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INTRODUCTION

Before proceeding far with the ternary studied it was essential,
first, to acquiraran understanding of the three binary systems, This
the author has attempted %o asccomplish, Only s preliminary survey of
the three component system has been conducted bubt the binary systems
have been studisd in conaiderable detzil.

For systems of three components there is a maxiwum of four degrees
of freedom possible, tenperature, preseure and the concenirations of
two components, By considering pressure as s constant a three dimensionsl
congtruction will desocribe the system completely, With three component
systems it ie customary to plot composition on an equilateral triangle
with the pure componenits at the three corners., It can be shown by
simple geometry that if a polnt is taken inside an egquilatersl triangle
the sum of th&‘dia%aneaa from the point to the sides of the triangle
along lines psrallel to the three opposite sidea is always the same and
equal to a side of the triangle, Taking the lengbth of the side as unity
and expressing the amounts of each component as fractions of the total,
the composition of sny temary system can be deseribed by & single point,
Temperature cen then be plotted along the vertical axis perpendicular to
the base, The three walls of such a construction raprekaﬂﬁ the binary
systena,

By considering temperature as & consiant the graphioal representation
can be slmplified, where sclid models are impractical a series of iso~-
thermal bincidal curves can be plotted in a single plane within the
~ trisngular composition diagram,

In this investigation insuffioient data were obtained for s three
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dimensional diagram but the binary regions have been explored and &
few ternary alloys have been examined with the intent of determining
the nature of the liquidus surface.

The metallurgy of all three of the pure conponents, thorium, urenium
and szirconium, is a relatively recent development so that their phymieal
properties are not fully known,

Uranium is a dense, bright metal which tarnishes very readily upﬁn
contact with air taking on a dull, kciark brown oxide coat, A rather
complete knawiedge of the phyaical and chemical properties of uranium
has been accumnlated within the past ten years because of ite importance
in the atomic enerygy program, The Project Handbook (1), a recent compi~
lation of this information, yives the melting point of uwranium as 1132° g,,
the boiling point as 3900° ¢, by extrapolation, and the observed density
as 18,9 ~ 19.0 grams per cubic centimeter, There are three crystalline
modifications known, Tfmv high temperature {gamma) form iz body=centered
cubie with a lattice constant, a = 3,48 Angsiroms (g). Gamna transforms
to bets uranium on cooling at 770 = 760° ¢, The exact structure of the
beta form has not been determined although a cuble type structure has
been reported. Beta tmnafarm to alpha, the room temperature form, on
cooling at 650 = 640° 0, Alpha uranium is ortho rhombic with asbze =
2.852:5,86514.945, R,

Thorium is a soft, silver-white metsl with an atomic number of 90,
an atomic welght of 232,12, and an atonlc radius of 1,80 £, The melting
peint of thorium has not been vdei‘iniwly eamblismd prineipally because

the heat of fusion ig 8o swmall that distinet heating and cooling breaks
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are not observed. A number of early wsémﬁmmwa.&m reported melting
points varying from 1450 %o 1842° C. In 1933 Thompson (2) reported a
velue of approximately 1730% 0. for caloium reduced metal and 1680° ¢,
for electrolytically reduced metal., Experience in this laboratory
corroborates the lower of ﬁﬁma results,

The structure of thorium at reom temperature is face-centered
cuble., Thompson reported a lattice constant, a ® 5,09 w.. The Project
Handbook gives values for the lattice consiant of thorium ranging
from 5,074 to 5,091 m increasing with the oxygen econtent, No alletropic
modifications of thorium have been established,

The density values range from 1l.1 to 11,7 grems per cuble centimebter
depending upon the method of preparation and fabrication treatment of the
metal, The value calculated from Xwray data is 11.61 wﬁg the average
of the observed values is atout 11,5, |

Zirconium is a silver-white metal the atomic number of which is
40 and the atomic weight 91,22, Its atomic radius is 1.60 £, Melting
points of wirconivm have been reported from 1700 to 1900° C. with
1830 & 25° ¢, the value appearing wost often in the literature, Its
%ﬁgww is 6,5 groms per cublc centimeter at reom temperature,

Zirconium has two allotropic foms. Burgers (3) has described the
bigh temperature form, bets as body~centered cuble with the lattice
constant a ® 3,61 Mf Beta transforms to alphs zirconium upon evoling
at 862° o, The alpha form is gﬁm&mmw tlosest packed with lattice

constants as follows (4); & ® 3,228 § and ¢ = 5,140 R,
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Both thorium and sirconium show & strong tendency to dissolve
oxides and nitrides resulting in an increase in hardness of the metals
and a decrease in their ductility. Zirconium dissolves up to LO atomie
per cent oxygen, and up to 20 atomle per cent nitrogen, The dissolved
oxygcen raises the transition point of zirconium, causing it to appear

sluggish,
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II. BINARY SYSTEMS
A, Uranium - Thorium System
1., Historieal

There nas been nothing found reported in the general literature wiich
could be directly releted to alloy studies of ithis systenm.

The present thoriume-uranium binary investipation was begun by A. H.
Daane and the author five years ago and a summary psper (5) was published
in the project literature at that time, In this paper the system was
reporbed as a simple eutectic system with the eutectic composition estimated
at 5 welght per cent thorium,

At about the same time s study was wmade by the University of Chicago
Metallurgical lLaboratory and the results were likewise published as
classgified project reports (&) (7). Here a simple eutectic system was
reported with the eutectic composition at less than 3,4 weight per cent
thorium, A strong tendency for the small thorium particles within the
interdendritic material to agglomerate was noted, A preliminary series
of heat treatment experiments was conducted on 3‘50 weight per cent thorium
alloy to locate approximately the eutectiec temperature, The specimen when
quenched from 1100° oemtigraﬁs ghowed no melting of the specimen whereas
when quenched from 1200° C.y melbing of the interdendritic material was
observed, No determination of the thorium liquidus was reported and no
evidence for liguid immiscibility was presented,

The hardness of the a2lloys was found to decrease with increasing

thorium conbent s follows:
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% Thorium 1 3. 68 20 30 Lo 50 60 90 95 100
Hardness R"G* 91 93 95 95 90 86 90 77 15 70 27

The result of Xeray studies of 50, 90 and 95 per cent thorium
samples quenched from 1000° C. showed the phases present to be face~
ventered cubic thorium and dlpha uranium,

2. Experimental
a. Preparation of alloys

Some of the early studies were made on alloys prepared by the co-
reduction of the mixed fluorides of thorium and uranium. This was
carried out in a bomb, consisting of an iron pipe one end of which was
welded closed and the other end of which was fitted with a screw cap.
The charge consisted of thorium flucride and uranium fluoride in the
desired proportion, calecium reductant and a booster. This was thoroughly
mixed and poured inbo the bomb liner, the bomb closed by screwing the cap
tightly in place, and the reaction started by heating in a gas fired
furnace. Good yields were obtained in the uraniumerich alloys by this
method.

As soon as pure massive thorium became readily available the alloys
were prepared by a more direct method. The pure metals in the desired
welght ratio were heated self-inductively under vacuum to a temperature
of 1300° to 18009 C, depending upon the alloy composition. The uranium
used was produced by the Ames process and was of very high purity. The
thorium was also produced by the Ames process and had a correspondingly
high purity.

After testing several refractories it was found that beryliium
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oxide or girconium oxide were most sultable refractories for use in
casting u:i" alloys.

The gbirring action of the s@1f~iﬂﬁuetive wethod of heating gave
& vigorous mixing of the molien alloy and usually resulted in a homoge-
neous alley.

be Thermal analysis .

Preparabory to thermal analysis a8 thermocouple well was drilled
into each casiting and the drillings analysed chermically, The sample
was then snnealed jJjust below the sutectic temperature fer‘ﬁa hoursg o
insure equilibrium, The apparatus used for oblaining cooling curve
data congisted of a graphite heaber erucible p&ék&d.with Norblack
ingulation (& special grade of lamp black) in a guarts vacuum tube.
This wae heated in an inéucﬁian coil to the desired temperature and
allowed to cool uncontrolled. This gave a smoobh reproducible curve
with an average cooling rate of six to eight degrees per minute. The
sutectic and.tr&nsfnrmation breaks were obtained with a chromslealumel
thermocouple, Time~temperature curves were teken on a Micromax
aéﬁaﬁatie recorder, Tungstenemolybdenum and platinum - platinum + 13%
rhodium %harmncanylea wer@ also wsed with this spparstus in an attempt
to study the temperature region about the chromel-alumel range,

cs Determination of liquidgs and immisclbility limits

The failuwre to plck up liquidus breaks on the cooling curves
made it necessary to resort to a methed of solubility studies, In
this method the lower melbting wranium was held in contact with excess

golid thorium at 8 fixed regulated terperature until an equilibrium
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amount of thorium wes dissolved. Chemical analysis of the sample gave
a point on the liquidus for the given btemperature,

In the region of liguid immiseibility the same methods werée used,
The sample was maintained at & fixed temperature sllowing the two
layers to separete completely, and rapid cooling of the sample then
followed, Samples were taken from each layer by drilling or turning off
on & lathe and the drillings were analysed chemieally. The composition
of each layer then determined the limits of iméiﬁcibiliﬁy at a given
temperature, A number of points were thus obtained for various temper-
atures between the eutectic at 1088 and the melting point of thorium,

Special measures were taken in preparing the samples before
starting an experiment. A swall hole, 3/8 to 1/2 inch in dianeter, was
drilled in a one inch dismeter bar of thorium to an approximate depth
of one ineh, A cylinder of uranium was machined on a lathe to fit
snugly into the hole. This was done to reduce oxidation of the freshly
nachined surfaces upon heating since an oxide surface would tend to
slow down the solution rate of thorium in the mgit@g vranium, This
also agsures a waximum amount of liquid in the hels,

At temperatures of 1400° C or above the uranium showed a peculiar
tendency to creep up the walls of the thorium, over the top, and inte
the containing refractory crucible. Te eliminate this a variation of
the above method was used, A& rod of urarvium which fit snugly inside of
a Be0 crucible was drilled with a 3/8 inch hole, Through this was
ingerted a 3/8 inch eylinder of thorium with a 1argar‘éia@star‘thorium

disc ai each end to keep the thorium rod supported upright in the molten
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uraniume The added welght also kept the thorium froan {loating upward

in the more denge ligquid thus mainteining selid thorium in contact with
the liquid from bobtom to bop.

