloth with ILinde A and carbon tetrachloride gave an
acceptable as~-pclished surface finish.
Electropolishing for grain structure was done in a solution of

20 parts tetraphosphoric acid, 30 parts water and 50 parts 2-ethoxy-

ch

ethanol. In the study of grain structure the specimens were electro-
polished for sixty seconds.
Microhardness data were teken on some of the metallographic

specimens. A Tukon Miecrchardness Tester with a 135 degree diamond

pyramid indentor and a 5 kg lozd were used.
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Formation at 115 C which
also at 115 C, & B = ¢ +9 eutectold rezetion occurs between 2 and

3.2 afo zirconium. The B = x allotropic transformation was studied
with Pu-Zr allicys containing 0.24 a;d 0.65 a/o zirconium. The eubec~
told resction was investigated using a Pu-l.7 a/o Zy 8110y .

Weight changes versus tempersiure curves were dsetermined for

12 curves for the Pu-0.24

incomplete. Since the per cent weigh®t chanse sssocisted with +the
alpha té teta transformation is smaller Tor the Pu-0.65 afo Zr alloy
than for Pu-0.2k afo Ir it is seen that more beta phase is retained:
belcﬁ the belta to alpgé ﬁransformation‘as zirconium concentration is
increased. The ru~1.7 a/o Zr alloy ret_Lrs The beta phase from room
tempéraﬁﬁfe to 265 C where tranéforv tion to thé ganmma, phase OCCures.
Thus addition of 1.7 a/o Zr extends the stéble range of beta approxi-
mately 60 C abové the normel beta to garma transformation at 206 C.

s

Iscthermel resction curves of the cheracteristic sigmoid shave were

/
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2k
obtained for the Pu-0.2L afo Z and Pu-0.65 afo Zr alloy, Figures 13,

that the

)
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ik, 15, and 16. The reaction curves for il
naximum rate of transformation occurs at abcut =20 C. Above and
below this temperature the reaction rate is slower. The degree of
transformation in the alloys isg influenced by zirconium concentration
and isothermal holding temperature. As zirconium concentration in-
creases lower holding temperatures are required to obtain complete
transformation. The athermal nature of the transformation is demon-
strated by the Tact that the degree of transformaition at a particular
holding temperature can be vncreasea by lowering the holding tempersa-
fare. In the Pu-0.2L a/o Zr alloy holding at T1l C results in L0%
alpha transformation. Lowering the holding hemperature causess Ifurther
beta to alpha transformation.

The retention of beta phase balow the normal B = ¢ Transfor-

ion temperature has been observed in kinetic studies on the beta
to alpha transformation in unalicyed plutonium,l?g The British

suggest that while a normal nucleation and growbth mechanism is indi-

cated certain athermsl charactseristics are present.

Prom the isothermal reaction data typical C-shaped Time-

lR D. Nelson and I. D. Thomas, "Transformation Kinetics of
Plutonium," Proceedings of Second United Naticn International Con-
ference on Peacerful Uses " of Atomic Ene rgy (CGeneva), 63 170-173
Tew York: United Nations, 1958.

2R. . Loasby and J. N. Lowe, "Kinetics of the Beta-Alpha
Transformation in Plutonlum," Plutonium 1960, pp. 3-16, Cleaver-Hume
Press Ltd., London, 1961.

(93]

Nelson, op., ¢ib., pp. 170-i73.
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29
Temperature-Transformation curves were cbtained, Figures 17 and i8.
Note that as zirconium concentration is increased the T-T-T curves are
shifted to the right indicating a slower transformation rate. In
addition, the Pu-0.2% and Pu-0.65 a/o Zr alioys have critical holding

temperatures of 80 and 60 C respectively. Above these temperatures the

[0]

transformation will not occur for leng periocds of time.

