Second United Nations x’-\/CONF.lE;/P/T'IB

International Conference U.5.0.

on the Peaceful Uses of June 1958

Atomic Energy .
ORIGINAL: ENGLISH

ADVANCES IN THE PHYSICAL METALLURGY OF
URANIUM AND ITS ALLOYS

H. H. Chiswik, A. E. Dwight, L.. T. Lloyd,
M. V. Nevitt and S. T. Zegler*

INTRODUCTION

The physical metallurgy of uranium and its alloys was surveyed at
the first International Conference on the Peaceful Uses of Atomic Energy in
papers by Foote,(1) Saller and Rough,(z) and Pfeil.(3) Theuranium-aluminum
alloys were discussedin greater detail by Cabane, Englander and Lehmann, (4)
and by Saller.(5) This paper presents a review of some advances in this field
 that have been made in the United States of America since the first Conference.
The first part is devoted to unalloyed uranium; the second part deals with
uranium alloys.

The major developments in the physical metallurgy of unalloyed ura-
nium have been inmeasuring and evaluating the basic physical and mechanical
properties of the pure material free from the contributing effects of the usual
contaminants. The objectives have been to gain a better understanding of the
structure and metallurgical behavior of the metal. The effort has been aided
by studies on single crystals. In the alloy field the primary impetus has been
to improve the two properties that are of greatest concern in the utilization
of uranium as a fuel-element base material-— the dimensional stability and
corrosion resistance. Emphasis in this paper is centered, therefore, on high
uranium-base systems which have shown promise in this direction. The prop-
erties of the alloys are discussed in relation to their constitution, heat treat-
ability, transformation kinetics and micrographic features.

UNALLOYED URANIUM

Properties of Single Crystals

In metals possessing highly symmetrical crystal lattices the proper-
ties of the single crystals are not always predominant in determining the
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properties of the polycrystalline aggregate; the properties of the latter are
frequently controlled by variables which overshadow the basic properties of
the individual crystals, e.g., grain boundaries, impurities, precipitates, and
others. In orthorhombic alpha uranium, however, many of the physical and
mechanical properties of the polycrystalline material are directly related to
the anisotropy in the properties of the individual crystallites. In uranium,
therefore, a knowledge of the properties of single crystals is especially help-
ful in that it provides a basis for correlating the properties of the polycrys-
talline material.

The crystal studies that are summarized below have been made on
specimens prepared by the grain-coarseningtechnique described by Fisher.(6)
To date this is the only method available for the preparation of relatively
defect-free crystals. The specimens are small and not all types of meas-
urements can be made on them. They frequently require extensive modifi-
cations in experimental techniques which subject some measurements to
larger experimental errors than are usually encountered in similar
experiments.

Electrical and Magnetic Properties: The electrical resistivities in the
three principal crystal directions were determined by Berlincourt(7) at
273°K and 4.2°K:

P273°K

P o % o
(micro ohm-cm) 4.2 K/ 273°K

Crystal Direction

[100] 39.4+ 10% 3.39 x 1072
[010] 25.5+ 5% 4,26 x 1072
[001] 26.2 = 10% 4.45 x 1072

Magnetoresistance measurements in transverse magnetic fields at liquid
helium temperatures are shown in Fig. 1; the plots are linear at high fields
and roughly parabolic at low fields. The magnetoresistance in a principal
crystal direction as a function of the magnetic field orientation yielded sin-
usoidal curves with maxima and minima at the other two principal directions.
Comparison of the data with similar measurements on other metals indicates
that uranium is less magnetoresistive than Bi, Sb, Be, and As; roughly com-
parable with Th, Mg, Ga, Cd, Zn, Mo, Pb, and W; and more magnetoresistive
than Ag, Au, Cu, Li, Pt, Al, In, K, and Na.

The superconductivity of a tri-crystal specimen has been studied by
Hein, Henry, and Wolcott(8) down to 0.1°K. Although the superconductivity
transition temperature is given as 0.68 £ 0.02°K, the transition occurred over-
the relatively broad temperature range of 0.45°K. Similar behavior was also
noted in polycrystalline material of comparable purity.
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Thermal Expansion: X-ray lattice parameter measurements have
been extended by Bridge, Schwartz and Vaughan(c)) to low temperatures.
Linear and volume dilation equations fitted to the above data by least mean
square methods(10) are:

L{100]t = L{100]0°c(} + 22.50x 1076 + 11.97x 1077 +14.74 x 1071%%)
Lio10]t = L{o10]0°c(l +0.61 x 107 -2.17 x 107%t* - 18.41 x 107'¢%)
Lioo1]t = Loo1]occ (I +19.37 x 1076t + 5.71 x 107%% + 23.26 x 107123
Vi=Vooc (1 +42.57 x 107%t +16.48 x 107%* + 18.80 x 107*%t%)
where: V =volume, L = length and t =°C (-253° to 640°C)

An anomaly which is not understood was noted in the a, at low temperatures;
the axis contracted normally down to 63°K but a measurement at 20°K sug-
gested a reversal in the slope of the curve. Schuch and Lacquer(ll) also
noted an expansion in polycrystalline material upon cooling from 77°K to 20°K.

Dilation curves in the three principal directions are shown in Fig. 2.
The single crystal data(l2) agree with x-ray parameter values for the [100]
direction, but are higher in the [001] direction and lower in the [010] di-
rection. The discrepancies suggest that polycrystalline powders used in
x-ray parameter determinations are subject to elastic restraints, induced by
the anisotropy of thermal expansion, which affect the true thermal expansion
characteristics of the lattice.




Klepfer and Chiotti(13) have measured the lattice parameters up to
1060°C; their data for the alpha phase agree with those of Bridge, Schwartz
and Vaughan. The volume expansions as derived from their data are given in
Fig. 3. The total volume change between 25°C and the melting point is 8.81%.
The volume changes at the alpha==beta and beta==gamma transformations
are 1.15% and 0.71% recpectively.
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Fig. 2. ThermalExpansion of Alpha Uranium.(9)(12) Fig. 3. Volumetric Expansion of Uranium, (13)

Elastic Constants: The nine fundamental moduli that are required to
describe the elastic properties of the alpha uranium lattice have been de-
termined by Fisher and McSkimin,(l4) using an ultrasonic pulse technique
especially adapted to the small crystals (Table I). The elastic constants de-
rived from them are listed in Table II, and the variation of Young's Modulus
with crystallographic direction is shown in Fig. 4.