Another method which was used in a8 few experimenis congigted
slaply of placing pieces of thorium and uranium in a crucible and hel&iﬁg
them in conbtact at a certain temperature, The thorium dissolved until
molbten uraniunm became saburabed and the undissolved thorium being less
denge would float to the surface. This allowed 5uffi¢i@nt separation
for chemical and microscopic sbudy of the uwraniun rich phase,

Pinding n method of heating the samples an&?halﬁimg them at the
required temperatures was the first big problem, since the temperature
region o be studied lay between 1100 and 1700° C, Furthemmore, heabing
had to be done in a good wacuum at these relabtively high tenperatures.

The furnace that was first tried consisted of a 6 KVA Ajax converter
and & smell 2 1/2 inch diameter induction coil, The thorium "orucible®
containing the wraniwn cylinder was put in a beryllis crucible and this
was placed in a 2 1/2 inch gusrtz vacwum tube. The temperature was
controlled by adjusting the converter menually. By setting the %pparatus
at a constant power oubtput the temperature leveled off after a few
minutes and was controllable to no cbserved variation in the opbtical
pyrometer readings.

This method had certain disadvantages, however, which made 1%
daesirable to design @ more satisfactory furnace, The vigorous agi-
tation produced by self inductive h@a@igg could mechanigally break off

small pileces of thorium, holding ihem in suspension, and thus introduce
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error, The temperature readings by an optical pyrometer are greatly
affected by filw on the sight glass or an oxide orust which often forms
on the metal surface, Furthermore, it is difficult to aveid sudden
fluctuations in temper&ﬁara when heating by an induction furnace over
prolonged pericds,

To overcome these difficulties, s high temperature resistance
furnace was daaignaﬁ’apee&fioally for the temperature range to be
studied (Fig. 1). It was constructed to operate inside an evacuated
quartz tubs., The heating element (A) was 70 mil molybdenum wire wound
on a grooved alundum core, Concentrie with this was a secondary 20
gauge Kanthal winding (B), on a beryllia tube, connected in parsllel
with the primary winding, A single pair of leads was introduced
through the vacuum head, Calculations were nmade as to proper wire
gizges and lengths for ¢sch winding so that the Kantnal,winding would
not burn out as the high temperatures were reached, Kenthal A-l is
regommended for furnace temperatures of 1350° €. and molybdenum for
above 2000° C. Ag long as heabing was done under a good vacuum the
molybdenum winding stood up very well with repeated runs,

The stainless steel reflectors (C) were selected rather than the
conventional furnace insulators such as diecalite or powdered graphite
because a better vacuum could be maintained on the furnace if no gas
adsorbing powdered insulation materials were present, and the lower
heat capacity of the furnace with the reflectors would allow it to heal
up and cool off much more rapidly. BSince a rapid cocling rate was

desirable in many of the experiments this was quite essential,
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The elotrical leads (D) were cooled by passage of water through
“them. The brass vacuum head (B) likQWiaa was cooled by a stream of
water through it.

’ The temperature was recorded on a Micromax recorder using a

t&ngatﬁnueelumbium thermocouple (F) which had been calibrated against
& platinumeplatinum + 13§ rhodium thermocouple (&), The latter type of
couple could not be used for more than & short peried of time without
deteriorating but the tungstenwcolumbium couple lasted almost ine
definitely at high temperatures. The tungsten becomes very brittle,
however, and any disturbvance makes it pecessary to form a new jJunction.

A 110 volt 40 ampere capacity adjustable trangformer served as the
power source for the furnace, The power required to maintain a temper
ature of 1500° ¢, was 3,5-4 KVA. The tam@@rgtafﬁ waa controlled nmerely
by setting the itransformer at a given position. ,Azkno time was the
fluctuation over a 20 hour run greater than +15° ¢, and with a
minimm of attention was regulsted to + 5% ¢,

A rubber gasket between the quartz tube and the vacuum head sealed
the system so that it could be evacuated, Using a Hypervac "23" pump
a pressure of 3 to 5 mlorons was susiained on the furnase at a temperature
of 1500% ¢, Pressure readings were taken with a ﬁ@akaa}ﬁczamﬁ gauge. |
Under these conditions little oxidation of the sample took place. By
placing vranium turnings as a “getier" in a crucible above the sample,
additional insurence against oxidation was p&avid&ﬁt

d, Mieroascopic examination

Following either thermal analysis or solubility studies the sample
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ge¢ GQuenching experiments

Quenches from below 1050° ¢, were carried out in an evncuated
guarbz tube. Prior to guenching the aampla was annealed in g Kanthal
wound resigtance furrace. A helium atwosphere was then admitted and
one end of the tube openeds Tilting the tube plunged the hot specimen
into onld water,

Where higher quenching temperatures were desired a sorewhat more
elaborate type of equipment was used (Fig. 2). The sarple (A) was
suspended by a tantalum wire from a tantalum trip rod (B) that was
admitted through the vscuum head through a rubber stopper. An open
end tantalun tube (C) served as the hester and sll of this was enclosed
in & quartz vacuum tube (D). Heating wes done in a small induction
coil with a 6 XVA Ajax converter,

Qﬁ@nching'waﬁ done by dropping the crueible and sample into a
large reservoir (E) conbaining a low vapor pressure oil the entire
operation taking place under 2 vacuwm of 10 microns. A trap door (F)
which was closed by a spring helped prevent oil and vapors from
gplashing up into the tube as the sample was dropped, The temperature
resdings were made by means of an optical pyrometer through the sight
glass {G). |
3. Presentation and Interpretation of Data.

The phase diagr&m shown in Figure 3 is based on themmal dats and
solubility studies, informatiocn obtained from Xeray examination and
mieroscopic evidence., 'The portions of the diagram about which a

reagonable doubt exists have been dotted in, A4 plot of all thermal
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data and solubility p@ints has been made in Figure 4.

Starting with pure wranium & eutectic is formed at 2.5 - 3,0 weight
éar cent thorium at a temperature of 1086° ¢, fThis eutectiec composition
is based primarily upon microscopic evidence, Tigures 5, 6 and 7 are
rhotomicrogranhs of allayﬁ near the eutectic and on either side., The
eutectic temperature was determmined by cooling curves, The thermal
arrest at 1086° ¢, has been @baervgﬁ’in all compositions studied as
is shovn in Table 1, The intensity of the bresk diminishes as the
thorium content incresses sc that the thernal effects become questionable
in the high thorium region,

No changes in the transformation temperatures of uranium are brought
about by the addition of thorium, From Figure 4 it is apparent that the
gamma to beta transformation in uvenium takes place at 760° ¢, across
the entire system, The same is true of the beta to slpha transition at
650° ¢, with the exception of the high thorium region in which the
transformation was not detected in esaling curves, This is not considered
significant however; instead it is believed that the break is so weak
that it escapes detection,

A property of the eultectic which made it somewhat diffleult to
locate its composition exactly was a tendency to spheroidize on slow
cooling, This‘d&strnyak%hﬂ entectic structure making its identification
more difficuli., Figures 8 and 9 illuatraha this point showing a sample
which has been coocled slowly so that all the fine eutectic structure has
agglomerated, while the saze sample quenched from the eu%eeﬁic temperature

hag rebained the eubtectic siruecture.
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Table 1
Thermal Data
Gomgzgigon %ﬂggmtiu Euggatic ?rmafggmatians
pure U 1153 760 650
0.7 1123 773 651
1.0 1104 764 645
440 1086 761 649
43 1096 768 649
740 1080 764 645
7.2 lo88 766 652
9.0 1080 760 640
15.5 1086 72 -
38.1 - 1080 759 645
49:9 1os8 761 647
53;5 1072 759 645
70.0 1275 1078 764 633
7440 . 1091 764 -
90.0 1020 750 -

735




Fige 5 = 0.7% thorium, Conbtains excess uranium (clear phase) plus
eutectic, Electrolytic polish, X 100,
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3,14 thorium, Hutectic, F¥lec, polish, X 100,

Fig, 7 = 4.6% thorium.  Dendrites of thorium in eutectic matrix, Eles,
polish, X 150,

|
&
*
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15.5% thorium. Thorium dendrites (light phase) on uranium
background, Oxalic acid eteh, X 100.