The T-T-T curves for the beta to alpha transformation in the
Pu-0.2L and Pu-0.65 a/c Zr alloys are similar to those for unalloyed
plutonium. The main difference being the rate of transformation. For
comparison T—T—T curves for 50 per cent transformetion in unalloyed
plutonium and in the Pu-0.24 afo Zr and Pu-0.65 afo Zr alloys are
presented in Figure 19. The beta to elpha transformation is much more
sluggish in the alloys then it is in unalloyed plutonium. At -20C
the 0.2k a/o Zr addition increases the time for 50% transformetion by
a Tacter of 2 vhile 0.65 a/o Zr increases transformation time by a
factor of 9.

Because of the sluggishness of the beta to alpha transformation
as the zirconium conten i; %ncreased, onlonnevisothermal reaction
curve was obtained on the Pu~l.7 a/6‘Zr aiiéy, Fiéure 20. Since the
reaction rate was gquite slow densities éhanges could be determined as
a function of time. The reaction is only 17 per cent complete after
70 hours. At complete beta to alpha transformation this allioy would
have a density of 19.51 g/cc. After 70 hours a slight increase in
density was observed which is attributed to the precipitation of the

intermetallic compound 6. The stoichiometric proportions of the

SRR
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compound have not been determined. Precipiitation of the compound was
studied at room temperature by metallographic technloues. Disks cne-

g

jwarter inch thick were cut from a half-inch diameter Pu-1.7 a/o Zr

}
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reated at 220 C for 2i4 hour
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and guenched in silicon oil at rocom temperature. The photomicrographs

n Figure 21 illustrate the microstructure at time intervals of 5 and

fde

48

curs after guenching. Note that after 5 hours the grain boundaries

=y

contain no precipitate, however after 48 hours a precipitate is present

+t the grain boundaries. The appearance of precipitate after 48 hours

oy

at room temperature was not unexpected since diffusion would occur
more repidly at rocm temperature than at -20 C. The grain structure
of the alloys remained guite uniform. Figure 22 is a photomicrograph

lustrating the equiaxed grain structure of a Pu-2.4 a/o Zr alloy.

e
}-

The average grain!éiameter of the allcys tested was 0.028 mm.

From the above transformation kinetics information the stabili-
zing effect of zirconium can be determined. When the zirconium con=~
centraticon is graphed against time for the start of the beta to alpha
transformation at -20 C, a curve is obhtained which asymtotically

approaches 1.9 a/o Zr, Figure 23. Thus under ambient conditions a

Pu-2.0 a/o Zr alloy would stebilize the beta phase of plutonium.

Mechanical Property Studies With The Pu-Zr Alloy. The bulk of
the wmechanical property studies were éonducfed with a Pu-2.4 a/o Zr
alloy composition. A 2.4 a/o Zr addition insured stabilization of thé
beta phase at room temperature. Tensile tests were also conducted

with alloy compositions that had less zirconium.

1
’.__

D
Ny
o



35

PHOTOMICROGRAPH OF A Pu~1.7 afo Zr ALIOY HEID AT
220 ¢ FOR 24 HOURS AND THEN QUENCHED
70 30 C 5 HOURS AFTER QUENCH. 100X

PHOTOMICROGRAPH OF THE SAME ALLOY AS ABOVE
48 HOURS AFTER QUENCH. 100X

FIGURE 21
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Tensile Property Studies. The effect of increasing temperature

on ultimate strength of as cest Pu-0.2k afo Zr alioy is illustrated in
Figure 2k. Teble IIT contains the data obtained.

