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I. IRTRCDUCTION

There is perhaps no more useful tool in the understanding and
predicting of the behavior of an alloy of two metals or the behavior
of two metals in intimate contaect than a phase diagram of the binary
system which they form, The data which is compiled in the study of
2 binary system can thus be expressed conclsely, quantitatively and
in a universal graphical form which can be readily interpreted.
This investigation had as 1ts object the experimental determination
and compilation of data from which a phase diagram could be con-
gtructed for the wranium-zirconium binary temperature-composition
system and the determination of such other properties of uranium-
zirconium alloys as appeared of interest., A secondary objective
was the development of a method of preparing these alloys which
would be useful in the case that some of these alloys should have
desirable properties,

In the field of nuclear fission and its engineering aspects
1ittle was known of the physical and chemical characteristica of
many of the materials which were found to have useful nuclear prope-
erties, Some of them, such as uranium and thorium, were classified
among the rare metals and were considered laboratory curiosities.,
Huch has been learned in the last ten years of the physical and
metallurgical properties of uranium but there are many problems yet
to be atudied, The importance of the wranium-zirconium alloy

gystem is a result of the fission properties of uranium and of the
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physical and nuclear properties of zireconium, Zirconium has a low
eross section for slow neutron capture and in addition has atrength
and corrosion resistance which make it a desirable pile construction
material. Sinee any fission pile built of zirconium would contain
uranium, perhaps in close contact or even alloyed with the zirconium,
a knowledge of the phase system formed by these two metals would be
essential., Not all of the properties of an alloy can be exactly
predicted from the phase diagram., Properties such as the hardness,
ductility and corrosion resistance are often of prime importance and
must be specifieally studied in order to provide the necessary
additional quantitative information. Equally as important as the
knowledge of the properties of an alloy is a method for the produc-~
tion of that alloy in & desired form. All of this information would
be very helpful to physicists and pile engineers.

Uranium is a heavy, hard metal with a silvery luster which
rapidly dasrkens in air to a golden color and then to a blue or brown,
According to the Project Handbook,l the metal melts at 1132° C and
has three allotropic forms., From room temperature to 660° C, the
stable form is alpha uranium which has an orthorhombic lattice with
four atoms per unit cell and m:bic equal to 2.852:5,865:54,945
angstroms. Beta uranium exists from 660° C to 770° C and has a
complex structure which recent work at the Knolls Laboratomyz has
established as being either orthorhomblc or monoclinic with sixty
atoms per unit cell. Above 770° C to the melting point, uranium has

a body centered cubiec structure with a lattice constant equal to
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3448 angstroms. The hardness of cast uranium of usual pile purity is
RB 88 - 90. The observed density varies from 18.7 to 19.05 grams
per cubic centimeter. A survey of published phase diagrams of
uranium reveals no elements which are appreciably soluble in alpha
uranium but solubility in beta and gamma wranium is often found,
This agrees wlth certain theoretical predictions made by Rayner3 on
the basis of the various structures of uranium, its electronegativity
and number of valence elecirons.

Baulgex‘4 reports the following properties of zirconium in a
review article ecovering the metallurgy of zirconium. Zireonium is
a silvery metal which does not tarnish in air at room temperatures.

It 18 quite soft and ductile when pure but ia very diffieult to

prepare in a highly pure form., It oecurs in nature associated with

from one to three per cent of hafnium, Due to the very close chemical

similarity of these two elements which makes their separation very

difficult, most girconium contains that amount of hafnium. However,

it is expected that the physical properties of hafnlum-free zir-
conium will not be appreciably different from those of the usual

For pile purposes the hafnium must be removed since it
The

material.
has a very high cross section for capture of alow neutrons,

melting point of sireonium is reported as 1830° ¢ * 40° C. 2Zir-
conium has a hexagonal closest packed structure at temperatures up

to 863° C * 3° G, The lattice constants for the hexagonal form

are, a = 3,228 angstroms and ¢ * 5,120 angstroms. The density of

alpha zirconium at room temperature is 6.50 grams per cubic centimeter.
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The beta form is stable from 863° C to the melting point and Burgers®
has reported that the structure is body centered with the lattice
constant equal to 3.61 angstrom at 867° C. The lattice constant
extrapolated to room temperature to compare with the lattice constant
of gamma uranium would probably be about 0,5 per cent smaller than
the value of 867° C, The hardness, ductility and other mechaniesl
properties vary with the purity of the metal, particularly with the

amount of oxygen, nitrogen and carbon which is present,
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II. BISTORICAL

A survey of the literature indicated that prior to 1943, no work
had been reported on alloys of uranium with zirconium. Since both
metals were quite rare and expensive this is not unexpected. The
only availsble source of information on these alloys 1s in the
eclaseified reports of the Atomic Energy Commission. A complete
survey amd accurate appraisal of the work which has been reported
is rather diffiaulﬁ because it is included with other information in
a large number efyl progreas reports. These reports cover the work
done in a certain fixed period of time and are, as a result, quite
fragmentary and do not summarize the work done previously. A review
article bx,ﬁua;mré and Gleavemé on the binary alloys of uranium
gives a risume of the work done on this system up to 1948 and includes
a bibliggraphy of clasaified' reports dealing with this subject.

e first information to appear on alleys of uranium and sirconium
was reported by Seybolt’+8s9, An investigation was made of the
ex’téc‘t. of various alloying metals ineluding sirconium, on uranium
mﬁal. A few alloys were prepared containing principally uranium
and their hardness and microstructures studied. On the basis of
this treliminary work, it was decided that zirconium did not greatly
improve the properties of uranium and the study of uranium-zirconium

alloys was discontinued.