A1l of the above samples were cooled slowly,
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The temperature range at which this sphercidization tekes place
was located by & series of quenches, 4 4,0 per cent thorium cast
alloy, shown in Figure 10, was then annealed at 1050° ¢ for four hours
and quenched, At this tempersture complete spheroidisation had tsken
place (Fig. 11), The ssme sample annesled at 780° ¢ and quenchéd ghowed
little or no tendency to agglomerate (Fig. 12),

The determination of the thorium liquidus proved to be a more
difficuls problem than was expected, ?hé‘failure to piek up liquidus
breaks on cooling curves was due elther to the lnsensitivity of the
thermocouples used in the high temperature ranges, i.e, tungsten-
molybdenum, tungsten~columbium, and platinum-rhodium, or the extremely
small heat of fusion of thorium, Solubility studies by the procedure
described did give some reproducible results and thus has become the
bagis for the major portion of the diagram,

In order to determine the btime required to establish eguilibrium
- between the liyuid and exeess solid thorium at different temperatures,
8 series of experiments was run in which the time of heating was
varied, A series at 1200° ¢, showed a definite tendency to reach a
constant value in 4 to § hours as indicated in Table 2 (Runs 1, 2
and 3). A similar detemmination was made st 1300° C (Runs 4 and 5).
Here again a time of about 4 hours was required to reach a maximum
solubility, It was conclunded that equilibrium should be established
between solid and liquid in a meximum time of four hours. As the
temperature is increased the rate of solution should be more rapid

due to increased molecular activity so that eguilibrium between two



Run  Temp, ﬁmnealing ' An&lya;nﬁef {ower layer &nalyais of upper layer

°¢__time in hours wtf Th wif U wt% Th wtf U

1 12005 3 2,50 97,75 |

2 1200 4 3.35 96,60

3 1200 10 440

4 1300 3 4460 95.00

5 1300 8.5 4485 94,90

6 1250 3 4e 55 90,0

7 1400 2.25 13.70 85,80

g 1100 g 1.55 98,40

9 1500 3 No lower layer 76,60 22,50
10 1450 1 8,10 9185 68,90 31.06
11 1500 1-2 15,05 83,90 67,60 32,40
12 1520 1 10,00 : 90,75 66.20 32,45
13 10 1 21,33 71,95 66,80 32,80
14 1550 £15 4 1/2 9.40 90,70 6415 35.15
15 1450 6 10.45 89.60 62,80 39.0
16 1450 51/2 7,15 92,80 Not analyzed
17 140010 7 6.95 93.80 7L.50 28,50
18 1400 7 8,80 90,84 Not analyzed
19 1335 2% 5.80 94,25 No 2nd, layer
20 1465%10° 1 pr (ajax) i e 65,5 34.5

21 1350 3/4 br (ajax) 9.60 88.3
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liquids in the regivn of ilmmiseibility ﬂhqul& be reached in an even
ghorter time.

A series of points was thus obtalned at 1100°, 1200°, 1250”, 1300,
1325%, 1350° G, as tabulated in Table 2 and plotted in Figure 4, These
points lie on a smooth curve exceph for the 1100° G, point which is ‘oo
low in thorium to fall on the thordum liquidus, It does fall on the
corresponding uranium liguidus although this was hardly expected, The
low result may be due to incomplete solubion,

To check the method of sampling, drillings were taken from the
center portion of & specimen and compared with drillings taken from
near the outer edge, From the data in Table 3 (Runs 7 and 8) ne
concentration gradient was found from outer surface to core, ILike-
wige the homogeneity from top to boltom was checked on a specimen heated
self-inductively, Samples were taken from near the upper and lower
surfaces for chemioal &a#iyéia {Run 20). A slight tendency toward
segregation was found,

The data indicate that the thorium liquidus rises sharply from the
eutectic and begins to level off around 1300° ¢, As the thorium content
is increased beyond abnni 8 per cent and above 1375° ¢. a region of
liguid immiseihility occurs. Figure 13 is a maergphetagraph of a sample
which had been held at 1470° ¢, (Table 2, Run 13). Clearly évidenh
are three dlistinct homogeneous layers; & uranium-rich layer at the
bot tom, a %hariug—riah layer in the middle and & eap of pure thorium
on top, Actually bad this been given a long encugh annealing period

this excess thorium should have dissolved, but since it has no direct



Fige 13 = ﬁmmyhmta@;rapm ahwing liquid immiaeibﬁity. ~
(a). Upper half of alloy prepared at 1470° . Pure thorium
cap in thorium rich layer. {b)s Iower half of same alloy,
M %ﬁiﬂtirmt la;amra csﬁ be aaoa. Alr stoh, X 3.5.

....

Fige 14 = ?mmmamgmm oi‘ Emmd&z‘yub&twéﬂn two 3.1 uid La:mm of above
alloy. Oxalic acid eteh, X 150,
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Tabie 3

Homogeneity of Ssmples

. Portion sampl WtE Th WLE U

Y 1/8* Center Portion of Sample 2,49 97.?4'

Ty 1/4=1/8" Outer Portion 2,39 97.92

8,  1/4" Center Portion 3.33 96. 59

8h, 3/8r=1/4% Outer Portion 3.39 96, 66
204y Upper Half - 66,9 33.6
mg.g Lower Half 65,6 3.4

contact wiéh the wranium layer in which it is masﬁ readily éolublm this 4
wight have required a much longer time. A photomierograph of the boundary
between the two liguid layers (Fig. 14) shows a sharp discontimuity at
the interface, Fhotomicrographs of the upper layer and alsc of the bottom
layer are shown in Figures 15 and 16,

Further evidence for this immiagibility are Figures 17 and 18 showlng
& 15 and a 20 per cent thorium alloy which hgve been prepared by heating
the metals by self-induction and cooling rapidly (100~200 degrees per
minute), The round globular aveas when enlarged (Fig. 19) appesr thorium—
rich and vegemble in the relative amounts of ithe phases present, the
upper layer that is found in thg solubility ﬁxpﬂrimenﬁa, The surrounding
area contains thorium dendrites and a uraniwm-rich eutectic similar in
appearance to the lower layers found in other studies, ¥hile there are
a large number of the glolules in the 20 per cent thorium alloy, only a

few were observed in the 15 per cent sample. On the basis of this
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Fig. 15 = Upper layer showing dark uraniumerich reglons in thorium phase.

Fig. 16 ~ Lowsr layer showing therium dendrites in eutectic matrix.,

Fig, 17 = 15¢ thorium, Cooled rapidly. Globules are imniscible aress
of theriuvmerioh liguid,

Fige 13‘4&33% th@riﬁﬁvv Thorium~rich globular aress on uraniumerich
Mﬂ;mmw&é‘ A o o

Above samples electrolytic polish, X 150,
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that a continuous single liguid region nay exist above 1650° C.

Te test this theory a 504 alloy was prepared by self-induction
heating and brought tc a homogensous condition, The sample was then
annesled in the resistance furnace at 1520° C., a temperature at which
two liquid layers should form, Two distinct layers were obgerved
(Table 2 run 12), Similar results were obtained when snnealed at
1400, 1450 and 15009 ¢,

One other incenaiaténey a?p&ﬁrﬁ here which requires some explanation,
Aks was shown in Figure 8, a 15.5 per cent thorium alloy was prepared in
which no immiseible layers or globules were observed, Either the limits
of immimcibility are wrong or something peculiar has happened, Cone
trasting this alloy with the 15 per cent alloy shown in Fig., 17 the
gquestion ariaea as to which structure is the true equilibrium structure
of the alloy. |

The»aathor‘baliQV@a ﬁhat both structures are truly representative
depending upon the previous treastment of the sanple, The 15,5 per cent
alloy was prepared by héatin% self-inductively to 1800° C. which acw
gording to the diagram as constructed is a one liquid'ragién, . This
was followed by rapid cooling to room temperature, The 15 per cent
slloy (Fig. 17}, on the other hand, was prepared &y heating self ine
ductively to 1400° ¢, in the two liquid region and cooled rapidly from
there, Upon annealing below the two liquid region these imcmisecible
areas disappear and the alloys show only thorium dendrites in a eutectic
matrix,

From this one can conclude that while the true equilibrium is
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described by a liquid immiscibility loop, rapid cooling through the
shallow region does noit allow a separation into liquid layers and a
non equilibrium structure often results,

Beyond the monotectic point at 72 per cent thorium and 1375°
centizrade the liquidus rises to the melting point of thorium at
approxinately 1675° ¢, A solubility study at 1500° (Run 9) was made
in which an excess of thorium was maintained in contact with both top
and bottom layers so as to cause the aampleﬁa‘disagpe&yﬁnee of the
lower layer, The liquid phase that existed in contact with excess
thorium when analysed chemically gave the liguidus point shown at the
extrone right~cf Figure 4. This has been interpreted as a thorium
1iquidus point, |

The microstructures of alloys beyond the two layer region appear
completely homozeneous, .Aﬁ an alloy in thie reglon, for example BO
per cent thorium, is cooled from the liquid the following occurs; as
the thorium liquidus is crossed solid thoriuwm solidifies and continues
to freese out on further cooling until at 1375% 0. the liquid remaining
has the composition of the monotectiec (72 per cent). At the monotectic,
this being a univariant point, the composition of the liquid shifts to
liguid of & per cent thorium by rejecting more solid thoriwm. It then
follows the normal liquidus eurve on further cooling to the eutectic
where complete solidiflcation takes place,