Table 1

FUNDAMENTAL ELASTIC MODULI OF ALPHA URANIUM
SINGLE CRYSTALS AT 25°C.{14)

Stiffness Moduli x 1012 (dynes/cmz) Compliance Moduli x 102 (cmz/dyne)
Cyy = 2.1474 £ 0.14% S;, = 0.4907
Cy, = 1.9857 + 0.14% S;2 = 0.6743
Cys = 2.6711 £ 0.14% Ss3 = 0.4798
Cae = 1.2444 £ 0.10% . Se = 0.8036
Css = 0.7342 * 0.10% Sss = 1.3620
Ces = 0.7433 % 0.10% Ses = 1.3453
Cy; =0.4649 £ 0.58% Siz = -0.1194
Cps = 0.2177 £ 1.47% S;3 = 0.0082
C,3 =1.0791 £ 0.11% Sz3 = -0.2627




Table II

ELASTIC CONSTANTS OF ALPHA URANIUM SINGLE CRYSTALS(14)

Young's Moduli (E) Linear Compressibilities (3)

E[100]=2.038x10" dynes/cm?(29.6 x10° psi) B[100]=0.380 x 102 cm?/dyne
E[olo]=l.483x1012dynes/cmz(21.5x106psi) ,8[010]:o,zgleo-lzcml/dyne
E[OOl]=2.084x10”‘dynes/cm2(30.2x106psi) ,8[001]=0.225x10'12cm2/dyrie

a Volume Compressibility:

Poisson's Rati g
018 ios ) Bv=0.897x10'12cm2/dyne

012 = +0.243
G,y = +0.177
0,3 =-0.017 Bulk Modulus:
O3 = -0.017 K =1.115 x 10'* dynes/cm?
O3 = +0.390
03 = +0.548
ag,. Ccompressional strain in j direction ) . .
1] = for a tensile stress in the i

extensional strain in i direction ; . i
direction; the subscripts 1, 2

and 3 refer to [100], [010],
and [001] directions respec-

tively.
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The minimum value of Young's Modulus occurs in the [010] direction, and the
maximum is in a direction lying 38°from the [001] direction in the (100)
plane. Using the method of Reuss as described by Hearmon,(15) the following
values for randomly oriented polycrystalline material were derived by
Rothman(16) from the single crystal data:

28.3 x 10° psi
11.69 x 10° psi
16.17 x 10° psi
0.2087

Young's Modulus
Shear Modulus
Bulk Modulus
Poisson's Ratio

"
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Plastic Deformation Mechanisms: The plastic deformation studies at
ANL(17) have been extended to high temperatures; the results of compression
at 600°C are summarized in Fig. 5.(12) Four operating slip systems have
been identified; the following resolved shear stresses are required to initiate
them:

Slip System Critical Resolved Shear Stress (Kg/mm?)
(001) [100] 0.024

(010) [100] 0.29

{110} <110> 0.39

{021} Q12> 1.75

Using these values, the (001) projection quadrant in Fig. 5 is divided into ap-
proximate areas wherein the corresponding slip systems would be the first
to operate. Most crystals deformed by more than one mechanism, including
twinning on {130}and ~{172} when compressed in a direction close tothe [010].

ooy s — ©2h- 02>

Ty

(010)

Fig. 5

Slip Systems and Areas of their Operability in Uranium Single
Crystals on Compression at 600°C.(12) Letters refer to
directions that were investigated experimentally.

(100)

23279

The low critical resolved shear stress of the (001) [100] slip system
makes it the dominant deformation mechanism at 600°C. In room tempera-
ture compression this system was found to operate only as a minor contri-
buting mechanism, in the form of cross-slip in conjunction with the major
(010) [100] system. The (010) [100] and {110} <110> systems have com-~
parable critical resolved shear stresses at 600°C. The {110} <110> system




was not observed in room temperature compression; its operability is ap-
parently confined to higher temperatures. The high critical resolved shear
stress of the {021} <112> system obviously makes it a relatively minor
means of deformation at 600°C. It is of interest to note that slip in the latter
system is not along the most densely packed direction - the [100] - but
rather on the second most densely packed direction, the <112>.

Polycrystalline Uranium

Recrystallization and Grain Refinement: Grain refinement of as-cast
and beta treated wrought material has been studied as part of the general ob-
jective to alleviate the surface roughening problem, which has been shown to
be primarily a function of grain size.(18) Powell, Klein and Krashes(19)
have shown that the grain structure of cast uranium can be refined by heating
to beta or gamma phase temperatures and water quenching. The grain size
obtained on quenching from the beta phase was found to be independent of the
time and temperature in the beta phase. Additional grain refinement was ob-
tained by multiple quenching (Fig. 6). Repeated quenching was instrumental
in breaking up the rim of columnar grains on the free surfaces. Quenching
from gamma phase temperatures offered no advantages over beta quenching
and generally gave less satisfactory results.

23283 ONE QUENCH 23283 FOUR QUENCHES

Fig. 6. Effect of Multiple Water Quenching from Beta P‘hase,‘ “
on Grain Structure of Uranium Castings.(1_9)

Recrystallization by alpha annealing 'subseqtient__ to water quenching
from the beta phase has been studied by Gardner and Riches.(zo) The authors
attribute the driving force for the recrystallization to the strains imparted to
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Fig. 7. TimeRequired for 50% Recrystal-

 lization at Various
Temperatures, @

Annealing

N

the material during quenching, thereby
making the kinetics of the process depend-
ent upon the cooling rates. Plots of per
cent recrystallization as a function of an-
nealing time for various temperatures and
various cooling rates yielded typical sig-
moidal curves. The relationships of these
variables are summarized in Fig. 7; the
extent of grain refinement attained is
shown in Table III.

Alpha =—Beta Transformation: The
heat treatment variables connected with
this phase transformation have been stud-
ied in relation to the problem of attaining
complete texture randomization on beta
treatment. Orientation studies ofindividual
large grains by x-ray back reflection Laue
techniques in specimens slowly cooled
from the beta phase under a temperature
gradient have shown a concentration of
(001) plane poles near the direction par-

allel to the temperature gr.adient.(lz) The grains were generally elongated
in the direction of the temperature gradient and the concentration of (001)
plane poles in that direction increased as the temperature gradient was made

steeper.

Table III

GRAIN REFINEMENT OF BETA QUENCHED WROUGHT
URANIUM BY ANNEALING IN ALPHA PHASE(20)

Cooling Rate During
Quenching in 570 - 670°C
Range (°C/second)

Average Grain Diameter

As Quenched | Alpha Recrystallized

500
250
9.4
4.4

+ I+ 1+ 1+

|
U O
NIV OO

0.20

0.50 0.17
0.55 0.40
0.70 0.50

McDonell(IZI) has studied the effects of time, temperature and cooling
rates on the loss of thermal expansion anisotropy of wrought uranium plate.
The results are summarized in Figs. 8 and 9. Dilation curves in the longi-
tudinal and transverse directions indicated a decreasing anisotropy as the
time of heating at a given temperature was increased. The temperatures and

times needed for complete loss of anisotropy were approximately:
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Temperature (°C)

670
675
680
685

Time (minutes)

> 60
20-30
8
3

At all temperatures grain coarsening proceeded at a more rapid rate than
the loss of anisotropy. Specimens quenched into water were less anisotropic
after a given time at temperature than corresponding air-cooled material.
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Fig. 8. Loss of Thermal Expansion Anisotropy

at Various Beta Transformation
Temperatures.(zl)
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Fig. 9. Influence of Cooling Rates on Loss of

Thermal Expansion Anisotropy. (21)