The first systematic investigations of the uranium~zirconium

aloy diagram were made by Kaufmanl0511,12,13,14,15,16,17,18 ;s
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co-workers starting in 1944. Results of this work indicated that
the melting point of wranium was raisged by the addition of zirconium.
The beta to gamma transition was lowered to 700° ¢ at 6 atomic per
cent zirconium and then remained constant with further increase in
zirconium content, The alpha to beta transition was raised to

675 - 700° C by additions éf zirconium. Attempts to retain gamma
uranium by guenching zirconiume-uranium alloys from 1000° C were
unsuccessful, The corrosion resistance of these alloys was studied
and the alloys quenched from above the beta-gamma transformation
showed better corrosion resistance than pure uranium or as-cast
alloys. Solubility of uranium in girconium to the extent of about
10 per cent was indicated but the report d}d not indicate whether
this solubility was in alpha or beta zirconium. An intermetallic
compound was postulated,

Following later work by'Kaufmann19’30’21122o23’24 and co-
workers, they have reported complete solid solubllity between gamma
uranium and beta zireconium, Examination by Xeray diffraction of the
alloys from 49 per cent to 69 per cent uranium has shown a body
centered cubie phase in sam@les quenched from sbove 600° C and a
body centered tetragonal phése in alloys quenched from 600° C and
lower temperatures. The lattice constant of the body centered cubie
phagse was found in three alloys of varying composition to be
approximately 3.55 ﬂ, which i8 intermediate between beta zirconium
and gamme uranium. These alloys were prepared by vecuum melting

swaged ecrystal bar zirconium and uranium in graphite crucibles. The
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melt was stirred with a graphite stirrer to insure homogeneity of the
alloys. Solubility of uranium in alpha zireonium of 3 to 5 per cent
was reported bgt the temperature to which this applied was not
specified,

A group of workers at the Chicago Metallurgical Labaratary25’26’27’28
also began an inféstigation of the uranium-zireonium phasge diagram
in 1944. They have reported two horizontals in the dlagram, one at
675 and one at 605° C for uraniumerich alloys., A martensitie miero-
structure was observed in uranium-rich samples quenched from above
700° ¢, The existence of two eutectoids was postulated. The alloys
were prepared by meliing uranium and zirconium in beryllia erucibles,
These alloys and also ternary alloys containing columbium, uranium
and zirconium were examined for corrosion reslstsnce, The zirconium
alloyg had somewhat better corrosion resistance than pure uranium
but the addition of columbium had a greater effect in improving
corrosion resistance,

At the present time, several laboratorles are working on uraniume
sirconium alloys as fuel element construction materials. Among these
are Battelle Memorial Institntezg, Knolls Atomic Power Laboratory
and Sylvania Electric Company., However, in conmnection with the
program of the U, 8., Atomic Fnergy Commlssion, only at the Massachusetts
Inatitute of Technology and at the Ames Labara@ory are investigations

of the complete binary phase diagram under way,
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IIY. EXPERIMENTAL

Alloys of uranium and zirconium were produced by bomb reduction
and by arc melting., They were then studied by thermal analysis and
other pyrometric methods to investigate the solid state transforma-
tions and the liquidus and solidus temperatures. Microscopic examina~
tion was used to determlne the number of phases present in the
various regions and X-ray diffraction was used to identify the phases,
Information was also obtained on the hardness, duetility and purity

of these alloys.
A, Preparation of Alloys

One of the greatest difficulties in studying alloys of uranium
and zirconium is the preparation of homogeneous alloys without groes
contaminetion of the sample. Uranium iz a very active metal which
reacts readily with oxygen, nitrogen, water wvapor and many other
gases at relatively low temperatures. However, it does not dissolve
appreciable amounts of oxygen and can easily be melied under vacuum
or in a noble gas atmosphere in beryllia or zireconia crucibles,

Pure zirconium is quite inert to reaction with cxygen, nitrogen

and water vapor at low temperatures but is used as a getter at
elevated temperatures. DeBoer30 has reported that zirconium will
dissolve up to 40 atomic per cent eaxygen and up to 20 atomic per

cent nitrogen, The presence of much smaller amounts of such impuritles

in solid solution in an alloy would no doubt vitiate any results and
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make it difficult to determine the true nature of the binary metal
alloy. The only satisfactory refractory known at present in which
girconium may be melted without oxygen pick up is graphite., Melting
in graphite results in from 0.1 to 0.5 per cent carbon contamination
but this is somewhat less serious since the asolubility of carbon in
alphs sirgonium appears to be quité low, probably about 0.1 per
cent or less.