The solid solubllity was estimated nostly fram‘mierwatruetursa
although the fact that there is no depression or ralsing of the

uranium transformations provides pood evidence that there is very



little solid solubllity of thoriwm in uranium, Microscopic study of
the 0.7 thorium alloy (See Fig. 5) shows a considerabls amount of
eubectic present, Quenching from goo® €. in the region of beta
uranium did not produce any chmgs in the microstricture (Fig. 21a)
indicative of no increased solubility of thorium in beta uranium,

The solid solubility of uranium in thorium, likewise, apmam to
be very low, No significant change in the lattice constant of thorium
was observed as would be predicted 1f there were extensive solid

solubility, Xeray examination of the 50 per c¢ent alloy showed the

following:
Phases Present : : ; Intensity
f.¢.¢. Thorium metal 5,09 +.02 ¢ very strong
Alphs uranium medium to strong
f.c.c. Thoy 5,59 +.02 % weak

The mierostructures of high percentage thorium alloys do not
indicate extensive solubility, A 90 per cent slloy (Fig. 21b) contains
areas of uranium along the grain boundaries. A photomicrograph of a
95 per cent slloy in the Chieage laboratory report (2) shows uranium
-along the ggréin boundaries, Eetimating from the amount of uvranium
present at 95 per cent thorium, the solubility of uwraniwm in thorium

at room tempersture appears almost negligible,



)

2
Fig;.. 19 = Globular area enlarged, Shows thorium (dark phase in this
- picture) and uranium. -Elee, polish plus nitric acid eteh,

Flg. 20 = 49% thorium, Alloy heated by selfwinduction, Uraniumerich
aress (dark) surrounded by thoriwm, Oxalic acid etch, X 100,

Pig. 2la~ ﬁ,?ﬁ thorium, a00° ¢. quench, Eleec. polish., X 100,

Fige 2lb= 90 ¢ thoriwm, Cooled slowly, Small amount of urenium (dark
areas) on thorium background, Oxalic etch. X 100,
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B. Thorium - Zirconium System

1. Historical

No previous investigation of this system has been reported in
elther the general or prolect literature. Freemen (9) did some af‘
the preliminery work in thie laboratory. His efforts to alloy szirconium
and thorium by hesting the massive metals directiy'ware unsuccessiul
due to the formation of sn oxide surface on the zirconium which prew
vented thorough mixing even in the liquid stabe., Some evidence that
the twe metals do slloy was found however,
2+ Baperimental

a,  Preparaiion of alloys

The method of preparing the slloys nas been related directly to
the sireconium production program, /5 purer zirconium saltis were
obtained and as bebter methods of reduging zirconium metal were de~
velopaed the purlty and suality of the alloys improved,

8ince the sirconium metal most readily avsilable commercislly at
the time the studies were begun was metal powder, a supply was purchased
from Foote ¥Minersl Co, This was gquite free from other met:l impurities,
ut the powder being extremely fine oxidiszed readily so that several
per cent of zireconium oxide was unavoidably present, Because of its
pyroshoric nature all handling operations were performed under earbon
dioxide atomosphere, The use of dry ice was found most convenlent in
mixing and transferring since in addition to meintaining an inert
atmosphere over the powdered metal the low tomperature reduced the danger

of buming.



Thorium metal powder was prepared from cast thorium by the hydride
process (10). In this process pleces of thorium or thorium turnings
are haateﬁ in a hydrogen atmosphere at approximately 600° C, until no
more hydrogen is absorbed, thus forming the dihydride, Then further
reaction takes place at 325 to 200° C, forming a higher hydride which
causes the product to disintegrate into a finely divided product.

This is then dsccmbsed to the metal by heating to 500° and then to
700° G, under vacuum. A finely divided powder still comtaining a little
hydrogen is thus obtained.

In preparing the alloys the powders were mixed in the desired
proportion in a mortar under a dry ice atmosphere. It was then
transferred to a special die and pressed into a bar one fourth inch
by one fourth by four inches long, These particular dimensions were
chosen for the melting point determinations as will be described
later.

Before weighing out the powders in the preparation of the pressed
compacts, the amounts of metal powder required to give a pressed volume
of ¥ x % x } inches was caloulated. Assuming the density of the
compressed powders to be eight-tenths the density of the metals in the
cast state, the amounts necessary to occupy a volume of I cubic inches
(4,12 cubic centimeters) were determined for each composition to be
studied.



Since a massive metal alloy was considered preferable to the
gintered powder early attempis were made at preparing the massive
alloy. Thorium-rich alloys were prepared successfully by a bomb co-
reduction of thorium tetrafluoride, ThF), and potassium fluozirconate,

KgZrFg, using calcium and a booster.

Since the supply of potassium fluozirconate was somewhat limited,
this was later replaced with zirconium chloride, ZrClj. The commercial
gource of the latter was Titanium Alloy Manwfacturing Company., The
major impurities in this material are iron (0.2 per cent) and titanium
(0.02 per cent). The chloride is very hygroscopic and so zirconium
tetrafluoride was substituted for it as soon as a supply of this became
available (11), The fluoride being non-hygroscopic could be handled
conveniently in air without picking up water.

The best results were obtained with mixed fluorides although alloys
containing more than 60 per cent zireonium were obtained in poor yields.
They were extremely hard and their microstructures showed quite a few
impurities, Hence, all sirconium-rich alloys were made by another step.
Bureau of Mines sponge szirconium {(12) was added to a bomb reduced
thorium-zirconium alloy in a graphite crucible and heated under vacuum

in an induction furnace to a temperature at which the sponge zirconium



disgolved in the lower m@l@ing alloy, The porous sponge was found %o
dissolve readily whereas diffioulty was enaeaﬁtarad when 2 massive
plece of &ircénium'wmé used due to the aforementioned oxide coat,
Apparently the greater su¥face of the spcngé material facilitates its
solution, Samples prepared by this method were much gofter and could
be easlly sawed, drilled, or machined on a lathe, |

The casting of the alloys has been a problem jJust as it has been
with the pure zirconium, Thorium could be cast in~baryilia but zirconium
was observed to react with beryllia atove 1600° ¢, The thorium-rich
alloys and those alloys whieh melt below 1600° C. could be cast in
beryllia, This sufficed for all alloys cantaiuiﬁg up ﬁa 50 per cenﬁ
zireonium. For the higher meliing alloys graphite was first ﬁried
since in the Bureau of Mines process casting 1s done in grapnite,
Kaufmann (13) reported the formation of a carbide skin on the surfaém
of the metal when zirconium was nelted in graphite but only a small
amount of carbide inclusions was observed in the microstructure of the
casting,

To determine how much carbon was picked up in preparing the
‘aireuniumeriah alloys chemical snalyses were made in this laboratory
on three of the slloys which had been cast in graphite, It was observed
that about 0,10 per cent carbon was dissclved at 1500° C., 0.17 per cent
oarbon was introduced by heating to 1700° ¢, and about 0.2 per cent
when eaating at 1800° €. Sinee thorium has been found to diseolve only

very small amounts of carbon below 1750° ¢, (14) graphite was agreed
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upon as the best of a number of not too satisfactory refractories.
b. Thesmal analysis

Because of the high melting point of the pure metals, the use of
thermocouples for taking cooling curves did not offer much promise for
obtaining solidus or liguidus data,

For determination of the melting pointe of high meliing éatari&la,
P. Chiotti has constructed an spparatus for heating semples by passage
of high current through the specimen and observing the temperature at
which liquid was first sighted. A hole 0,039 inch in diameter and 0,15
inech deep was drilled in the specimen in order to approach black body
conditions. The specimen, a % iﬁéh by & inch bar from 2 to 4 inches
in length, was clamped bsﬁweeﬁ two water cooled copper electrodes and
heated under vacuum or inert atmosphere, The high current required %o
heat the bar was provided by an 8 RVA transformer operating on a 220
volt single phase line, giving an output of 2, 4 or 8 volts at 4000,
2000 or 1000 anperes raﬁyectiv&ly» The outpul was controlled by an
auto~transformer in the 1nput‘circuit which pave cantinaéua variation
from gero to maocimum outpuﬁﬁ

The temperature was read by means of a disappearing filsment type
optical pyrometer, Calibrations were made using pressed compacts of
nickel and of molybdenum., On two runs the meliing point of nickel was
observed as 1427° C. and 1435% ¢, BReadings were taken through a pyrex
sight glags and had to be corrected for the absorption by the glass
window, Using the relation developed by Foote et al (15) 1/T - 1/T, =
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5—0.6 where T is .*i;h& absolute tempersture and Ty the spparent or
observed tampemtum in degrees absolute these co&reetad readings
become 1440° m@m‘“ C. mgmetively as cwzp&mﬁ with the true melting
point of 5% ¢, for nickel.