To account for the differences between the rate of loss of anisotropy
and the rate of grain coarsening, the author postulates that the transform-
ation from the highly oriented alpha phase to the beta phase on heating is
incomplete in short times at low beta phase temperatures, and that the resi-
dual alpha nuclei serve as centers for subsequent retransformation to an
oriented large-grained alpha phase on cooling. The residual alpha nuclei
thus preserve to some extent the preferred orientation of the wrought ma-
terial. Water quenching increases the nucleation fror'n,thé:'b'et'a' phase and,
therefore, results in a more isotropic texture.. . - '

 URANIUM ALLOYS

The approach in the use of alloying to improve dimensional stability =
and corrosion resistance has been in two principal directions: (a) alloy "

9




additions in relatively low concentrations designed to modify the kinetics of
the beta or gamma phase decomposition so as to yield a structure combining
random orientation and fine grain size; and (b) alloy additions in sufficient
concentrations to stabilize partially or completely the cubic gamma phase,
thereby circumventing the intrinsic instability of the orthorhombic alpha
structure. The first group may be referred to as "alpha phase" alloys, the
second group as "gamma phase" alloys. By restricting the alloy additions to
low concentrations and to elements of favorable nuclear properties, the
"alpha phase'" alloys are best suited for the utilization of natural or slightly
enriched uranium in thermal reactors. The "gamma phase" alloys are more
suitable for fast reactors, since they require higher contents of alloying ad-
ditions. The alloys discussed in this paper are mostly in the "alpha phase"
group.*

Effects of Low Alloy Additions on Dimensional Stability

Alpha Rolled Rods: The deformations that occur on cycling alpha
rolled rods in the alpha phase temperature range stem from interactions be-
tween grains due to their anisotropic thermal expansions; the texture-
dependent deformations take the form of gross elongations in the rolling
direction.(18) Examples of the effects of molybdenum, silicon, aluminum,

or zirconium additions are shown in
Fig. 10. By comparison with 600°C
rolled unalloyed uranium, it is ap-
parent that such alloying additions
" do little to reduce the elongations of
alpha rolled material. No special
significance should be attached to
the differences among the various
alloy additions; they can probably be
accounted for by variations in rolling
temperature, cycling conditions, grain
size, and possibly textural features,
all of which have an effect on themag-
L | L l L nitude of the elongations. The signifi-
5 10 15 20 25 30 .
% ELONGATION cant ded.uctlon to dr?.w fron'1 .these
results is that alloying additions do
106-3738 not change the textural features in a
manner that would decrease the
elongations.

V7227722 S = 0.0T_w/o S| 7772222227

FUNALLOYED URANIUMZ

Fig. 10. Elongations of Alpha Rolled Uranium-base
Alloys after 700 Thermal Cycles between

100°C and 550°C{22) Cycle: 5-7 minutes
heating and 20-25 minutes cooling. Heat Treated Alloys: Unalloyed

uranium in the most suitably heated
condition, that is after quenching from beta phase temperatures, retains evi-
dences of preferred orientation, in that cycling causes slight preferential

*The "gamma phase' alloys are treated in detail in a separate paper at
this Conference.
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elongations and a roughening of the free surfaces. The extent of roughening
has been shown to be primarily related to the grain size. Alloy additions
have been found effective in alleviating this condition. To attain maximum
benefits the alloys must be heat treated in a manner that will result in opti-
mum grain refinement. The precise conditions vary with the alloying ele-
ment addition, its concentration, the equilibrium phase relationships, and the
manner in which it affects the subcritical transformation kinetics of the beta
or gamma phase.

The effects of various alloy additions and heat treatments have been
studied by Zegler and Chiswik.(22) Water quenching of alloys containing ad-
ditions of 0.07 wt. % Si, 0.56 wt. % Al, 0.35 wt. % Ti, or 0.33 wt. % V from
710° - 725°C reduced the growth of alpha rolled rods to relatively low values;
deformational changes after 700 cycles (100°-550°C) were less than 2%, with
some of the alloys exhibiting contractions rather than elongations. For the
silicon, titanium, and vanadium alloys, this temperature range is in the beta
phase; the aluminum alloy is in the B + 6 (UAl,) region. The alloys showed a
lesser extent of surface wrinkling than unalloyed uranium similarly treated.
Microstructurally, this heat treatment resulted in a relatively coarse alpha
grain structure. The surface wrinkling corresponded with the observed
grain structure; specimens having the coarsest grain structure exhibited the
greatest degree of surface roughening.

Chromium additions in the equivalent concentration range as the
above proved more effective. An alloy containing 0.39 wt.% chromium showed
considerable improvement over unalloyed uranium. The optimum heat treat-
ment was solution in the beta phase
(700°C) and isothermal transformation
at 475°C. Thermal cycling of this
alloy under conditions that would yield
a 6% elongation in the beta treated
unalloyed uranium* resulted in an
elongation of less than 0.5%. On the
basis of the transformation kinetics
reported by White(23) the above heat
treatment corresponds to a decompo-

2.4 T T T T T T

% ELONGATION

sition of the beta phase in the tem-
perature range of the upper "C" curve.

212 wio Mo -

3.9l wio Mo |

<

6.52 w/o Mo

- 1 Molybdenum additions up to
- . about 2 wt. % did not completely
. eliminate the deformations (Fig. 11).

I 1 1 | | 1
50 100 200 300 400 500 600
N {cycles) .

Fig. 11, Effects of Increasing Molybdenum Additions
on Dimensional Stabilitg. Alloys Quenched
from Gamma Phase, (22

106-3737

*500 "slow heating - fast cooling" cycles 50°- 550°C.
g g
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Greater improvement was attained by water quenching from the gamma phase
than by water quenching from the beta phase. The degree of improvementin-~
creased gradually with increasing molybdenum content. Specimens containing
a minimum of 2 wt. % Mo remained essentially unchanged and their surfaces
were smooth after 700 cycles (Fig. 12). Similarly good results were obtained

on as-cast U-2 wt. % Mo alloys.

No systematic study was made on niobium additions. A uranium-
0.6 wt. % Nb alloy casting showed no surface roughening and no elongations
after 200 cycles. Niobium would therefore appear to be a particularly ef-
fective grain refinement agent. ' :

(W'. o/o) R
0.20 Mo 0.46 Mo 2.12Mo 3.91 Mo . 6.52Mo

UNALLOYED
URANIUM 0.05 Mo 0.10 Mo

4285 and 4287

Fig. 12. Surfaces of Uranium - Molybdenum Alloys Water Quenched
from 850°C and Annealed at 575°C.(22) 1700 cycles;
100° - 550°C, 5 - 7 minutes heating and 20-25 minutes

cooling.
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Alloys containing up to 1.6 wt. % Zr had relatively large alpha grain
structures following water quenchingfrom beta or gamma phase temperatures,
and attendant surface roughening on thermal cycling. As the zirconium con-
tent was increased to about -2 wt. %, the character of the water quenched mi-
crostructure changed to a fine grained acicular structure. Aminimum zirco-
nium content of about 2 wt. % was needed to attain smooth surfaces (Fig. 13).