The prepsration of uranium-zireonium alloys by melting the two
metals in graphite results in the introduction of mere carbon than
in the melting of zirconium alone in carbon aince the solublility of
carbon 1# liguid uranium is quite large at temperatures above 1400° C,
A1l of the alloys which were prepared by melting in graphite erucibles
were very hard and a phase which was identified as carbide appeared in
the mierostructure in large amounts. Several alleoys were melted in
beryllis crueiblné and this appeared Lo be satisfactory for alloys
which melted below 1450° C, Above this temperature the reaction of
the alloy with the crucible became very severe and this method could not
be used. Due to the difficulty of analysing uraniumezirconium alloys
for beryllium, the declsion was made to eliminate beryllla crucibles
even for the low zirconium alloys since there would be no way of
determining the amount of contamination.

An are melting apparatus which melted metals in a water cooled
copper crucible was used to melt Bureau of Mines sponge with uranium
metal, This equipment was built here and became available late in

this investigation. A IC arc was used from a water-cooled tungsten



electrode to the metal contained in a water-cooled copper crucible.
The voltage was about 40 volts and 400 amperes passed through the are,
The tungsten electirode was made negative and very little tungsten

was volatilized or transferred to the melt. The chamber in which the
melting was done was evacuated to 20 microns and flushed with purified
helium. This was done three times before the metal was melted,
Bureau of Mines sponge zirconium wag melted by this method to produce
massive metal which had a Rockwell A hardness of 38 to 42. Spectroe
graphic analysis indicated that the copper content of the melted
netal was below 400 P.P.M. and no tungsten was detected., It was
necessary to remove the magnesium and other volatile substances from
the sponge zirconium before it was melted to avoid bubbling and
splattering of the melt and disruption of the are. This was done by
heating the sponge zirconium under vacuum to 1400° C, The uranium-zir-
conium alloys produced in this apparatus were melted and held liquid
for several minutes. They were then turned over and remelted to
insure homogeneous distribution of the two components. These alloys
were very clean and shiny after being melted and the top surfaces
showed large macroecryetals, The microstructures were quite clean

and very little ecarbide could be seen, Analytical results indicated
that the alloys prepared by this method were sufficlently homogeneous
for most metallurgical purposes.
- Powdered uranium in a very finely divided form is easily pre-
pared by formation and subsequent decomposition of the hydride and

may be handled if suiltable precautions are observed. If a good grade



of fine zirconium po«def had been available, powder metallurgy
techniques probably could have been used more extensively in alloy
preparation. The method for preparing zirconium powder by formation
and then decomposition of the hydride involves heating the powder
under vacuum to 600 = 700° C, 1In view of the reactive nature of
zirconium, it was doubtful if this method would be suitable for the
preparation of very pure zirconium powder in small quantities, Since
this early work was done, reports havé been published by Angier and
HananerBlfBz which deseribe a method for producing zirconium powder
and pomdered zirconium hydrides. The zirconium powder produced was
fine enough to pass a 200 meah screen and was only slightly less
pure than the original metsl., A nmumber of alloys were prepared by
pressing and sintering uranium powder with zirconium powder which
had been prepared by the hydride process or by sawing massive zirconium
and collecting the saw dust under Cﬂk. These samples were then
annealed in graphite orucibles in graphite heaters lined with zir-
conium or molybdenum sheet. A considerable amount of difficulty
was encountered in reaching equilibrium and the alloys usually were
contaminated by carbon and oxygen before they were sufficiently
annealed. This method was discarded as involving entirely too many
experimental difficulties.

A fourth method of preparing alloys is the simultaneous reduc-
tion to the metalliec state of a mixture of compounds of the two
elements, Sinee methoda were known for producing both uranium metal

and zirconium metal, this spproach was tried., A method for preparing
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uranium metal on a small scale by bomb reduction was deseribed by
Spedding33 and a process for preparing zireonium metal by bomb reduc-
tion has been raporteé by Walsh>* in a recent paper.

The alloys were prepared by bomb‘reduntion of uranium tetra-
fluoride and zireonium tetrafluoride using calcium as the reductant.
Iodine was used as a booster to furnish additional heat and the
resulting caleium iodide tends to lower the melting point of the
slag. The reduction was carried out in a 2 1/2 inch inside diameter
bomb which was 12 inches long. A cross section view of the bomb is
shown in Figure 1. The bomb was made from 2 1/2 inch standard steel
pipe. One end was closed by welding in a plug and the other was
closed by means of a cast iron pipe cap.

It 48 necessary to line the bomb with a refractory to prevent
contamination of the charge by metal from the walls of the bomb and
to protect the steel from the hot slag and metal products of the
reduction. This liner, in the case of uranium reductions, usually
consists of magnesiuvm oxide or of electrically fused dolomitlec oxide,
For the production of these alloys presintered dolomitie oxide
crucibles were used as liners for alloys containing ten per cent
zireonium and less. The inside diameter of these crucibles or
liners was 2 inches, the outside diameter 2 3/8 inches and the
length 11 inches.

Since sirconium has such a powerful affinity for oxygen, there
wags doubt that high sirconium alloys could be prepared sufficlently

free of oxygen in dolomitic oxide liners. Some high zirconium alloys
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and pure zirconium were prepared by reduction in dolomitic oxide
liners, but these alloys were very hard and quite brittle. The

pure zirconium prepared in dolomitiec oxide was also very hard, quite
brittle and the mierostructure consisted of long needles rather than
the polyhedral grains typleal of a pure metal. The use of graphite
liners was obvious since zirunmium does not dissolve carbon as
readily as it dissolves oxygen. A sample of zirconium prepared by
using graphite liners was found to be softer than metal produced in
dolomitic oxide liners and could be given 50 per cent reduction in
area by cold rolling. This metal had a polyhedral grain micro-
structure and seemed quite free of inclusions and impuritiea. The
graphite liners which were used were 2 inches ingide diameter, 2 3/16
inches ontside diameter and 11 inches long. They were machined from
AGR electrode grade graphlte rods obtained from National Carbon
Company.