As the temperature increases the strength decrsases. . The ulti~
mate strength of the alloy is grester than unﬂlloyea plutonium for all
test temperatures. The alloy fractuies in a brittle manner up to 210
C. EHowever, it has some ductility at 260 as seen frqm elongation aqd
reduction in ares data. A com warison is made of the effect of temp-
erature on the ductility of unelloyed plutonium and a Pu—2.4 a/o Zr
'élloy, Figure 25. The type gf deformation and fracture at various
sest temperatures is illustrated in Figure 26. Note the necking in

Bzscause of the marked ewbrittling effect that a2.b a/o zZir-
conium addition has upcn the bet haéé of plutonium it was decided

um to determine the. effect of alloy-

P

to 2dd smaller amounts of zircen
ing content on ductility. Since a stable beta phase below 2 a/o Zr
could not be retained at room temperature the tests were conducted in
‘the beta phase at 130 C and 180 C. Table IV lists the strength and
eiongation data as a function of zirconium addition. At 130 C the
elongation falls very rapidly decreasing by a factor of 2 with a 0.5
a/o Zf addition, Figure 27. At }80 C the elongation decreases at a
slower rate with increasing Zr additions. Av 1.7 a/o Zf a brittle
failure is obtained. Obviously very small additions of zirconium

markedly affect the ductility of the beta phase of:plutonium. Ulti-

mate strength is similerly affected by small additions of zirconium,
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EFFICT OF TRMDERA
OF A BETA STAL

TABLE ITT

[N)

T OF TINSTLE PROPIRTIE,
ZED Pu-2.h ofo Zr ALLOYM/

Test  Ultimete  Yield ( Reduction
Tenmp. Strength  Strength Elongation In Avea Heat Treatment
(oc) (psi) (P5i§ (%) _ (%) _ And Remarks
) . - . - S Specimen held at 220 C for 24 hours quenched to room
30 51,000 28,#00(3) .076 - temperature, tested 7 hours after quench.
70 45,506 38, 500 - e Held at 220 C for 5 hours. Cooled to TO C and held for
20 minutes and tested.
130 36,800 33,400 - . Held at 220 € for 5 hours. Cooled to 130 C and held for
. . 20 minutes and tested.
o '
- 160 28,700 23,300 - - Held at 220 C for 5 hours. Cooled to 160 ¢ and held for
-1 20 minutes and tested.
¢ 180 23,835 20, 000 - - Held at 220 C for 5 hours. Cooled to 180 C and held for
8% ’ 20 minutes and tested. '
H
200 18,367 14,300 - - Held at 220 C for 24 hours quenched to room temperature.
: Heated to 200 C qnd held for 20 minutes then tested.
210 13,700 11,600 -- - Held at 220 C for 24 hours quenched to room temperature.
Heated to 210 C and held for 20 minutes then tested.
230 12,2%0 8,300 - 2 Held at 220 C for 2% hours quenched and heated to 230 C
and held for 20 minutes then tested.
250 10,290 T,300 5.0 28 Held at 220 C for 24 hours quenched and heated to 250 C
Tfor 20 minutes then tested. ‘
260 7,800 6,900 6.3 4o Held at 220 C for 2l hours quenched and heated to 260 C

(1) Testing Speed: 0.015

inch@s/ minute

for 20 minutes then tested.

(2) Based on one inch gage length (3) A 0,0l% offget yield strength,
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1
TABLE IV
COMPARTISON OF MICHAWICAL PROPERTIES(l)OF VARIOUS CCHPOSITIONS OF PLUTONIUN-ZIRCONIUM
ALLOY AND UNATLOYED PLUTONIUM AT ELEVATED TEMPERATURES
- : : - _ Average Denéﬁty I o
Test Ultimate Reduction at Room
Temperature Strength Elongation(e) In Area Temperature,
Composition (°c) (psi) (%) : (%) (g/ce) Remarks
a2l afo Zr 180 18,000 —— wie 17 Held ab 160 C 20 min then tested
Pu-2.h4 a/o Zr 130 2859h0 —orin o em e Held at 130 C 30 min then tested
Pu-1.7 afo Zr 180 16,105 - : - 17.55 Held at 180 C 20 min then tested
Pu~1.T7 a/o Zx 130 26,009 o e e o Held at 130 C 30 min tﬁen tegted
Pu~0.65 a/o Zr 180 12,000 100 100 19.21 Held at 180 € 20 min then tested
Pu-0.65 a/o Zv 130 ok, 22k ST Held at 130 C 30 min then tested
I;umO.Zh a/o Zr ‘.‘180 6,448 450 75 19.45 Held at 180 C 20 min then tested
Pu~0.24 a/o Zr 130 13,308 160 30 Held at 130 C 30 min then tested
Imalloyed Pu 180 3,580 503.2 100 19.59 Beta Phase Flutonium
Unalloyed Pu 130 12,100 29L 100 Beta Phase Plutonium

(1) All tensile specimens 0.250-inch diameter. Testing speed 0.015 inch psr minutbe.