BETA QUENCHED 0.13 Zr 0.67 Zr 1.65 Zr 3.59Zr
UNALLOYED U {(wt.%)

Fig. 13. Effect of Increasing Zr Concentrations on Surface Roughness
of Heat Treated U-Zr Alloys,{12) 700 cycles; 100° -550°C,
§ -7 minutes heating and 20 -25 minutes cooling. Alloys
water quenched from the beta or gamma phase temperature,

¢

The cooling rates from the gamma phase temperature affected the extent of
deformation. Water quenching from 800°C was more effective than furnace
cooling. The optimum heat treatment for stability in a U-2 wt. % Zr alloy
was solution treating in the ‘gamma phase followed by quenching to, and iso-
thermally decomposing in, a temperature range of 500° - 575°C. Alloys
treated in this manner showed negligible length changes after 1000 cycles
and their surfaces remained smooth (Fig. 14). Alloys containing higher zir-
conium contents (5.4 wt. %) exhibited negligible deformations (< 0.2%) and no
surface roughening even on furnace cooling.

Thermal Cycling to Beta Phase Temperatures: Repeated heating and
cooling through the alpha — beta phase transformation temperature causes a
different type of deformation which has its origin in the widely different
properties of the two phases, primarily density and mechanical strength.

The deformations are directly related to the variables which affect the kinet-
ics of the transformation, stich as coolihg rates, section size, and alloy con-
tent. The deformations may cause internal cavities and surface deteriorations
far greater than the surfacg roughening ‘obtained on cycling in the alpha phase
temperature range. The effects of a number of low alloy additions on these de-
formations are shown in Fig.15, based on studies by Hayward andRowley.(24)

13




FURNACE WATE AlIR | HOUR AT | HOUR AT
COOLED QUENCHED COOLED 575 °C AND 500°C AND
AIR COOLED AIR COOLED

13,342

Fig. 14. Effect of Cooling Rate for 800°C on Surface Roughness of
U-2 wt. % Alloys after 1000 Cycles between 50°C and 550°C. (a2)
Cycle: 15 minutes heating - 5 seconds cooling - 2 minutes
holding time at limiting temperatures,

UNALLOYED URANIUM U-0.42 wt.% Si U-1.0wt% Cr U-3.0wt.%Nb

U-1.2 wt.% Mo U-7.0 wt. % Zr

23280, 2328!

Fig. 15, Effect of Alloying Additions on Alpha-Beta Cycling.(234) 500 Cycles 200° - 700°C.
14




The materials were cold pressed and sintered powder compacts. The most
effective alloying element additions were Nb, Cr, Si, Mo, and Zr. The con-
siderable improvement over unalloyed uranium is evident. None of the alloys
developed internal voids.

Uranium-Zirconium Alloys

The favorable nuclear properties of zirconium, its extensive solu-
bility in gamma uranium and the attendant possibilities of property variation
by heat treatment, coupled with its beneficial effects on the dimensional sta-
bility, all combine to make this metal a natural choice as an alloying additive
to uranium for fuel element applications. The properties of the alloys with
high zirconium contents are discussed in detail in another paper at this Con-
ference; this section deals with the high uranium end of the system in the
composition range of the minimal contents that were required to attain di-
mensional stability (2-3 wt. % Zr).

Phase Diagram: Certain con-

ZIRCONIUM, ot.% flicting features in the phase diagrams
Pt %2 2 published by Saller and Rough(25) and
so0———> ‘5 6 Summers-Smith(26) have been reinvesti-
ssof £ gated by Zegler.(lz) A revised versionof
;-700_,; Bn the uranium-rich end is shown in Fig. 16.
E | JaB By, eercc The monotectoid decomposition of 7, at
sook gsso—a/ Tty gi7ec 693°C and the eutectoid decomposition of
e00r; \ B at 662°C, as reported by Summers-
2s ssof ;+ . Smith, have been confirmed. The (¥, +7v,)
O RENiuM, wer area boundaries have been relocated at

;- 72 5.5 wt. % and 22.0 wt. % Zr at the mono-
g 700 tectoid temperature. Oxygen and/or ni-
EJ J’(gég INSET) Arr 662°C trogen were noted to have a pronounced
& 650 effect on the temperature and composition
B G 6I7°C limits of the miscibility gap; increasing
600! concentrations enlarged the region with
l a*d respect to both temperature and compo-
550E sition. The solubilities of Zr in alpha and
o s 5 ST 25 beta uranium were found to be 0.2 wt. %
ZIRCONIUM, wt% at 662°C and 0.41 wt. % at 693°C
106-3741 ' S respectively.

Fig. 16. Uranium Rich End of the Uranium-

del i b
Zirconium System, (12) The delta phase region has been

studied by Duffey and Bruch.(27) The
phase is reported to form in uranium-rich alloys by a peritectoid reaction,
aU +vy,—0b at 617°C and 39.0 wt. % Zr, and in zirconium-rich alloys by a
eutectoid reaction, Y,—=0 + 0 Zr at 606°C; the eutectoid composition is placed
at 55 wt. % Zr. The structure of the delta phase has been studied independ-
ently by Boyko(za) and Mueller, Knott, and Heéton,(zg) who report the phase
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to be hexagonal with three atoms per unit cell located at 0, 0, 0; 1/3, 2/3,
1/2; and 2/3, 1/3, 1/2, with a c/a ratio of approximately 0.61. Certain com-
_positions of this phase may also be considered to have a large cubic pseudo
unit cell which may be derived from a twinning of the hexagonal cell, hence
the observed cubic symmetry may be regarded as twin symmetry rather than
crystal symmetry. The best agreement between calculated and observed
intensities has been obtained with a partially ordered arrangementas suggested
by Silcock,(30) in which zirconium is located at 0, 0, 0 and uranium and
zirconium atoms are arranged in a random distribution on the other two sites.
This results in an A-B layer structure of the C32 - AlB, type with alternate
layers of zirconium atoms (A layer) arranged in a hexagonal basal plane
array and a mixed uranium-zirconium atoms layer (B layer) in a graphite
layer arrangement. Saller, Rough and Bauer(31l) have determined the solu-
bility of oxygen in the delta phase to be 500 ppm, and they suggest that in -
greater amounts oxygen and/or nitrogen result in the decomposition of the
phase to alpha uranium and alpha zirconium.

- Heat Treatment, Metallography, and Irradiation Stability: The micro-
structural features of castings and of wrought and heat treated 2 and 3 wt. %
Zr alloys have been studied in relation to their effects ondimensional stability
during ‘i'rradiation.(lz) The studies were prompted by observations that cer-
tain castings behaved better on irradiation than wrought alloys that had been
heat treated to randomize the structure by water quenching from the gamma
phase. The heat treatments included continuous cooling from the gamma phase
at various rates, interrupted quenching, and quenching and tempering.

Referring to the phase diagram in Fig. 16, furnace cooling of alpha
swaged rods from the gamma phase (800°C) produced a structure consisting
of a two phase mixture suggestive of a eutectoid transformation (Fig. 17a).
Water quenching yielded a finely acicular structure not unlike the structure
described by Cabane(4) at the first Conference in the gamma quenched U-Al
alloys (Fig. 17p). Intermediate cooling rates, such as air cooling and oil
quenching, produced microstructures of an intermediate character, with in-
creasingly more resistant etching characteristics as the quenching rate in-
creased. Interrupted quenching and isothermal holding for 5-10 minutes at
several temperatures between 400°C and 625°C yielded generally similar
structures, with maximum hardness attained at about 400°C. Debye pat-
terns of all these structures yielded diffuse a - uranium lines indicative of
supersaturation. Castings generally responded to these heat treatments in
much the same manner as alpha swaged rods.