The liner of either dolomitic oxide or graphite was placed in
the bomb with sufficient cosrse magnesium oxide below so that the
top of the liner projects 1/8 inch from the open end of the bomb,
Magnesium oxide was then poured into the annular space between the
liner and the bomb wall to hold the liner in place and to provide
additional insulation. The eharge for the alloys was prepared by
welghing out the proper smounts of uranium tetrafluoride, zirconium
tetrafluoride, calcium metal and lodine, The wranium tetrafluoride
was obtained from Mallinkrodt Chemical Company and analysed above

99 per cent uranium ﬁetrafluqrida. The zirccnium tetrafluoride was
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prepared by several different methods. These are described by VWalsh
in the report on bomb reduction in considerable detail, Most of the
alloys were prepared from sirconium tetrafluoride which had been
purified by sublimstion under vacuum. The zirconium tetrafluoride
was ground to pass a 100 mesh scresn by a small hammer mill, The
1odihu was USP XIII Resublimed Crystals obtained from Mallinkrodt
Chemical Company. Since the ilodine is molten at temperatures below
that at which the bomb ignites grinding was unnecessary. The calcium
used was purified by distillation at the Ames Laboratory and was

of very high purity. The calcium was grourd in a mill equipped
with chopping blades to pass a 10 mesh screen and was screened to
remove the material which passed 80 mesh since this fine material
contained a large amount of oxlde,

The relatlive amounts of wranium tetraflucride and zirconium
tetrafluoride which were used in the charge were determined by the
alloy composition desired. The weight of the alloy biscuit which
could be produced varied from 340 grams for wranium-rich alloys to
160 grams for zirconlumerich alloys. 4 15 per cent excess of calcium
was used over the amount required to react with all the uranium and
zirconium fluorides and the iodine. The quantity of lodine used
varied from 63 grams for uranium-rich alloys to 380 grams for the
zirconiumerich alloys.

This charge was mixed by rolling and tumbling in a square-form
two quart bottle, The fluorides and ealcium were thoroughly mixed
before the iodine was added and the final mixing done. This procedure
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ras followed to reduce the reaction between iodine and caleium during
mixing, The mixed charge was then poured into the bomb liner. Argon
was introduced through a tube which projected to the bottom of the
bomb liner to displace the air from the bomb and charge. The top

of the charge was packed slightly before the liner was closed.

A graphite 114 was placed on the bomb liner and dolomitic axide
packed on top to hold the 1id in place. The bomb was then closed by
means of the pipe cap and sealed with a pipe sealing compound to
prevent the escape of lodine., The charge was ignited by heating
the bomb in a gas fired furnace which was held at a temperature of
about 700° C. After the reaction was complete, the bomb was cooled
to room temperature and the biseuit of metal or alloy removed. The
slag sdhering to the bisenlt was removed by chipping with a2 hammer
followed by leaching with water and then with dilute nitric acid,
The yields of metal that collected at the bottom of the bomb gen-
erally decreased as the percentage of zlrconium in the alloy in-
creased and varied from 98 per cent to 50 per cent. The composition
of the alloy found by chemical anslysis was usually very close to
the ratio of the elements in the charge.

The alloys were given a homogenizing anneal under vacuum before
being studied by thermal analysis, microscopic examination and Xeray
phage determination., The alloys containing less than 15 per cent
sirconium were homogeniszsed by heating at 900° ¢ for 16 to 24 hours
in a reslatance furnaée. The alloys containing higher percentages

of zirconium were annealed at a temperature estimated to be several
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hundred degrees below the melting point of the alloy for about one
hour, This annealing was done in a graphite erucible heated by a
20 kilowatt mercury are induction furnace. The heating was done
under vacuum and the temperature was observed by means of an optical
pyrometer, The graphite crucible was lined with zirconium sheet
wirich completely enclosed the sample of metal, This was done to
prevent contamination of the alley by oxygen, nitrogen and carbon,
During the course of the investlgation, it waa found that the alloys
were quite homogeneous as they came from the bomb and that annealing

at 900° ¢ was sufficient for alloys of all compositions.
B. Thermal Analysis

The melting points of ﬁlloya with more than five per cent zire
conium was too high to allow determination of the liquidus and
solidus temperatures by thermsl analysis. However, the solid state
transformations were sufficlently rapid so that thermal analysis was
extremely useful in the determination of phase boundaries in the
solid state., These transformations were found to be subjeet to
eonsiderable super cooling and could be studied with much greater
reproducibility and more information could be obtained by the use
of heating curves rather than cooling curves.