(2) Gage length one inch.
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EFFECT OF Zr 'ADDITION ON THE EETA PHASE
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Pigure 28. L rapid increase in strength occurs up to 0.565 afo Zr,
however the rate of increase is much lower as Zr additions are ine-

creased beyond this point.

TFigure 29 illustrates the type of deformation and fracture for
the different Pu~Zr alloys. From the shape of the curves and the
frécture of the Pu-0.65 a/o Zr elloy it eppears a possible brittle
ductile transition takes place between 130 C and 180 C. A pogsible
explanation exists for this marked change in mechanical properiies.

At 130 C & two- Lhace structure could exist where at 180 C a single

rich zirconium alloys two phases do exist at 130 C for a 0.65 a/o Zr

concentration.  However, the published Pu-Zr phase diagrem of the

()

British (see Figure 9) shows a single phase. At 180 C both diagrams

ghow only one phase. The mechanical property reported here seems to’
support Ellinger's data that two phases exist. Consequently, differ-
ent mechanical properties result for the same Pu-~-0. 65 a/o Zy glloy at

the two different temperatures.

Compression Property Studies. The compression properties of a

! ] J -~ /
Pu-2.4 ajo Zr alloy were determ*ned at temperatures from 30 to 220 C.
Teble V contains the data. A comparison between the compressive

strength of the alloy and unalloyed plutcnium is made, Figure 30.

F. H. Ellinger, "Discussion - The Plutonium-Zirconium System,"”

Plutonium 1960, (London: Cleaver-Hume Press Ltd., 1961) , pp. 318-
319.
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Pu -~ 1.7 alo Zr Alloy. Top specimen tested a‘i 180 C botlom
specimen at 130 C. Te ting speed 0. 015 in. /min.
Pu - 0.65 &/o Zr Alloy. Top specimen tested at 180 C botlon
&t 130 C

Pu - 024 alo Zr A%%sy; Top specimen tested at 180 € bottom
at 130 C. : '
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Pu-1.7 a/a g ALLOY, A 731:-.-(‘,»./5 a,’o Zr

PU— £ »-, ~
AIEOY ATD A PL.-»..:»— afo Zr ALLIOY
"{

TESTED AT 130 AND 3.-,\,' C

-~
-
(AN S
;=
- o



RS

D
i
o

reman

TABLE V

(1)

EFFECT OF IL’PLuﬁvu?L o THE COMPRESSION PROPERTTES

\ STARTLIZED Pu-2.4 ofo 2w ATIOY

e

ke

Yield

Test Ultimate Plastic Dacres
Tnm)ﬁr Lure Strength Strength n Length( ) Heat Trestment
(&) (psi) (psi) (%) . (Cc)
60 67,000 59, 800 .6 30 minutes at 60
80 64,600 57,900 5.3 30 minutes at 80
130 53,500 48,700 5.3 30 minutes at 130
160 45,600 51,000 6.0 30 minutes at 160
180 46,800 43,000 5.0 30 minutes at 180
200 32,800 27,700 5.0 30 minutes at 200
220 28,500 26,900 5.h 30 minutes at 220

(1) Testing speed 0.015 inches per minute

(2) Total plastic decrease was determined from load-platen displacement culve at

point of failure.

g
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'aged 5.2 per cent for all temperatures.