Tempeljing' the water quenched acicular structure in the (a + 6) region
at successively higher temperatures resulted in gradual spheroidization and
and softening (Fig. 17c). The kinetics of the process are extremely slow, v
and several weeks at 575° - 600°C were insufficient to yield complete sphe-
roidization and softening. Debye patterns after one month at 575°C showed
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a. Furnace Cooled from 800°C
% 4 W" snnim ? -

15,695 VHN = 253

b. Water Quenched from 800°C

R Pl XEi B /) IR b Tl 4y F Al AR e
by s z*%{f{ﬁ‘{?, 3 f’.’ }éﬁé}é 5&, \f}éﬁﬂ?% }:«ﬁ‘
» ety 80 1 (Y ’%{{%ﬁéﬁ?“é’
e AR

L3 A

%

2000 X 15, 628 VHN = 403 1000 X

c. Quenched and tempered 2 weeks at 575°C d. Quenched and tempered 2 weeks at 625°C

VHN = 293

e. Quenched and tempered 1 week at 690°C

& CLEL

17,414 - VHN = 495 (aciculat) - 500 X
VHN = 360 (light)

FIG. 17. MICROSTRUCTURES OF U-2 WT. % ZIRCONIUM ALLOYS. (12)

(VHN - VICKERS HARDNESS NUMBERS )
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a slight sharpening of the & lines, but g

phase observed in the microstructure.
resulted in some precipitation hardeni

300°C-3%2r
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HARDNESS {Vickers Hardness Numbers)
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106-3734

Fig. 18. Hardness of Quenched and Tempered U-
2 and 3 wt. % Zirconium Alloys. (12)

The relationship between heat

summarized in Table IV. Alpha swage

some cases even more so than simila
behavior quite analogous to the ther -
mal cycling results. Heating in the
¥y range and cooling to room tem-
perature was sufficient to remove
the major effects of the preferred
orientation, but did not result in full
" stabilization; water quenching that
yielded the acicular. structure ap-

pears undesirable. Tempering this

Fig. 19. Hardness of Water Quenched and Tempered

U=-2 wt. % Zirconium Alloys.(lz)

ave no evidence of the spheroidal
Tempering in the range 300° - 400°C
ng (Fig. 18).

Tempering in the (a0 + 7¥3)
region and water quenching resulted
in a duplex structure and further
softening (Fig. 17d). Tempering in,
and water quenching from, the (B +V,)
region yielded a finely spheroidal
structure and the lowest hardness
(Fig. 17e). On crossing the 693°C
horizontal into the (B + 7V;) region,
the microstructure changed abruptly
(Fig. 17f) and the hardness increased
appreciably (Fig. 19). The interpre-
tation of the microstructure is evi-
dent; the ¥; has transformed to the
acicular supersaturated alpha struc-
ture while the B (light etching areas)
transformed to normal alpha.

treatment and irradiation stability is
d alloys elongated appreciably, in
rly fabricated unalloyed uranium - a
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structure at successively higher temperatures to bring about spheroidization
and softening showed a progressive improvement in stability, with the most

stable alloys being those tempered in the (8 +7;) field. On tempering in, and
quenching from, the (B +7;) region where the resulting microstructure is
again acicular, there is a deterioration in stability. The undesirability of the
acicular structure is further demonstrated by the fact that castings which be-
haved rather well under irradiation showed a decrease in stability after water
quenching. Other features worth nothing are: (a) stability was decreased by
tempering in the temperature range 300° - 400°C where age hardening oc-
curred; and (b) the 3 wt. % Zr alloy was less stable than the 2 wt. % Zr alloy.

Table IV

EFFECTS OF HEAT TREATMENT ON IRRADIATION STABILITY
OF URANIUM - 2 AND 3 WT. % ZIRCONIUM ALLOYS(32)

Growth Coefficient, Gla
Heat Treatment
2 wt. % Zr 3 wt. % Zr
As Cast 7.5, 8.2 5.7
Cast and Water Quenched
from vy 20, 28 -
Alpha Swaged 470 720
Swaged and Water
Quenched from 7y 61, 64 140
(800°C)
Quenched and Tempered
1 - 2 weeks at:
(a) 400°C (a + 6) 87, 82 -
(b) 575°C (a0 +6) 50 99
(c) 625°C (o +Y3) 43 77
(d) 690°C (B +7,) 3.4 ]
(e) 725°C (B +7,) 27 -

ag; - elongatiéns in microinches per inch per ppm burnup;
total atom burnup <0.1%; irradiation temperatures
< 300°C,

Uranium-Niobium Alloys

The high-uranium end of the U-Nb phase diagram has been investigated
by Rogers et al.,(33) and by Dwight and Mueller(34) (Fig. 20). On the basis
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s 4 6 s oVBUMIC e % 2 2w 2  Of the latter authors' work the mono-
" T ‘ A ' tectoid composition is located at

8.1 wt. % Nb and 634°C, which is at a
higher Nb content and a lower tem-
perature than previously reported.(ZS)
A previously unreported from of 7y,
was observed between 4 and 9 wt. %
Nb, designated ' in Fig. 20. Metal-
lographically this phase is indistin-
guishable from the cubic 7v¥,; x-ray

TEMPERATURE C
o
®
o

620 ary, evidence, however, indicates what
soob———————————1— 77 7 % 1 &  appears to be tetragonal symmetry,
NIOBIUM, w/o although its exact crystal structure
23218 is as yet undetermined. The phase is
Fig. 20. Uranium Rich End of U~Nb System, (34) most readily obtained in the compo-

sition range 7.5 - 8.0 wt. % Nb in al-
loys annealed for long periods of time in the y', area. It was also obtained
by tempering the metastable Y, phase in this composition range for short
periods of time at temperatures below the eutectoid horizontal. The dotted
line in Fig. 20 designating the temperatures of ¥;—Y'; transformation on
slow cooling is based on thermal analysis data. The kinetics of its formation
and the extra x-ray reflections suggest the likelihood of it being an ordered
structure of the vy, phase.

680

The effectiveness of Nb in re- 660
tarding the decomposition of the gamma
phase is shown in the TTT curves of
Fig.21. The time-temperature relations
for 1% transformationare shown for three
compositions in the 60°C temperature in-

c
@
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Q

TEMPERATURE
@
o
(e}

o
o2
(o]

tervals below their respective solvus 560/-

temperatures. Niobium is not as ef- saol S . L 3
fective a retarding element as molybde- TRANSFORMATION TIME — HRS

num. The effect of Nb onthe Mg temper-

ature is shown in Fig. 22 in comparison 93240

with Mo.