To provide a congtant heating rate and thus make the curves
simpler and more sensitive, an apparatus was designed and built
which maintained a constant temperature differential between the

furnace and the sample, A photograph of this equipment is shown in
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Figure 2 and a schematic diagram is shown in Figure 3, The heating
was done by a 750 watt electrical resistance furnace which accom=
modated a 1 inch outside diameter quartsz tube, The power for the
furnece was supplied by a 110 volt Variae. The furnace was con-
trolled by a Brown Electronik circular scale potentiometer which
was connected to a Modutrol motor. This potentiometer was fed the
output of a differential thermocouple of chromel-alumel-chromel.
One junction was located inside the sample and the other was just
outside the quartz tube. Thus the potentiometer read the temper-
ature differences between the sample and the furnace and was set

to control this difference so as to produce the desired heating
rates. The Brown potentiometer supplied an impulse to the Modutrol
motor, which was coupled to the shaft of the Variac, such that if
the tempsrature differences were too small, the Variac would be
turned up and if the difference was too large, the Variac would

be turned down, The temperature of the sample was recorded by a
Brown Eleectronik recording strip chart potentiometer which was
connected to the thermoecouple inside the sample. Since a potentiometer
is a null point instrument, it was possible to have two potentiometers
connected with the same thermocouple circuit. The possibility of
interference between the two potentiometers was considered and
teats were made which proved that each potentiometer had no effect
on the other after they had reached the balance point, An insulated
cold junction consisting of a thermos bottle of water was used to

provide a fairly constant cold junetion correction.
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The alloy sample was placed in the 1 inch outside dlameter
quartz tube shown in Figure 3. This tube was evacuated by a 20 liter
per second ocapacity air cooled oil diffusion pump and a Welch Duoseal
1400 mechanical backing pump. The vacuum was measured by means of
a Phillips gauge and at the beginning of a run was always lower
than 0.02 mlerons. During the initial heating period the pressure
would rise to about 0.04 microns but would fall to below 0,02 microns
after the maximum temperature had been reached., The samplea heated
under this vacuum showed very little oxidation even after heating
for 48 hours, The heating rate obtained with this apparatus was
very nearly linear from 300° ¢ to 800° C and sny significant thermal
arrests up to 900° C could have been readily detected. The linear
curve and constant heating rate made the detection of an arrest
quite easy and made possible an estimate of the magnitude of the
heat effect,

The solidus and liquidus temperatures of alloys up to 5 per
cent airconium were determined by running cooling curves using
chromelesalumel thermocouples. The sample was placed in a beryllia
cruaibia inside a graphite heater. The heating for this part of the
investigation was done under vacuum by an induction furnace. The
graphite heater was insulated well enough to give a sultable cooling
rate when the power was shut off. The samples were heated above
1300° ¢ and allowed to cool. The temperature was recorded on a

Leeds and Northrup Mieromax recording potentiometer,
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The solidus and liquidus temperatures of alloys containing more
than 5 per cent zirconium were above the range of the chromel-alumel
thermocouple so 1t was necessary to use other means of obtaining
thege temperatures. The method which was used consisted of heating
a sample of the alloy by passing a high amperage current through it
and observing the appearance of liquid by an optical pyrometer., A
complete description of the method is reported by Chiotti3? with
details of the equipment, The samples were bars approximately 1//
inch by 1/4 inch by 2 inches. A smell hole 1/8 inch deep was drilled
in the center of the bar with a number 69 drill to provide black
body conditions for temperature measurement., The sample waas clamped
between water cooled copper electrodes in a vacuum chamber and cur-
rent pasged through the sample. By means of an optical pyrometer,
the hole in the sample was observed as the temperature was increased
and the temperature at which the first sign of liquid metal appeared
was obgserved for different compositions., This temperature must lile
between the liquidus end solidus temperatures. The specimen was
observed through a gless window in the top of the vacuum chamber and
the observed temperature was corrected for the absorption due to the
glass by means of a table prepared by Forsythe.36 The apparatus
was evacuated by a Cenco Hypervac 23 mechanical vacuum pump to

sbout one micron before the heating was started, Due to evolution

. of gas by the sample the pressure would rise above 200 microns dur-

ing the first heating of the sample and then fall to about 15 to 20

mierons by the time the melting point was reached, Most of the
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samples were only slightly discolored during heating and the amount

of oxidation in these cases was probably rather small.
C. HMieroscopic Examination

Bince there are several phase transitions in the solid state,
it wes necessary to anneal and quench a large mumber of alloys to
determine the extent of the wvarious phase fields., The furnace whiech
was used for thermal enalysis was also used for annealing and for
heating samples to be quenched. The eontroller potentiometer was
connected to the thermocouple inside the quartz tube and could be
set to ocontrol at any temperature from 400° C to 925° C. The varia-
tion in temperature as indicated by the potentiometer was less than
plus or minus two @egraaa centigrade at all temperatures and irreapec-
tive of line voltage'fluctuatians. The samples were first heated to
900% C for 16 to 24 hours to establish equilibrium at thet temperature.
They were then cooled to just below the quenching temperature and
held for seversl hours and then reheated to the desired temperature
and held again for 6 to 24 hours before quenching, By following
this schedule, it was hoped that the mierostructure would be
representative of equilibrium conditions and the hysteresis in phase
transitions especially as observed on cooling would be reduced. The
samples were guenched by opening and tipping the quartz tube and
allowing the semples to fall into a container of water., The examina-
tion of the guenched samples indicated that the quench in all cases

gucceeded in preserving the microstrueture.
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The samples were prepared for microscopic examination as follows.
The specimen was mounted in bakelite and rough ground on a medium
grit vitrified wheel. The next step was grinding on wet or dry
silicon carbide disks without using a lubricant or coolant, The
grihdi$g was started on a number 320 grit wheel and was followed
in order by numbers 400,500 and 600, The sample was then polished
on a soft eloth wheel using a suapension of AQO grit silicon carbide
powder in a soap solution.