50

The compressive stren;th of alpha phase plutonium is greater than the
alloy. The stabilized beta alloy however, 1s considerably stronger
than the beta phase of plﬁtonium. Due_to the tremendous vlasticity
of the beta phase ultimaﬁe'strength data could not be obtained on
unalloyed plutonium.

The al}ey was found to be essentially brittle over the»ranée
of temperatures studied. The total piastic decreaee.in length aver-

During compression testing densities indicated ‘that the trans-
formation took piace below 80 C, at ﬁemperaéures above this the
densities remained essentially constanf. Conseguently, when Fhe
pressure exceeds atmospheric pressure below 80 ¢ zireonium does not
stabilize the beta vhase.

Age Hardening Studies. Since a compound precipitates above

1.5 a/o Zr after quenching to room tempe?ature from a beta solution
heat treatment it was decided to determine whether age hardening
occurs in alleys of a Pu-2.k a/o Zr composition. A series of eight
tensile specimens were heat treatedrat 220 C for 2% hours and then
quencﬁed in eil at room temperature. The specimens were tested in
duplicate et selected time intervals:aftef guenching. The results
are.presented in Teble VI. A slightvaging effect is cbserved with
the alloy, Figure 31. The maximum strength wvas not accurately deter-
mined since tests were not made betéeen 7-and 24 hours after quench=-
ing,; The yield.strengfh data indicate“that-overaging_occurs after

48 hours. The age hardening effect has not been investigated at

ol 081

LR,



1 TC

[q)

2

STUDY OF '[HE EVFECT

TABLE

VI

OF ACTNG TIME ON THE TENSILE PROPERTIES(I)
OF A BETA STABILIZED Pu-2.4% a/o 7w ALIOY '

Aring Tine Ultimate 0.01 Per Cent Reduction Moaulus of Tempel‘:ature
ATter Strength Yield Strength Ilongation In Ares . Elast%city Of Test
quench () (psi) (psi) (%) (%) x 107 (°c)
40 minvtes 40, 000 22,100 0.076 — 6.3 30
T hours 51,000 28, 100 0.28 - 5.73 30
2L hours 42,700 2k, 800 0.081 - 6.09 30
48 hours 43,000 16,200 0.102 o 6.59 30
(1) Testing speed 0.015 inches per minute

(2) A1l tensile specimens were heat treated al 220
in oil at room temperature. '

1
C for 24 hours

and then quenchad
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elevated temperatures. It is reasonable to assume that above 130 C
the intermetallic compound won't precipitate. The aging phenomena

is only expected to be in evidence below 130 C.



CHAPTER IV

SUMMARY AND CONCILUSIONS

The beta phase of plutonium can be retained at room temperature

n varying amounts by additions of Ti, Zr and Hf. Zirconium was, how-

-

ever, the only element vhich would stabilize the beta phase of pluto-
nium with additions less than 3.0 a/q.

Kinetic studies with the Pu-Zr alloys indicate that amounts of
zirconium as little as 0.24 afo slov the beta to alpha transformation
by a factor of 2 compared to unalloyed plutcnium. The transformation
rate was a maximum at -20 C for this alloy.

Time, Temperature, Trensformation curves for the Pu-0.24 a/o
Zr and the Pu-0.65 w/o Zr alloys were C shaped and similar to the
P-T curves for unalloyed plutonium, Critical holding temperatures
a to alvha transformation were observed for the 0.24 and 0.65
a/o Zz alloys. Aoove 80 C for the 0.24 afo alloy and above 60 C for
the 0.65 a/o alloy beta to alpha transformation will not start for
many months.

As the zirconium concentration increases more beta phase
plutonium : is revalned belov the normal beta to alpha transformation
temperature. A 2.L a/o Zr addition stebilized the beta phase of
plutonium from room teﬁperature up to 265 C.

Precipitation of an intermetallic compound was observed when
1.7 a/o of Zr was added to plutonium. Precipitation of the compound

did not occur until 70 hours after the start of the bete to alpha



transformabion at ~20 ¢. At rooa tempersture the compound precipitated
after about 48 hours.