In the calﬁ.bmtigm with malybdeaum the corrected melting points
obtained were 359’?& C. and 2580° ¢, as compared with the literature
value of 2622 ¥ 10° centigrade,

In the case Qf the powdered compacts prasi::tarirxg was necessary
in order to lower the resistance sufficiently to allow passage of high
currents with the low potential available, This was accomplished by
placing the pressed compact inside a molybdenum tube furnace connected
between the two high current electrodes which brought the sample to a
gintering temperature of &O&Q - 1200° ¢, A small hole was then drilled
in the sanple for melting observations and the melting points were
determined,

In s0lid transformation studies cocling curves were taken Ly means
of the apparatue ‘éhm schematically in Figure 223, This is the familisr
neutral body type of differential cooling curve and has the advantage
of being abie to pick up breaks that by other methods might be very
doubtful, Two small holes were drilled through the specimen (A) using
a number 5{3 drill, Adjacent to this but not touching was a neutral body
(B) such as pure thorium or nickel containing one hole, The differential
t}xemmmupla was made by bubtt velding two lenyg pieces of chromel thermo-
couple wire (C) to a short piece (2 inches) of alumel (D), The wires
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Fig. 22a -~ Differential Cooling Curve Apparatus,
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were then insulated with small one~hole refractory spaghetti and
connected so that one junction was in the oenter of the neutral body
and the other in the gpecimen, The potential as measured by the recorder
wag that due only to temperature differences between specimen and
neutral body. The recorder was a Brown Hlectronik instrument with a
full scale range of 0-20 millivolts, A sscond thermocoupls algo
located in the:’apecﬂzmn measured the sanple temperature directly and
was recorded on another Brown Fleotronik, The sample was placed in a
quarts tube (F) with the thermocouple leads emerging through a fubkmr
stopper and the system was evacuated by a Welch nuaw&aai vacuum édmp
to pressures of 3 miorons,

The tube was heated by a Kanthal wound resistance furnace (G) to
8 maximun temperature of 1050° c; ‘The power was then tumed off and
the furnace allowed %o cool almwly.“ As the specimen came to a themal
break its ccoling rate was slowed up and the temperature difference
between specimen and neutral body changed abruptly. Such & method
proved ugeful especially in studying the extreme ends of the diagram
where the euteobold breaks became almost indistinguishable, or in
detecting any elight heat effects,

A particular disadvantage of this apparatus is that as a break
appears on the differential curve the specimen temperature must be
read simultaneously from the other instrument, This requires careful
attention while the curve is being run.

fne special cooling curve was run on an alloy of composition
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earmap@nﬁng to the minimum in the seolidus-liguidus curve to compare
if possible the accuracy of the optical pyrometer method with the
generally preferred cooling curve method. Sinee the minimum was found
to fall within the chromel-alumel thermocouple range this type of
couple was employed, Heating of the sample was done in the molybdenum
wound resistemce furnace deseribed iﬁ part A lo. By adjusting the
power input the furnace heating or naoling rate was controlled almost
linearly over a narrow temperature range,

¢. HMierosecopic exsmination

The same grinding a;:zci polishing techniques as described in part
A 14 were applied to these alloys, Fortunately none of the alloys
of this system were reactive with alr or with water which made them
easy to handle but this same non-reactivity made themrextrm‘}.yv troublew
some to etch, Almost completely different etching solutions and cone
ditions had to be worked out for each composition studied and fre-
quently for ﬁiﬁ‘@f@nt heat trested smples of the sgame slloy, This
made metallographic etudies laborious at times and often cast doubt
on the validity of results since a standard method of etching samples
eould not always be used,

In g@néral three standerd etchants were used, In the ‘thcrrium
rich alloys, i.e. those containing O %o 40 per cent zirconium, the
sanple was immersed in or swabbed with 10 per cent hydrofloutic acid
in ethyl alechol., The etching time varied from one second to thirty

seconds depending mmarily on the previous heat treatment of the sample,
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e slow cooled sanples were found to ebeh readily while the samples
which were quenched from high terperalure onephase rﬁgiana‘etch@d nOre
slowly, Alloys in ﬁhé middle portion of the system (40 to 60 per cent
zirconium) were etched most readily by mn electrolybic etchant de~
seribed by A, H. Roberson (16) emnaigimg of 3 parts ethyl aleohol and
1 part concentrated hydrochlorie scid spplied for 20 seconds at &
current Jensity val ampere per square centineter,

The high sirvconium alloys were ebched with o 1 per cent hydrow
fluorie in nitric acld sclutlon by swabbing for 1 to 10 seconds depending
again upon the resctivity of the samples,

d, Cheriesl snalysis

The alloy was dissolved in hydroflueric and nitrie aeid with heat
&p@iiﬁﬁu Sulfuric acid was édﬂeﬁ and evaporated to remove all flucride
ions. The regldue was then rééiwﬁuEV@dAin dilote acid, An aliquot wes
teken and ammonium hydroxide added to precipitate thorium and zirconium
hydroxides and thus removing the sulfate lon whigh interferes in the
determination, The hydroxides were redissolved in nitric anoid amd
thmriﬁm precipitated as the oxalate by addition of oxalie scid. The
p&ﬁﬁipitatﬁ was filtered and washed, ignited to thoriuwm oxide, ThOy, and
weighed,

To another sliquot enough hydrochloric acid was added to make the
solubion 0.) to 0.8 molar in hydrechloric acid., Mandelic acid was added
snd gireconium preeipitated ss the sirconyl salt of mandelic acid. This

was then ignited at 900° 0. to sirconium oxide, Zr0,, and weighed.
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€e Aeray studies

k1l of the Xwray diffrection patberns were taken on powder sanplesg
with either a 57.3 or 114,3 millimeter diameter Debye-Scherrer powder
canera which had been calibrated with pures uranium dioxide, The studies
congigsted principally of phase identificalion and of the approxination of
lattice constanbs, The determination of the latier could be made to an
accuracy of ¥ 0.01 ingstroms so thab any appreciable distortions of the
unit cell were readily detected, Copper K alpha radiaiilon, nickel
filtered, waw_uﬁ@@ for these studies, Exposurs times of from 3 to &
hours were reguired for &1l sawples,

Powder sanples were prepared by filing from the massive dlloys with
a small clean file, The [ilingy were then stuck onto & fine glass fiber
coated with petrolatum and wounted in the canera for exposure,

When it was felt that the anount of cold work produced by the
filing operation might introduce encugh strain to interfere with sccurate
lattice msasurenents, the powders were annealed prior to diffraction
studies, 7This was carried out in the following manner, The {ilings
were heated in a small diameter sealed guartz capillary above the re-
erygballization temperature of the netsl and cooled slowly to room
temperature, The powder was then transferred to s very {ine, thin walled
glgss capillary and thils was wounted in the cawmera,

Since no high temperature camera was svsilable, Xeray studies of
the higher temperature reglons were limited fo samples guenched from

the rezlon to be exavined. Filings were then baken from the guenched
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allﬂy ﬁmﬁ‘§awdar disgrans were tolen ags was done with the slowly caml#d
semples. An eltemate technique was to anneal the filinges in & sealed
quarts capillary and to guench the capillery containing she powdered
gpeciren in wabter prier te Jeray examinaticn, In this way any disturbance
of the gquenched structure introduced by filing would be eliminated,
Unfortunately the powdered zlloys appeared o react rather badly
with the quarte capillary above 900°% ¢, so that the latter technigque
Wﬁﬁ nob found too successful in the temperature region in which i¥ would
have been most uselul.
fe Quenching experiments

Hosl of the quenches were cerried cout by mnealing in vecuum, ade
mitting helium prior to quenching and plunging the samples into water
as was &amarﬁb&ﬁ in part A 1f.

Wowever, for a few experiments in which the quenching temperabture
was critigsl, a more elaborate apparatus was designed (Fig. 220, The
specimens were wounbed on a dise (4) which was pivoted on a stainless
steel rod (B) suspended from the vacuum head {C). The diec was hept
norisental by the welght of the soft iron core (1) of a solenoid. The
enbire unit fit inside & quartz vacuum tube (E) and was heated from the
cutside by a Kaﬁth;i’rwsistamce furnace, The quench was carried out by
aclivating the solenold which 1ifbed the iren bar@~enmugb to allow ihe
dige to turn releasing the sarmple. The guenching mediuwm (F) was a YWoods
ﬁMﬁh%ﬁﬁmwdm&@ﬁainammwdrmmmﬁme@mmm@ﬁm

Woods metal contains Cd, Bi, Pb and Sn none of which have an apprecisble
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vapor prassur@s at roon temperature, The entire annealing and quenching
operation was carried out under a vacuum of less than one micron, With
this apparatus the temperature from which quenching had taken place could
be controlled to an accuracy of rj_;?” Ca
3. Presentation and Interpretation of Data

On the haais’af the data oblained from thermel, microscopiec, and
Y~rgy investigations, the phase diagram shown in Figure 23 has been
cénatma%ﬁ.