Etching of many of the alloys was very difficult due to very
finely disperaed mlerostructure formed by eutectold precipitation
and to the very chemical resistant properties of some of the quenched
éamplea. The alloys containing up to ten per cent zirconium were
all etehed electrolytically using a bath of eight parts reagent
grade orthophosphoric acid, five parts ethyl alcochol and five parte
ethylene glycol. The potentlal, current density and time had to be
adjusted differently for almost every sample. The voltages used
varied from 2 volts up to 40 volts, the current density was Tixed
by the resistence of the bath and the surface of the sample and the
time was usually 30 to 60 seconds. Higher voltages were necessary
to etch quenched samples that were one phase as compared to two
phage samples.,

Alloys conteining more than ten per cent zirconium anmd also
pure zireconium could be etched with a mixture of one part concen-
trated nitric acid and two parts of distilled water saturated with

sodivn tartrate and sodium fluosiliecate. This nitric acid base
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etching solution was used by swabbing the sample with a cotton
applicator filléd‘with'the solution. Thelatehing time necessary
varied from 15 seconds to several minute#. The beat results were
obtained by etehing the sample quite heavily, repolishing on the
cloth wheel with number 400 grit silicon carbide suspension and

then etching to bring out the desired sirnetural details. This
treatment seemed to remove the cold worked meiszl left by grinding
the sample and made the microstructures much sharper and increased
the amount of detail which could be observed., This was a very
satisfactory etching solution for most of the slloys in this system
and worked quite well on pure zirconium and other alloys of zirconium.
The action was sufficiently slow to allow the progress of the etching
to be obgerved and stopped at the proper time. The contrast between
various phages was quite satisfactory and could be increased by
increasing the etching time. No dark or obscuring film of reaction
products was left on the surface and none of the phases present,
ineluding zireonium carbide, were unduly etched away. For alloys
containing more than ninety per cent sirconium it was possible to
use an etohing solution consisting of one part of 48 per cent
hydrofluoric aeid in nine parts of water, This was a satisfactory
eteh for pure zirconium but its action is extremely rapid armd often
results in surface irregularities and pitting of the sample with
almost complete destruction of the zirconium carbide which was

usually present. A few of the high sirconium alloys which did not
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etch well with the nitric acid base etching solution were etched

with this hydrofluoric acid etching solution.
D. X-Ray Examination

The X-ray powder patterns of these alloys at room temperatures
were obtained on a 11.) em diameter Debye-Scherrer camera using
filtered copper radiation. The camera was made by North Americas
Phillip and used an unsymmetrical film aceording to the Straumanis
technique which requires no camera calibration. In general samples
were prepared by quenching messive pleceas of single phase alloys.
Filings were then taken from these quenched pieces and were annealed
at 560° ¢ in a quarts capillary to remove strain., The oxygen and
nitrogen were removed from the capillary, after it was sealed, by
heating a smell strip of zirconium shest which was plsced in one
end of the eapillary. After the above annealing the samples were
allowed to cool in the furnace to room temperature. The filings
were then removed from the quartz capillary and mounted by the use
of vaselens on a glass fiber about 0.005 inches in diameter, The
glass fiber was then positioned in the powder camera and the
diffraction pattern recorded., The usual exposure time was 6 hours
with 20 milliamperes passing through the Xeray tube at a potential
35 kilovolts,

A number of attempts were made to determine the crystal structure
of these alloys at elevated temperatures., HMaassive samples were

quenched from high temperatures and the X«ray powder patterns of the
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unannealed filings cbtained from these samples. Also, £ilings were
in quarts tubes and quenched from high temperatures into water

and the erystal structure studied. Both of these methods failed to
give any information about the cryutél structure of the alloys at
higher temperatures as the samples transformed in spite of being
guenched and only alpha uranium and alpha zirconium were found. A
rumber of attempts to use a high temperature camera built by Otto
Von der Heyde were made, This was a 5.7 centimeter diameter powder
camera with a swall electrical resistance heater around the sample,
The sample consisted of filings of the alloy enclosed in a small,
thin quartz capillary. Lindemann glass eapillaries could not be
used because of the temperatures involved. Due to mechanical dif=
ficulties with the camers and furnace and to the reactivity of the
metal samples, no satisfactory pictures of these alloys were obtained

at elevated temperatures.
E, Chemical Analysis

The alloys of uranium and zirconium were analysed chemically
to check the ocomposition of the alloys and to find the amounts of
impurities which were present. The impurities which were analysed
for were iren, nitrogen and carbon. The oxygen content of these
alloys was not determined sinece the rather elaborate equipment
necessary for this determination was not available. Hafnium was
present in amounts of about 2 weight per cent of the zirconium and

wag assumed to have little influence on the alloys of zirconium and
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uranium. Other elements would have been present in amounts of less
than 500 parts per million and would not be expected to materially
affect the maballurgiaﬁl‘praperties of the alloys.,

The samples for uranium and zireconium analysis were usually
single massive pleces due to the difficulty encountered in drilling
or grinding the alloys. The samples were treated with concentrated
nitric acid in a platinum dish until a black ras;dus remained, This
residue was dissolved by adding hydrofluoric acid and then both the

nitric scid and hydrofluoric acid were removed by fuming strongly

with sulfurlc acid, The solution was cooled and diluted with water

in a volumetric flask.