' ) ] o Fig. 21, Time-Temperature-Transformation
Uranium-Zirconium-Niobium Alloys Curves for 1% Transformation in

U-Nb Alloys, (12)

Phase Diagram: The high uranium
corner of the ternary system has beende-
termined by Dwight and Mueller(34) in connection with the development of the
U-5 wt. % Zr-1.5 wt. % Nb alloy fuel for the Experimental Boiling Water Re-
actor at ANL. The {y; +7y3) area in the U-Nb binary system (from 8 to
55 wt. % Nb, above 634°C) is closed by the addition of less than 10 wt. % Zr.
Increasing the zirconium content and lowering the temperature causes the
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two terminal gamma phases .to approach eachotheralong
an athermal valley, until they merge at a critical point.
At zirconium contents above 10 wt. % a single gamma
exists at high temperatures, which rejects alpha uranium
\ \ at lower temperatures.

Similarly, the (Y, +7V;) area in the U-Zr binary
\\ system closes with the addition of approximately 1 wt. %
Nb. Elimination of the two miscibility gaps leaves an
extensive region of single gamma phase, as shown in

23250

Fig, 22,

solid

SOLUTE, wo Figs. 23 and 24. Addition of either niobium or zirconi-
um stabilizes the gamma phase by depressing the tem-

perature of they-=f transformation. In alloys containing
M, Transformation ~more than 4 wt. % Nb the 3 phase is absent. The delta
Temperatures of or UZr, phase extends into the ternary to no more than
U-Nb and U-Mo 10 wt. % Nb. Thus, over the major portion of the

Alloys.(lz) : ; .
uranium-rich corner of the ternary system, the only

equilibrium phases are the alpha and gamma uranium
solutions. Figure 25 shows the vertical section through the uranium

corner which includes the fuel alloy composition containing 5 wt. % Zr and
1.5 wt. % Nb. The sequence of transformations with decreasing temperature
in this alloy is y;—=f + 1—=a +B + ¥;—0 + V.

U615 20 25 30 35 40 45
ZIRCONIUM, w/o

ZIRCONIUM, w/o

23231 - ST 23233 o
Fig. 23. kothermal Section of U-Nb-Zr = F1g 24, Lsothermal Section of U-Nb-Zr
S)’Stem at 700°C.(34) R System at 626°C (34)

The line separatmg the ’Yl and B +Y1) areas is concave toward the

single phaseyj field’ (Fig. 23). The observed curvature of the line may be
explained as due to the rellef ‘of lattice distortion in the garnrna phase; nio-

bium

decreases the lattice' parameter and zirconium increases it, with the
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result that one solute relieves the lattice distortion introduced by the other.
Because of this partial compensation, the gamma structure is enabled to
exist at lower total niobium and zirconium contents than when either of these
elements is present alone.

Transformation Kinetics: The subcritical transformation kinetics of
several compositions at the 7 wt. % Nb level are shown in Fig. 26. The effect
of increasing zirconium contents is such that the initial addition of 10 wt. %
Zr greatly retards the transformation of the gamma phase, but a second ad-
dition to 20 wt. % Zr results in only a small further retardation. A possible
explanation for the retarding action of zirconium is the observed tendency of
zirconium to change the transformation product of the ¥;,—=Q& + 7V; reaction
from a lamellar structure to a non-lamellar structure. Further increases in
zirconium content, up to 30 wt. %, result in a marked retardation of trans-
formation, which is probably explained by the close approach of this alloy to
the composition at which gamma is stable down to room temperature.

800
760
720
o 680, -
W
X 6s0 660}
g 644
§ © 6401
= 640 (1)
M E 620
<<
o
600 4 600}
o
+ 580l
560 |—
560
7} S T Y [ U O N O 540 I ! |
4 8 12 18 20 24 28 32 36 40 A | 10 100 1000
{Zr+Nb) IN10:3 RATIO, w/o TRANSFORMATION TIME — HRS.
23232 23241
Fig. 25. Vertical Section with Zr: Fig, 26. Effect of Zirconium Additions on Initiation
Nb ratio of 5 to 1. 5,(34) of Subcritical Decomposition of U-Zr-Nb

Alloys at 7 wt. % Nb Level, (12)

Corrosion Resistance and Irradiation Stability: The aqueous cor-
rosion characteristics of the 5 wt. % Zr-1.5 wt. % Nb composition were dis-
cussed briefly by Foote(l) at the first Conference and have since been
described in greater detail by Draley, Greenberg.and Ruther.(35) This com-
position represents the minimal zirconium and niobium contents that were
found necessary to attain satisfactory corrosion resistance in 300° - 350°C
water; at the 5 wt. % Zr level, alloys with 1 wt. % niobium concentrations
disintegrated after short periods of time at 300°C, and niobium concentrations
beyond 1.5 wt. % did not result in further improvements. The average
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0 Did ot fail in two weeks corrosion rate of the U-5 wt. % Zr-1.5 wt. % Nb
'S%i;:'ﬁ_gnicn;gger()f alloy is given as 14-15 mg/cmz/day. To obtain
;{500_° sreteam o maximum corrosion resistance the alloy must be
3450- S g ° water quenched from the gamma phase to yield a
geo°r °° Vg g martensitic plate-like structure. Tempering of
8 501 ’ °o this structure at low temperatures, although it
3001 o produces no clearly visible changes in the mi-
250 o Se oo CTOStructure, modifies the corrosion resistance
TEMPERING TIME, hours and overaging destroys it. The effects of var-
106-2481 ious tempering treatments are shown in Fig. 27;

the area above the curve represents conditions

Fig. 27, Eff fT i . .. . .
8 ect of emperiig on which caused disintegration or failure by crack-

Corrosion Life of Gamma

Quenched U-5 wt. % Zr~ ing in less than two weeks in degassed distilled
1.5 wt, % Nb in 290°C water at 290°C; combinations of time and temper-
water, (35) atures below the curve did not cause such failure.

The relationships between microstructure and irradiation stability
were similar to those in the binary U-2 wt. % and 3 wt. % Zr alloys discussed
in the previous section. The water quenched martensitic structures, as well
as structures that were heat treated to high hardnesses, either by quenching
and tempering at low temperatures or by isothermal subcritical transform-
ation at low temperatures, had poor irradiation stability. As the tempering
temperature increased, or as the isothermal transformation temperature was
raised, the irradiation stability improved. Alloys that were fully transformed
isothermally in the range 620°to 650°C exhibited the minimum irradiation
growth (Table V). The latter treatment gave a microstructure of spheroidal
alpha uranium particles in a gamma matrix. Precipitation of the alpha parti-
cles enriched the gamma phase in niobium and zirconium and permitted its
retention at room temperature.

Table V

EFFECTS OF HEAT TREATMENT ON IRRADIATION STABILITY
OF U-5 WT. % Zr-1.5 WT. % Nb ALLOY(12)

Heat Treatment G;?

Water Quench from 7y Phase 290
Oil Quench from 7y Phase 200
Furnace Cooling 1_7; 21
Water Quenched and Tempered:

(a) 72 hr. at 375°C ' 210

(b) 24 hr. at 650°C 42
Gamma Treated and Isothermally Transformed:

(a) 10 min, at 475°C 125

(b) 30 min. at 650°C o 95

(c) 24 hr. at 650°C 5.4; 17

2G, - Elongations in microinches per in. per ppm burnup; total
atom burnup <0.1%; irradiation temperature <300°C.