As stated previously the early work was done with samples prepared
from the metal powders, The meliing points of pressed compacts of

several different compositions are shown below in Table 4,

Table 4

Jelting ¥ : : er Samples
Gnmgwﬁitian n@@ﬂﬂr Mﬁlting point 193

5 | 1620

5 1600
10 1510

20 1490
30 1430

35 ” 1375
35 1390
40 1445

50 1545

Zr powder | 1890
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Table 5
Thermal Data i‘er w2y Systen

Ccmpasmian ' Liquidus ar, Fateotold or othar
whiir fTh __  solidus breaks %C,  transformations °C,
Cast thorium 1675 no breaks
2.0 57.6 1555 no breaks
5 95 967, 817 no breake
6.4 93.5 1420 951, 850 653
10 90 1465 906 626
13,5 8445 1380 907 653
18.5 80,5 1360
23.2 75.9 1275 918 656
| 1344, 1225%
25 75 1255t 886 626
27.5 60,0 1340
29.5 TLe5 ‘ 920 646
30.0 69,0 1353
31.5 66,5 1352
32.5 66.0 1370
37 73 1350 915 638
40,0 5545 1370
44 e 8 52,5 1495
45 55 1415 B96 652
50.0 47,0 1435 852 ' 649
5443 &b S 1530
58,6 42,1 802 649
58.1 41,0 1570 761 623
?6 26 702 635
80,1  19.5 1645 760 663
80,2 19.0 1675 750 650
84.5 16,0 1760 771 646
87,6 8,6 1750
91.2 7.7 1770 862 644,
95.6 47 1800 881 638
Bureau of Mines Zr 1820 Q00
Grystal bar Zr 1782 a7

#obtained frow cooling curve with %«mﬁ% Rh thermocouple,
t0btained from cooling curve with chromel~alumel thermocouple,



25 = Gast thorium.

26 - 5% zirconium., As cast,
27 = 6,4% zirconium, As cast, Second phase along grain boundaries,
411 samples 108 HF in ethyl alcobol etch. X 250,
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drops smoothly to a minimum of 1250 » 1275° C. at somewhere around 25
per cent sirconium, From this point it rises alwost linearly, excepd
for a scatter around 30 per cent, Yo the melting point of zirconium
(1%9” Ce)s The liquidus curve has not been established by experiment
but it most likely follows the genersl course indicated by the dashed
line,

The one phase region (A) in Figure 24 is based upon & number of
observations, The fact that the themal break at 640° €. was not observed
in alloys containing 2 end 5 per cent szirconium whereas it did appear
at 6.5 per cent would place the limits of solubility around 5 per cent
girconium. It is possible of course that the 640° ¢, break was present
in the lower zirconium alloys but too weak to be detected even with the
extremely sensitive differential method,

The miorostructures of alloys in this region likewise indicate the
prasu;hea of & one phase area, All the alloys examined from pure thorium
(Fig. 25) to 5 per cent szirconium {Fig. 26) appear one phase but at 6.5
per cent a small amount of second phase begins to show up along the
grain boundaries (Fig, 27).

The final and most conclusive evidence for golid solubility at room
temperature ig based on Ywray diffraction studies. Figure 28 shows
graphically the behaviour of the lattice constant of thorium as zirconium
is added, The value drope sharply from 5.09 2 for c{aa%; thorium to 5,05 g
as zirconium content increases, Ustimating from these lattiece constants

maximom @0 lubility has not been reached at 2.5 per cent tut that a
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maximum has been reached at 6.5 per cent, On the basis of two samples
quenched from 700% ¢,, a 20 and a 45 per cent alloy, the seme distortion
of the latiice takes place at 700° ¢. as oceurs at room tenperature,
Prom this the solublliby limits at 700° ¢, have likm:w been estimated
to be near 5 per cent, The rather bad scatter of points on the room
temperature curve fall within the limits qi‘ securacy of lattice de~
terminations sinee only a small diameter (57.3 millimeter) powder camera
wag used, In order to establish the iattiw constants of thorium at
room temperature to a greater degree of acouracy & diffraction pattern
was taken of & 55 per cent zirconium alloy on a large diameter (114.3
millimeter) powder camera. The powder had been annealed at 650° C, after

f£iling, From the Xeray diasgram the following phases were identifieds

8856 lattice constant ‘ Intensity
i’.c,a, thorium 5.054 £ .005 § strong
“heo.pe zirconium e = 3,22 T,01 g mediun
¢=513 +.008
thorium dioxide “ weak

From the comparative radii of the two abtoms one would expect a
mba%iﬁuﬁmnﬂ type of solid solution where the smaller zirconium atoms
replace the larger thorlum atoms at rendom within the face-centered
structure, This would result in a decrease in the mean unit cell di-
mengions and a ﬁhmakagé 'of the lattice constant, This is apparently
what happens,.

As the zirconium conbent is inarmaed beyond 5 per cent the amount

of second phase increases (Figs, 29, 30, 31 and 32) with a typical



Fig.
Fig.
Fige
Pig,

31

32 -

108 sir@ﬁninﬁ. Two phase sghructure,

30% zirconium, Typieal evtectold structure,
37% zirconium., Eutectoid structurs,

602 sireonium, Eutectoid-type structure,

~55~

X 1000,

All smples cooled slowly to room temperature, 10% HF in

ethyl alcohol etch,

X 250.
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eutectic or eutectolid-like structure appearing in all slowly cooled alloys
batween 10 and 70 per. cent sirvconium., The appearance of the sutectoid
differs from alloy to slloy but all of them possessa laminated structure
usually associated with eubectold decomposition, most familiar in the
pearlite form of steel, The L-ray powder disgrams of 30, 45 and the
aforsmentioned 55 per cent zirconium alloys show the only phases existing
at room temperature in the region (B) in Figure 24 are face~centered

cubie thorium snd hexagonal zirconium, No intermetallic compounds have
been found to exist at room temperabure in this system,

Thermal arrests were found at 640% ¢, in all alloys from 5 to 95
per cent reaching a maximwm intensity between 70 and 80 per ceni szirconium
The arresis locate a horizontal line wiich is the lower boundary for a
reglon that originates in a eutectolid reaction, Microstructures would
place the eutectold composition at 70 per cent sirconium since primary
needles begin to eppear in the eutectic-like matrix of the 71 per cent
alloy (Fig. 33). As the zirconium content is further increased the
needles become larger and more predominant (Figs. 34, 35, 36, 37, and
38) until at 95 per cent the sample appears almost one phase and assumes
the appearance of cast sirconium,

The thermal dgta plot in Figure 24 indicates that the alpha-beta
transition in sirconium is lowered by the addition of thorium dropping
almost linearly to the eutectoid temperature of 640% at 70 per cent,

The two phase reglon (C) in Figure 24 was shown conclusively to exist

by a series of guenches of alloys in that reglon., Figures 39, 40, 41,
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33 = 71f zirconium. Butecbold plus a few primary needles,

34 = 764 wirconium, Primary zirconium plus eutectoid (dark phase),

35 w 80% zirconium, BSame two phases.

36 « 85¢ sirconium, WNote increase in girconium {light phase).
Above sanples cooled slowly. 1§ HF in HNO4 etch. X 250,
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Figa
Filge

37 = 91% zirconium, Room temperature, Primarily alpha sirconium,
38 =« 95¢ sircondum, Same as above,

39 » T1% sirconium, 695° quench, One phase stmwtum.

40 = 6% wirconium, 695° quench. Alpha zirconium plus solid solution,

Above specimens etched by 1% HF in mm3. X 250,
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irconium needles on background of solid

&

rooniu,

41 - 80% i
solubion phaae,

Figs

Flge 42

Same two phases in about egual amounts,

- 859 zi rcemim.

phase),

ght

Second phase appears along grain boundaries

(11

Predominantly alpha zirconium

91¢ sirconium,

43 =

44

- Fige

5% zirconium,
of ziroonium,

i

Fi@w

Series quenched from 700° G. 1% HF in HNOj etch, X 250,
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Pige 45 - 6% zirconium,
Fig. 46 = €0% %imenim
Fig. 47 - 85¢ szirconium,
Flg. 48 - 904 sirconium,

Samples etehed

Quenched from 745%, One phase,

Quenched from 800°, One phase,
quench, A few sharp needles of zireonium,
800% gquench., Two phases in equal amounts,



Pig, 49 - 958 girconium, Quenched frem 900% Solid solution (dark
phase) plus zirconium,

Fig. 50 - 280 sirconium, 1100° guench. One phase.
Pig. 51 = 91% sirconium, 1100% guench, Precipitation within grains,
Samples etched by 1¥ HF in Hl‘#ﬁg. X 250,
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time of quenching as indicated by the sppearance of the large grains,

Te precipitation probably took place within the grains during gquenching,
Why & one ph&a& sppearsnce of the alloy eould be retained on quenching a
sample of one ecomposition but could net be in the other is a little hard
to explain, Such a phenomena, however, is not new in the field of

mebal luriy.

From the minimum point at 70 per cent the upper boundary line of the
evteotold reglon rung in one dir&gﬁiam to the girconium eside of the dlagranm
toward the alpha~beta transition point me hss been deacribed above, In
the other direction the curve rises aspproximately linvarly to a tempere
atnrw of 900° ¢, ab the eamp@aﬁti@m of 45 per cent from where the line
extendg horisontally toward the thorium end of the diagram, This curve
forme the upper toundary of the twe phase region (E) in Figure 24,
Samples quenched from within the two phase reglon have structures almost
identical to those of the cast alloys (Figs. 52 and 53), Zeray dif-
fraction patterns of alloys quenched from thia region have ldentified a
face-centered cublo thorium phaaeJﬁi%h g ® 508 ﬁ ag wag mentioned

yyrwviamﬁly, No zirconium lines were detected however, It will be
recslled that on the 45 per cent alloy which had been cooled slowly a
strong sirconium phase appeared in the powder pattern,

Aemard&nﬁ to the equilibrium d&agﬁam as constructed no pure gir-
euninm,§ha3a‘ah®u1&;af’aonrae,be present., Hfh@ tww‘phas@a which should
exist at 700° ¢, are face-centered cubie thérium.emntaining 5 per cent

girconium in solid selution plus a phese which corresponds to a solid



goluticn of 65 per cent girconium and 55 per cent thorium. Attempis to
exanine the nature of thig phase have met wilh little success, The results
will be discussed in grwatar detail & little later.