The determination of uranium was completed by pipetting an
aliquot comtaining 0.4 to 0.5 grams of uranium from the solution con-
taining the sample. This aliquot was passed through a Jones reductor
which reduces the uranium to three and fo&r valent uranium. The
three valent uranium wes oxidized to four valent uranium by bubbling
air through the solutiong. The uranium was then titrated with
standard sulfatoceric acid solution, using ferroin indiecator, to
a light blue green end point,

For the determination of zirconium, an aliquot containing

approximately 0.2 grams of zirconlum was taken. Thls was evaporated

to dryness to remove sulfuric acid, which causes low results if

present in more than small amounts. Ten millilitera of concentrated

hydrochloric acld were added and the solution diluted to 100 milli-

liters., After the addition of 30 grams of mandelic acid to this
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solution it was heated to bolling for thirty minutes. The precipitate
was filtered, ignited and finally weighed as zirconium dioxide.

The amount of iron in these alloys was determined by a colorimetic

method using 1,10 phenanthroline, The sample was dissolved by hydroe
fluoric acid in a platinum dish and then fumed with sulfuric acid for
one half hour to remove all the fluoride ion. The solution was diluted
to volume, an allgquot was taken and the iron reduced to ferrous iromn
by bydroxylamine hydrochloride. The 1,10 phenanthrolene reagent and
a solution of tartaric acid were added and the pH raised to 5§ - 7
with ammonium hydroxide. The per cent light transmission at 515
millimicrons was determined on a Coleman spectrophotometer. The
amount of iron was determined from a previously prepared standard
curve, A portion of the original solution was used as the reference
solution since uranium forms colored solutions which would otherwise
interfere in the determination,

The determination of nitrogen was done by a modified mioro
Kjeldahl method., The sample was dissolved in hydrofluoric acid and
fumed with sulfuric seid, The standard micro Kjeldahl procedure was
then followed to complete the analysis,

A slight modification of the standard combustion method of
determining carbon was necessary for a number of the high zirconium
alloys., The determination was done by burning a sample of turnings
in oxygen, absorbing the 602 in an ascarite tube and observing the
gain in welight, The alloys which contained a large perc;entage of

uranium burned smoothly snd completely. However, the alloys which



- 30 -

were primarily sirconium had to be mixed with alumdum powder to
prevent the formation of an adherent oxide coating which prevented

complete combustion. By this modification, complete combustion of
the alloys and reproducible results were obtained.
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IV. PRESENTATION OF DATA

The phase diagram as presented in Figure 4 for the uraniumezire
conium alloy system was based on thermal, microscopic and I-ray data
with the exception of certain lines which were drawn from considera-
tion of the phase rule. The portions which are not clearly established
by experimental results are indicated by dotted lines, The hardnass‘
of the alloys, their working properties and chemlical analysis are
presented in separate sections. The bomb reduction method of pre-
paring uraniumesirconium alloys is discussed and an attempt made to

evaluate ita usefulness.
A, Thermal Data

The thermal data obtained 1In this investigation can be most
logically discussed in two parts, the data connected with the melte
ing points of the alloys and the data on transition temperatures of
the alloys. The melting point data for many of the alloys are
tabulated in Table 1 and plotted against composition in Figure 5.
They were all determined by the optical pyrometer method as desceribed
previously except for the 1.88 and 4.75 per cent giroenium samples,
On these two samples a coollng curve was run using a chromel-alumel
thermocouple. In this case both the liquldus and amolidus temperatures
were established, The temperatures observed for these two samples
were probably slightly low since these were cooling curves and the

rate of cooling was quite fast.
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TABLE 1

¥elting Data from Uranium-Zirconium Alloys

Composition Observed Melting
% Uranium % Zirconium Temperature
100 1125 d
97.11 1.88 1158-1170

94430 475 1176-12064
92,63 5.43 1220
89.05 7.90 1245
82 .86 15,98 1434
82,86 15,98 1449
69.47 30.10 1526
68.41 29.45 1506
59.50 40.30 1608
46.01 52424 1648
- 60 1758
24453 72.22 1734
24,53 72,32 1754
10.05 87,30 1806
10,05 87.30 1801
- - 90 1840
L4l 94 .30 1864
100b 1780
1008 1825
100¢ 1800