23




1200

1000

800+

c

600

TEMPERATURE

H
(o]
[od

2001

20 40
u PLUTONIUM, w1.%
23245
Fig. 28. Uranium-RichPortion

of U-Pu Phase
Diagram._(38)

Uranium-Plutonium Alloys

termined by Schonfeld and co-workers. (38)

The uses of plutonium in fuel elements for
power reactors were discussed recently by Foote(36)
and Kelman.(37) The undesirable properties of plu-
tonium metal make it almost mandatory that it be used
either as a dilute solute in solid solution or in the form
of a physical dispersion in a suitable matrix. For ap-
plications in fast reactors uranium is an 'ideal matrix

diluent. Interest in uranium-plutonium alloys is, there-

‘fore, largely confined to the highuranium compositions.

Figure 28 shows the uranium-rich portion
of the uranium-plutonium phase diagram as de-
The
diagram is characterized by sharply decreasing
liquidus and solidus temperatures and by a rela-
tively restricted gamma field. Con51der1ng the

11m1ted solub111t1es of most other elements in & and  uranium, the solubility

of plutonium in these phases is rather extensive.

The solubility of plutonium

in beta is 18 wt. % at 600°C; alpha uranium can dissolve up to 15 wt. % plu-
tonium at 560°C. Biver(l2) has placed the room temperature solublhty near

12 wt. % plutonium. Figure 29 shows
the results of a study by Biver(l2) of
the variation of lattice parameters of
alpha uranium with plutonium con-
tent. The very large change in by
with increasing plutonium content is
notable, in contrast to the small
changes of agand cy. Room tempera-
ture density measurements con-
firmed the density minimum at the
alpha/alpha plus zeta phase boundary
that is predicted by the parameter
data and by the x-ray data of Cof-
finberry and Ellinge r(39) for the zeta
phase.

The properties of thé uranium-
rich alloys are generally poor. Un-
satisfactory mechanical properties
have been attributed to the presence
of the zeta phase when the solubility
limit in alpha is exceeded. Cast-
ings of alloys containing even small
amounts of this phaseareapt to con-
tainmicrocracks and todisintegrate
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on standing even in a helium atmosphere. Alloys containing 20 to 30 wt. %
plutonium disintegrate more rapidly and are pyrophoric when exposed to air.
The alloys are not fabricable even by hot rolling at 800°C; they have been ex-
truded at 450° to 500°C. The hardness of castings increases from 59 RA to
69 R with plutonium additions up to 20 wt. %. Their dilatometric behavior
to 300°C is about the same as that of cast unalloyed uranium. Recent work
by Biver(12) suggests, however, that the adverse properties are not inherent
in the alloys but are due to either impurities or to the method of preparation;
arc melted buttons containing up to 50 wt. % Pu were hot pressed and showed
much less tendency to disintegrate on standing.

Uranium-Fissium Alloys

At the first Conference Feder(40) described a preliminary investi-
gation of the role of oxidative slagging in reprocessing spent fuels of hetero-
geneous fast reactors. In the pyrometallurgical process, as it has been
subsequently developed and modified,(41) decontamination with respect to
volatile elements and rare-earths is quite good, but the fission elements Nb,
Mo, Tc, Ru, Rh, and Pd remain in the fuel, and Zr is only partially removed.
This complement of residual elements has been termed "fissium." A typical
composition that might result after many reprocessing cycles using U%* as
the fissionable base material is given by Koch(42) as:

Zirconium - 0.10 wt. % Ruthenium - 2.63 wt. %
Niobium - 0.01 wt. % Rhodium - 0.47 wt. %
Molybdenum - 3.42 wt. % Palladium - 0.30 wt. %
Technetium - 0.99 wt. % Uranium - 92.09 wt. %

The major components in the fissium spectrum are molybdenum and ru-
thenium. The utilization of these complex uraniumbase alloys, with or with-
out plutonium additions, as fuel materials in fast-breeder power reactors
has been discussed by Foote,(36) Kelman,{(37) and Koch.(42) This section
deals with the physical metallurgy of the alloys in composition ranges brack-
eting the anticipated compositions that will result from the reprocessing
cycle, including studies on the phase diagrams of uranium with some of the
fissium elements.

Uranium-Ruthenium: The phase diagram up to URu; has been studied
by Dwight(12) (Fig. 30). Gamma uranium dissolves a maximum of 5.5 wt. %
Ru while the solubility in the beta and alpha phases is less than 1 wt. .
Both the gamma and beta phases can be retained by rapid quenching of small
specimens. Six intermediate phases have been identified corresponding ap-
proximately to the stoichiometric ratios U,Ru, URu, Uj3;Ruy, U,Ru;, UsRus and
URuj;. Metallographic examination has placed the eutectic between gamma
uranium and U,Ru at 899°C, while thermal analysis results by Park 43) indi-
cate the values to be 890°C and 12 wt. % respectively. Transformations in
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this system are very sluggish, which probably accounts for the lower
eutectic temperature derived from thermal analysis. U,Ru and the beta
uranium solid solution are the products of the eutectoidal decomposition of
gamma uranium solid solution at 710°C and 2 wt. % Ru, and the beta in turn
decomposes into alp;ha uranium and U,Ru at 633°C and 0.1 wt. %. U,Ru, URu
and URu; form peritectally at about 947°C, 1180°C and 1850°C respectively.
The modes of formation of UsRuy, U,Ru;, and Uz3Rus are not known,; peritectic
formations are probable, since the liquidus rises without open maxima to the
melting point of ruthenium at 2500°C. 43) Uj3Rus decomposes eutectoidally at
870°C but can be retained by water quenching. Park reports the solid solu-
bility of uranium in ruthenium is about 0.9 wt. % at 1500°C. None of the crys-
tal structures of the intermediate phases have been determined other than
that of URuj;, which has been identified as the CuzAu-type by Heal and

Williams.(44)
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Fig. 30. Uranium -Ruthenium Phase Diagram.(12)
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RHODIUM, a/o

Uranium-Rhodium:

The diagram up to URh re-
sembles the U-Ru diagram
except that the phase U,Rh

forms peritectoidally rather
than peritectically(12) (Fig. 31).
As determined metallograph-
ically, the gamma phase is

stable down to 702°C. Ther-
mal analysis data(43) yielded
684°C for this transformation
and 629°C for the eutectoidal
decomposition of beta. The
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Fig. 31.

Uranjum -Rhodium Phase Diagram. (12)

2 transformations are sluggish
and susceptible to undercool-
ing. The maximum solubili-
ties of Rh in the gamma, beta
and alpha phases are close to

those of Ru in uranium. U,Rh forms perltect01dally at 755°C. The structures
of U;Rh and URh are not known; URh; is isomorphous with URuj, having the

CusAu-type structure.
URh at about 1200°C.