&z bhigher guenching %&mp@?ﬁtﬁ@@& are approsched the straecture of the
alloys suﬁﬁanly‘ahangam,’ Guenching {rom above the horisontal line at
900° ¢, reveals the one phase region {¥#) in Flgure 24. A series of
quenches made on 19, 30, 37, 50 and 60 per cent zirconium alloys from
900° ¢, or higher all appear to have been entirely one phase at the time
of quenching (Figs. 54, 55, 56, 57 and 58),

The exact significance of the 900% ¢, horizontal line is not fully
understood atb %hia/wriiing. As was explained previcusly slloys of all
conpogitions lying beneath the curve have similar eutectoid-like structures,
While the individual grains of the slowly cocled saumples sare nmasked Ly
the laminations, when exssined under polarized light the separate graing
become plainly visible (Fig. 59). Thus one must conclude that an intere
granular precipitation takes place, invariantly, as the 900° €. solid
transformation line is crossed,

The thermel data show that the 900° ¢, ceoling ourve break is of
maximum intensity somewhere in the vieinity of 35 per cent and diminishes
in intensity as the composition is shifted in elther direction, Thus a
gsolubility maximum or paaudaaﬁgmpeunﬁ wust exist at this composition,

&t 10 per cent the 900% ¢. break is still quite strong but at § and
6.4 per cent the bresks arve barely discernible and cccur alout 50 to 65

degrees higher. Also ccourring in the same zlloys are small breaks



Fig. 52 =~ 60% zirconium. Quenched from 7009  HEutectoid type strusture.
HOl plus ethyl alwhelal&atrolyﬁie etoh,

Fig. 53 = 20¢ zirconium, 700° quench, Eutectoid structure. 10f HF in
ethyl aleohol etch.

Fig. 54 - 208 sirconium. 900° quench, One phase. Same etch as above.

Fige 55 =« 30% zirconium, 1100° quench, One phase, Same etch., All
X 250,
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Fig. 56 = 37% zirconium, One phase, 10% HF in ethyl ‘aleohol eteh,
ﬁ’ig;' 87 ,..; 504 mimmaimv One phase, Same Mun as above, J

Fig. 58 - 60% zirconium., One phase. HCL in ethyl alcohol electrolytig
etch, .

 Above series quenched from 950° ¢, X 250,



around 825 o 85Q° Cs ®hich has been interpreted as a change in slope ag
the lower solidus line is crossed in p&éaing from the one phase region
(A) into the two phase reglon (1),

A series of guenches from 900% ¢, conducted on 6.4, 10 and 13.4 per
cent alloys (?igﬁ 60, 61 and 62) indicate the presence of & two phase
region (G) in this vicinity. The microstructures of the above mentioned
quenched alloys change from one phsse at 6.4 per cent to two phases at
10 per cent and back to almost one phase at 13.4 per cent zirconium, In
order to determine more exsctly the boundary limits of the two phase region
a series of 950° ¢, quenches was made (FPigs. 63, 64 and 65), A 2.5 per
cent alloy shows only one phase but the 6,4 and 10 per cent slloys contain
two disiinot phases., It is significant to note that the dark phase
ﬁef@&ﬁyanﬁi&ﬁ to the thorium-rich solid solution is the phase that disap=-
pears as the quenching temperature is increased, At 1000° O, the 6.4 per
cent alleoy atill sppears to have been guenched from a two phase region
whereas the 10 and 13.4 per cent alloys are one phese at that temperature
(Fige. 66, 67 and 68). A quench of the 6.4 per cent slloy from 1100° ¢,
(Fig. 69) shows that this is not completely one phase but the thoriume
rich phase (the dark region) has almost disappeared. It is on the basis
of these microsiructures that the two phase region {G) has been postulated,

The exact nature of this area and how it is related to mure thorium
remains open to gquestion, The existence of a transformation in thorium
somewhere above 1200° ¢, would seem the gimplest and most logloal explaw

nation, While no such transition has been fomally reported there is



Pige 59 = 45% zireconiwm, Slowly cooled, Photomicrograph taken with
polarized light., HNote distinct grain boundaries, 107 HF in
elhyl alcohol etch, X 250, :

Fige 60 = 6_4% sireonium, Quenched from 900° ¢, One phase -(m dark).

Fig. 61 = 10% sireonium, 900° C, quench, TWo distinet phases.

Fig, 62 = 13.4% zirconium, 9‘39” C. qxzamh.' Nearly one phase {1igzht).

Semples etched by 108 HF in ethyl slcohol, X 250,
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Fig. 63 ~ 2,5¢ sirconium, One phase (dark), X 250.

Flg, B4 = 6,48 zirconium., Small asmount of light phase sppearing, Black
areas are impurities, X 100,

Fig, 65 - 10% girconium, Equal amounts of two phases, X 250,
Above series quenched from 950° ¢, 108 BF in ethyl alcohol etch,
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Fige 66 = §*4g girconium, 1000° G, quench, Two phases plus impurities,

Fig: 67 » 10% zirconiuvme 1000° ¢, quench, Nearly one phase {light),
Fig. 68 ~'13.£%‘wirc@nium. 1000° ¢, quench, One phase {light).

Fige 69 = 6,4% zireonium, 1100° ¢, quench., Small smount of thoriumrich
(dark) phase on background of light phase,

Above samples etched with 10f BF in ethyl aleohsl. I 250,
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some evidence that one exists., FP. Chiotti (17) has found from electrical
registance vergus temperature curveg that z ﬁharp‘raprnduaib&ﬁ change in
glope takes place at 1400° ¢, on both heating and cpoling,

Other evidence to support the prediction of the transformaiion in
thoriun is found in thermal data taken on cast thorium. A distinct thermal
srrest is detected at 1150° to 1175% 0. The author carried out a detailed
invesbigation of this break in the expectatlion of establishing a transfore
mation, Frou these studles the conclusion was resched that the break was
assoclated wilh the prosence of oxide in the netal which ig introduced
on casting in amounts up to 0.1 weight per cent, However, the exact
nature of the 1175° ¢, heat effect has never been f&l&y understood, It
may vesult from tbe fﬁrmatian of a thorium~thorium oxide sulectic or
possibly through the lowering of 2 transformation. Cooling curves on
the oxide free metal have failed Lo show any sharp thermal arrests ale
though examination of heating curves obitained from casting seversl pound
billets of thoriuwm often show a weak break snywhere bebtween 1300 and
1450° ¢,

One other bit of evidence which must be considered is the fact that
the liguiduswsoliduz curves indicate that a continuous solid solution
exists benealh the solidus line 88 is indicasted in Figure 23, Ilikewise
the quenching date support the view that a amnﬁinuqus golid solution
exists abavaigﬂﬂg C. 8snd beneath the solldus curve,

In order for two metals to fomm & complete solld eolution they must

be isomorphous, have similar properties such as melting points and chemicsl
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that only the planes with %&m lower Miller indices reflect. The
ae&%aﬁgg at the higher anglss and partiauiarly‘ in the back reflsction
region b?gmmfﬁs 8o %gea%s that only & few lines can be measured with any
accuracy, If any confidence can be placed in calculations mmﬁ on the
measurement of five or six lines of a diffraetion pattern, the lattice
parameter of the face-centered qm?:aié phase shifts suddenly from 5.02 g
at 37 per cent to &’?ﬁx at 45 per cent, J. Florio (19) of this labow
m‘h@r? r@pert&tmg cbserved change in both 45 and 55 per wnf(; alloys,
The shift is so large that it can be explained only by a phass change,
 The author has atbempted to confirm these results, The metal
filings from a 55 per cent a}.lc;s? were heated in sn evacusbed and sealed
quarts capillary to 950% ¢, and quenched, From the Ywray diffraction
pattern of the gquenched powder a face-cenbtered cubic lattice with a = 457
Kwﬁa identified plus & winor phase ﬂcewasmnﬁmg to -ﬁhmrium dioxide,

Since thers was eome visible evidence that a reaction between the
quarts capillary and metal powder had %mm& at ?59“ . , filings from
the same 55 per cent alloy were quenched from am". C. This was sbill in
the ene phase region (D) and yet & low enough temperature that the quarts
remained unattacked, The predominant phagse had a face-centered cubloe
structure wﬁ;}z a= 35,04 X plus weak phases corresponding to thorium
diexiﬂé and zirconium nitride, ZrN, |

The possibility that this appearent new phase could be zirconium |
nitride must be considered, Zirconium bas demonsirated its readiness to

react with nitrogen and oxygen. The nitride structure is face~centersd
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cubic, the sodiuwm chloride structure, having a lattice cénmtanﬁ of 4,61
g* By comparison of relative intensities of the observed lines with
those for the nitride, both the 4.57 and 4,70 phase could be zirconium
nitride., It is of course difficult to explain why a nitride phase persists
in showing up in the central portion of the system whereas the phase
appears only weakly o not at all in the high thorium or high girconium
alloys,

fnother observation which has been overlooked up to this point of
the discussion is the flat series of points oceurring on the solidus at
1350° ¢, between the compositions 30 and 40 per cent zirconium (see Fig,
2,). This may be a normal experimental scattering or a tendency for the
curve to flatten out at the winimum. The author has also considered the
possibility of a peritectic reaction, |