Mechanicel property studies indicate that the Pu-2.h e/o Zr
alloy haz greater c*mp:e:si"e and tensile strength a 4 much lower
ductility tLaﬁ unalloyed beta phase plutonium. As Tegt Temperature
is increased to 260 strength decrecases in.a continucug manner. The
'alloy fractufes prittley up to 230 C while zbove this tempsratur
some ductility is observed.

Tt was noted that smaell additions of zirconium affect the

mechanical properties of the beta phase of plutoniun. Additions of
as small as 0.24 a/o increase the strength of the beta Thaze by a
factor of about 1.5 and decrease the elongation from 500 per cent to

450 per cent at 180 C.
Meschanical property data

a2 brittle - ductile transition

on the Pu-0.65 a/o

takes place bebween

Zr alloy show that

0 and 180 C.

This iz thought ©o rvuult from the presence of two phases abt 130 and
not at 180 C.
During compregsion teshting of the Pu-2.L afo Zr alloy at

=

temperaturas below 80 € it was determined
alpha phase occurs.
Although the duectilit

‘f)’

2.4

ty of beta phase
reduced by the addition of zirconiuvm the Pu-

a number of desirable features. It is a factor

unalloyed beta phase plutonium. The beta phase

room temperature up to 265 extending

Ny
Sh

()

{

that transformation to

tonium was greatly

'a/o Zr alloy had

of 3 stronger than
is stabilized

range of the



56
scme 140 degrees. Even thousgh the elloy transforms ab room tempera-
ture when subjected Lo compressive forces, by conducting forming

overations above 80 C no transformation would occur. Also at 250 C

reagonable ductility is present for forming. Void formation due to

=

}-

o

he large volume change accompanying the beta 4o alpha transformations
in unalloyed plutconiun are_eliminated. Finally, the beta phase of
plutonium can be stabilized by a félatively small addition of foreign
atoms, thus maintaining ?ery nearly the seme nuclear properties as

unalloyed plutonium.
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TARLE VIIT
CHEMTCAT, J'\IT\.T.[X.T_JYSIS 017' PLUTONIUM AND OTUER
- METALS USED IN ALLOY STUDIES
Tmpurities (ppm) . Total

B Be Ca €& Cr Cu TFe Ge K ILs Mg Man Na Ni Pb 8i Sn V Zr C Op Np in Other
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O

.
i
Ui
4
\Iq

a

0
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P

>TO0 ppm

T, 50 -~ = 30 - 20 3 20 « - - 3030 - 1 -« 5 10 = = 1020 20 =~ 500 Zr .79% omm
. oo L -
095 %

(20 - <20 330 420 ¢20 31 - - - 1201180 k6 -  H,O -

210 (2 « 220380 - .

§
2
N

3

Mg <10 - 10410 - 10100 = 10 « -100 10 = « U0 ~ - - ND ND ND ND - 270
8 100 -~ = 10100 - 100 1000 ND «~ - 100 100¢10 10 - ~ = <100~ HD ED ND ND 100 Ti 1730 pou
14 < 10410 « 45 = 10 5100 - 1 - 510¢} 20 5 50 (1 =<0 N ND ND ND - 243 1

[N 20 15 -~ 50 - 30 4O 50 ~ =« « 1010 - 400 30 7O - 20~ ND ND ND WD 3-4% Zr 3.07 to

 Not determined

—
=
i

- = Not detectable

Cadmivm, .99.9999% Pure | ' Tin, 99.999% Fuve

Tead 0.1 to 0.2 ppm Ca 0.1 ppm

Coppar 0.1 %o 0.2 ppm b 1.0 ppm

Thallium 0.1 to 0.2 ppm Mg 0.1 ppm

Silver 0.1 to 0.2 ppm Si 0.1 ppm
No other impurities detecbed spactrographically No other impurities
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