Thermal analysis places the liquidus in the vicinity of
The liquidus continues to rise withhigher rhodium

content, suggesting that URh forms peritectically. The liquidus rises to a
maximum at about 2160°C and 63 wt. % Rh, then falls to 1500°C at 78 wt. %.

system has been investigated from 600°C to 900°

Uranium-Ruthenium-Molybdenum: The uranium-rich corner of the

C.(12) Isothermal sections

at 660°C and 900°C are shown in Figs. 32 and 33. At the upper end of this

7+U,Ru
/“ B+ U2 Ru

y+BrU R —
2"/ —

23223

4 6 8 10 12 14 16 8
RUTHENIUM, w/o

Fig. 32. Isothermal Section of U-Ru-Mo System at

g600C, (12)
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temperature range an extensive gamma solid solution field exists, and the
gamma phase can be retained to room temperature by quenching. Molyb-
denum and ruthenium are substantially interchangeable in their contracting
effect on the gamma lattice parameter even though their atomic radii differ
appreciably. At lower temperatures the gamma region retreats toward the
uranium-molybdenum binary side. Molybdenum and ruthenium replace each
other in solution in the beta phase and the ternary beta phase is stable down
to a lower temperature than are the binary beta phases. At still lower tem-
peratures a 1arvge three phase field-exists due to the very restricted solubility
of molybdenum and ruthenium in alpha uranium, and of molybdenum in the
U,Ru phase. Figure 34 shows a portion of a vertical section in which the
Mo:Ru is 2.5:2 by weight. This ratio approximates the proportions of the

two elements in the uranium-fissium alloys. Reference to the vertical sec-
tion is helpful in the interpretation of the transformations inuranium-fissium
alloys as discussed in the section below.

‘

Fig. 34

Bry+URu

Vertical Section with Mo: Ru Ratio of 2. 5:2.(12)

TEMPERATURE ¢

a+y+URu

.| a+§+U,Ru

s N "
u 10 20 30 a0 50 60 70 8.0
{Mc +Ru) IN RATIO 25 :2,w/o

Transformation Kinetics: Structures and transformation tempera-
tures of uranium-fissium alloys have been studied in specimens synthesized
from stable isotopes with substitutions of molybdenum and ruthenium for
technetium (Table VI).(12) One of the alloys contained higher zirconium
(2.5 wt. %) in order to simulate a composition that might result from a var-
iation of the pyrometallurgical refining process.

Table VI -

COMPOSITIONS OF URANIUM-FISSIUM ALLOYS(12)

Fissium Element, wt. %

Alloy
Mo Ru Rh Pd Zr Nb
U-3 wt. % Fs 1.4 1 0.2 0.1 0.03 0.006
U-5 wt. % Fs 2.4 2 0.3 0.2 0.05 0.01
U-8 wt. % Fs 3.8 3 0.4 0.3 0.07 0.02
U-10 wt. % Fs 4.8 4 0.6 0.4 0.1 0.02
U-5 wt. % Fs-2.5 wt. % Zr 2.4 2 0.3 0.2 2.3 0.01
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Despite the complexity of the alloy compositions, it has been found
that a straightforward interpretation of the transformations and resulting
structures can be made in terms of the dominant U-Ru-Mo ternary system
and the transformation kinetics of the alloyed uranium gamma phase. All the
alloys are characterized by sluggish transformation kinetics. In the U-3wt.%
Fs alloy the gamma phase remains stable down to approximately 713°C, where
a rejection of beta begins. At about 627°C beta decomposes eutectoidally to
alpha plus gamma plus a compound which, from microscopic evidence, ap-
pears to be based on U,Ru. A lower temperature transformation involving
the formation of the delta phase of the U~Mo system has not been observed.
Moderate cooling rates result in an alpha plus gamma structure, and even
drastic quenching does not retain an all-gamma structure. Retained me-
tastable gamma decomposes upon reheating to 300°C.

In the U-5 wt. % Fs alloy the gamma phase begins to precipitate the
compound mentioned above at 749°C during slow cooling (0.75°C/min). The
eutectoidal beta decomposition is apparently missed, and alpha is rejected at
608°C. A substantially all-gamma structure is easily retained upon quench-
ing., Weak x-ray diffraction lines of gamma persist after very slow cooling
from 850°C and in quenched samples tempered 24 hr. at 500°C. This indi-
cates either that the last of the retained gamma decomposes very slowly, or
that it is one of the stable phases at low temperatures.

The behavior of the U-8 wt. % Fs alloy and the U-10 wt. % Fs alloy is
characterized by increasing sluggishness of the transformations. A struc-
ture that is substantially all-gamma is retained at practically all cooling
rates.

The behavior of the U-5 wt. % fissium-2.5 wt. % Zr alloy is markedly
different from the U-5 wt. % fissium alloy because of the "gettering" action
of zirconium for ruthenium. The ZrRu phase is readily distinguishable in the
diffraction pattern and microstructure of this alloy. The effect of the
"gettering" action is to produce a gamma lower in alloy content and more
similar in transformation characteristics to the U-3 wt. % fissium alloy.

Physical Properties: Saller et al,(45) report liquidus and solidus tem-
peratures of 1081°C and 1002°C respectively for a U-5 wt. % fissium alloy.

Room temperature density values for as-cast specimens are shown in
Fig. 35. The density is linear with fissium concentration for alloys having a
retained gamma structure but relatively higher for the U-3 wt. % fissium
alloy whose structure is a mixture of gainma and the higher-density alpha
phase. The density of a U-20 wt. % Pu- 10 wt.‘% f1531um alloy is reported by
Dunworth(12) to be 16.75" gm/cc '

RN
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Figure 36 shows the linear thermal expansion curves of the U-5, 8
and 10 wt. % fissium alloys. The specimens were prepared from as-cast
material and cycled twice between room temperature and the elevated tem-
perature. Heating and cooling rates were between 1°C/rnin. and 2°C/min.
The contractions between about 350°C and 450°C during the first heating cor-
respond to the decomposition of the retained gamma phase. In the U-5 wt. %
fissium alloy the cooling rate during the first cycle was not fast enough to
retain metastable gamma, hence the contraction is absent during the second
heating. For the higher fissium concentrations some gamma is retained, and
it decomposes again upon reheating. The inflections are consistent with the
phase transformations deduced from thermal analysis and metallography.
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Fig. 36. Linear Thermal Expansions of Uranium-Fissium Alloys. (12)

In Fig. 37 is shown the thermal conductivity of a U-5 wt. % fissium

alloy(4.5) and of a U-20 wt. % Pu-10 wt. % fissium alloy obtained by

Dunworth.(lz)

The conductivity of the U-5 wt. % fissium alloy increases

more rapidly with temperature than that of uranium, so that the conductivities
are equal at approximately 800°C.
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As-cast or heat-treated wrought specimens of a U-5 wt. % fissium
alloy that were thermally cycled 250 times from 66° to 620°C showed negligi-
ble growth and no surface roughening.(46) Likewise, no significant dimen-
sional changes resulted from the experiments of Sowa and co-workers,(47)
wherein full size EBR-II fuel elements containing injection cast fuel pins of
the alloy were cycled 200 times to 550°C.
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