If the phase change described atove actually happens, a two phase
region must exist between the regions (D) and (F), sccording to the
phase rule, Since quenches have failed to reveal such a two phase region
if it exists it must exist ag the very narrow region (H) in Figure 24,
Such an area wWould help explain the horizontal series of yain%a in the
solidus curve, the apparent shift in lattice constant and the maximum in
the intensity of the 900% G, thermal arrest which wess observed at about
35 per cent,

The solid solubility of thorium in the room tempersture (hexagonal)
form of sirconium has slso been studied, Hicrosiructures and thermal

data place the solubility limit definitely below 5 per cent thorium,
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It is well to note that not too much rellasnce should be placed
on Iw-ray wethods in estimating the solid solubility in sirconium. Oxygen
ﬁhiﬂh is readily introduced upon casting or even upon heat tresting
distorts the lattiece gs might also nitrogen,

One additional pmw of information whiech corroborates mich of the
preceding data is s series of hardness values which are shown graphically
in Figore 70, The curve for the guenched sample bears a close resemblance
in i%s general shape to the molid transformation curves of the phase
diagram, An extrapolation places a minimum in the curve at about 70

pey cent which is closme to the eutectold composition,
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Ce Uranium - Zirconium System

The author has performed no experimental investigation of this system,
ginge two or three independent studies of this system ars now underway and
have been intermittently for several years in the various cooperating
hbamwriw of the Atomiec Energy Comnmlssion,

Kaufmenn (20) and coeworkers reported in 1944 that the meliting point
of uwranium is ralsed by the addition of zireonium, The meliding point at
20 atomic per cent zirconium was determined to be 1225° C. At higher
sirconium compositions, 2 peritectic was believed to exist at 1250° C,
and 40 atomic per cent (21).

The one phase structure that resulted upon quenching 10 and 20
atomic per cent irconium alleys from 925% ¢, indicates extensive solu-
bility in gempa uranium, The gamma phase of uranium, however, was not
retained upon gquenchings instesd super-saturated alpha uranium was believed
to be present, This observelion was bamed on Xwray diﬂ*racmanfmﬁimgﬁ.
Atbove 10 atomic per cent zirconium one eritical point was found in nﬂmnizm,
this 1s 710° ¢,

In 1949 Ksufmsnn and co-morkers (22) reported a body-centered
tetragonal phaw which was found in 49 and 60 weight per cent zirconium
al’iaya as cast. Upon an'fwaling at 600° followed by & quench the sspe
body~centered tebtragonal phase was retained, The sane two alloys were
then annealed from ’7%""@. and also 1000° ¢, for 100 hours and guenched,
By this treatment 8 body-centered cubic phase was retained. The lattice
constant for the body-centered cublc phase was a = 3, 56 £, This value

is intermediate bvetween & & 3,47 X for gemma uranium and 3,61 g for beta



*eangeaeyTl 308{oxd euy uy peustrqnd ussq
gey ‘eqerduoout 10 eqerdwos ‘ueilerp eseyd ou BuyyTam juesexd euj 9V

*sforye 38w awy se (uey jo xojowy e fg) Lrpeq se LT4E8U BPOIXOD JOU

PIP uOTIex Bukm? sy WO peuousnb SLOTTE 18U} UOTIEAISEGO U3 EBE £4893

su3 3o syInsex sy jo sug *(§z) Ax0q8ioqEl sowETY 80T euy os1® pus (Vz)

dnox? yeordanyeqen oFeoryp yo Lyysasatun eyl Aq SL0TTE UNTUCOLTI-EITUBIT
UO PAYONpUCD USS] SAVY SOTPNYSOIOTE TBUCTITPPE PUB $385% UOTS0IIOD

CPTOL0990e B 0 HUD

oq osTe Luw weqsls BITIUS U} JEOWTE 80308 LTTEqUOZTJICY BPUBLXS UOTUM

'0 L009 9F FeRIq JewoT ¥ *pRAlesqo ussq §8Y UOTITe0dW00D pPTOjoeLNe ¥

WnTuosats juen Jed Q1 Jo uoTyrecduco B puw ‘D 899 4V *eUOTIITOS PTIOE JO

897208 EMONUTHUOD B WIOJ UNTUCOITE $38q DUB WNTUBAR Buwed STUTPUTI STY 09

Butpaopoy *wealeTp esewdl eyj PUTUSTIGBISS JO qUEUT &N3 UYTM weysLs ayy JO

fpnge peTIessp ¥ 00 paTdied ey ATojesoqer stuy yo (£z) ucsiegad g

UL TUODI TR



«80m

IXI TERNARY ALLOY STUDIES
A, BExperimental

The principles and practices applied in the binary studies were also
used in the ternary studies, Alloys were prepared by adding the third
component to one of the low melting binary mixtures. A master alloy
consisting of 30 per cent zirconium in thorium melting at 1300° C, was
prepared by co-reduction as described in part II Bl, Uranium metal
was added to poriions of this and the metals were mixed by heating to
1400° to 1500° C. in an induction furnace.

One experimental reduction was tried in an attempt to prepare a
ternary alloy of this system by co-reduction. The caleculated amounts
of the tetrafluorides of zirconium, thorium and uranium were mixed with
ealcium and a booster. The charge was packed into the bomb and fired.
A ninety per cent yield was obtained on a 33.3 welght per cent thorium,
33.3 weight per cent zirconium and 33.3 weight per cent uwranium allqy.‘
The alloy was recast to remove any excess calcium.

Straight time versus temperature cooling curves were run on all of
the samples. Heating was done in the Kanthal furnace described pre-
viously (Fig., 1) and a chromel-alumel thermocouple was used to measure
tempersbure,

B, BResults

One of the principle objectives of this investigation was %o
determine whether a {ternary minimum occurs in the liquidus surface and
if sc its approximate composition., Janecke (26} in a detailed discussion

of ternary and quaternary eutectics describes a method of locating such a
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rinimum if all the binary eutectic compositions ave known, Consider a
trisngular plot of the system in which the three binary minimum points
are located on the sides of the equilatersl triangle, The straight
lines connecting these minima will enclose a smaller trisngular aﬁaa,
Somewhere within this ares the ternasry minlmum is 1&6&%@&.

Sinee only two of the binary systems concerned here have eutectics
or minims in the llquidus curves & direet &pglicatién of this prineiple
is impossible; it a valley extending almost linearly from one minimum
to the other would be & logicesl predictimﬁ. With thls picture in mind
a series of alloys, whose compogitions fall near the predicted valley,
were prepered and their melting points determined by cooling curves,
The thermal dala recorded in Table 6 are insufficlent for any definite
conclusions to bhe drawn,

Table 6

Thermal D ﬁat& for Ternary ALL

sampig‘ aampositi@a '_ liauawziquidun Tranafgraatiwna
wigU wigTh wifzr %, .
1 90,0 425 386 115541123 én
2 11,0 G4 27.6 1260,1150 92, 534,469,414
3 2.6 49.8 204 1235,1150 1010 602
4 16,9 81 25.0 1257,1150 967 553,464
5

33.3 33.3 33.3 1204,1084 1013,626,555,466,414

No distinet or pronounced liquidus minimum ie spparent from the

Jimited information presented here, The large number of golld transfor-
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mation bresks indicate that this portion of the diagram is extremely
conplex and wuld require an extensive investigation before very much

aould be sald aboub 1b.



g 3
IV, SUMMARY

The ursnium-thoriumezirconium ternary alloy system has been inw
vestigated by thermal, mloroscopic and X-ray methods, The uraniumethorium
binary system has been studied and » constitubtional diagrem proposed. There
is 2 eutectic at 1086° G, and 3 waight per eent thorium, A4 reglon of liquid
imaiseibllity exists a'm% 1375% ¢, betwesn the compositions 8 weight per cent
and 72 welght per cent thoriwm, The boundary of the two liquid area has
been partially established with the upper limit believed to be about 1700° C.
Ho intermetallic compounds or solid solubliliby have besn observed.

The thoriumezirconium binary system has slso been investigated and a
phase diagran, likewise, has been propoged., A minlmum in the soliduse
liquidus curves has been found ab alout 1275° ¢, and 25 welyiht per cent
girconium, The solid solubility of sirconiuwm in thorium at roow temperature
is =mpproximately 5 welght per cent, bubt the solid solubility of thorium in
slpha zirconium appears to be n@gligibl&, sbove 900° ¢, in the beta zirconium
region the solid solubility is extensive., Mueh of the data indicate a
continvous solid solubtion pegion lying beneath the solidus curve. Trere is
a eutectoid at 70 weight per cent zirconium and 645° C. There are no
compounds which are stable at room tenperature,

The litersture of the uraniumezirconivm system has been reviewed,

Beta zirconium and gamma uranium are reported to exhibit extensive =olid
solubility in one another, Present investigabtions indicate that s eutectold
point exists at 687° ¢, and spproximately 10 welght per cent zirconium,

& preliminary survey of the ternary sysiem has fgil@é.ﬁu reveal a

minimum in the liguidus of the three cozponent system,
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