T s
& Prepared by bomb reduction in dolomitic oxide liner

b GrystaleBar zirconium

Prepared by bomb reduction in graphite liner

Obtained by thermal analysis using chromel-alumel thermocouple



- 35 -

The melting data obtalned by the optieal pyrometer method must
be between the liquid and solidus temperatures, Since an appreciable
amount of liquid is necessary before any liquid would be cbserved in
the ecavity and an oxide or nitride surface film would tend to keep the
liquid from flowing, the observed points probably are considerably
above the solidus temperature, The samples usually were sufficiently
liquid at temperatures aliéhtly'above the first observed melting to
cause rupture of the bar. Microscopic examination of the bsras in the
region of fusion was made in an effort to determine the relative
amounts of liguid and solid which had been present st the fusion
point. However, no indication of the relative amounts of liquid and
s0lid phases present at fusion was found. This may have been due to
racid homogenization of the samples as they cooled through the gamma
solid solution region, The temperature of the first observed melting
was quite sensitlve to oxidation of the sample so the data from
experiments in which the sample had become visibly oxidized were not
used, In most cases melting was observed and the current turned off
before the bar fused in two. In these cases & new cavity was drilled
in the bar and the melting experiment repeated., The greatest difw
ference between two runs on the same sample was 20° C and the
agreement was usually much closer than this, The accuracy of the
temperature measurement with this type of apparatus is estimated by
Chiotti?s as & 25° C,

The melting data formed a smooth curve when plotted against

the composition of the alloys. There was no maximum or minimum in
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the curve nor was there any indication of a horizontal portion. This
was good supporting evidence for a continuous solid solution between
beta zirconlum and gamws uranium. The curve extrapolated quite
smoothly to the melting point of uranium but considerable scattering
was encountered at the sireconium end of the curve. This was caused
by the varlation of the melting point of airconium and alloys of
zirconium with purity. The melting points as determined in this
laboratory for various samples of zireonium prepared by different
methods ars also given in Table 2. The literature value of

1830° ¢ # 40° aovéra all the sbove observed values but this large
variation in observed melting points is no doubt due to wvariation

in purity as well as errors in measuring temperature.

The s0lid state transitions in this alloy system were studied
very intensively by thermsl analysis, The thermal effects which
were obtained during heating are tebulated in Table 2, and are
plotted againast the compogition of the alloys in Figure 5,

In Table 2, the thermal effects which occurrel over a range
of temperature were indicated by giving the initial and final tem~
perature and separating them with a dash, On Figure 5 such a teme
perature range was indicated by a vertical line connecting the initial
and final temperature of the break in the heating curve. The thermal
data obtained on cooling are also tabulated in Table 2 to show the
large differences in temperature obtained by heating and cooling
methods and to permit a comparison of these data with data of

other investigators who have used only cooling curves.
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TABLE 2
Solid State Transition Data from Uranium-Zirconium Alloys

(Alloys prepared in dolomitic oxide liners except where otherwise noted.)

e e e e e ettt e ]

$U % Zr Heating arrests °C, Cooling arrests © C,
100 687 772 657 770
100% 666 7. 648 765

98, 7L 0.57 668 768783 649 766

96.15 1.18 671 697752 633 723

97,11 1.88 683 699-716 607 673
94430 4.75 605 683 699-716 602 673
92,63 5.43 599613 690 692-697 669
89.05 7.90 600-616 680 690-687 662
89,55 7.62  600-607 683 697 593607 665

88,35 9,29  607-617 685 702 614 674,
89.15 9.2 607 683 699-"704 609 666

82,86 15.98> 600-61, 673 593610 654
amsmeu 25 609-623 623685 602-614 652
68,41 29.45P  607-614  614-678 586-600  —=-
69.47 30 .10@ 605"619 619"680 607 hadendnd

59,50 40,308  607-616 607
47 .50 51.203 593-610 580-596

46.01 52,24° 612-623 591-602

50,40 48.9% 600

60 607-614 607

24.53 T2.22°  589-603 598
wewons 75 605 579

10,05 87.30° 589 591
comeee 90C 602-607
ameenn 95 602

Lokl 94430°  547-593
100 865

8 Mallinkrodt Biscuit Uranium
b Alloy prepared by bomb reduction in graphite liner
Alloy prepared by arc melting

Crystelebar zirconium
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The beta to gamma transition in uranium was found to be lowered
rapidly by the solubility of zirconium in gamma uranium, The slpha
to beta transition, on the other hand, was raised to 683° C at 1,88
per cent zirconium and the two transitions appeared to have merged
at this temperature, The thermal arrest at 683° C was quite pro-
nounced and reached a maximum intensity at sbout 14.57 per cent
zirconium. A change in slope of the heating curve above 683° C
was observed in the alloys up to 9.42 per cent zireonium, This
wag due to the transition from beta to gamma uranium, which oecurs
over a range of temperature in this region.

A thermal arrest at 605° C was observed in all alloys from
4475 per cent zireonium through 95 per cent zirconium. This thermal
arrest reached a maximum magnitude at about 50 per cent zireconium,
In 25, 28.65 and 29.45 per cent zirconium samples, a change in
slope from the horizontal thermael arrest at about 605° C uwp to
about 683° C was found. This change in slope of the heating curves
was greatest at about 683° ¢ where the curve became almost horizontal.
No evidence of this thermal arrest at 683° C was detected beyond
30.10 per cent zirconium., In alloys containing more than 40 per
cent zireonium, no heat effect above the 605° ¢ transition was
observed up to 900° C, If this arrest at 605° C were a eutectoid
transition arising from the alpha to beta transition in zirconium,
a change in slope of the heating curve above 605° C would have helped
locate the limits of the two phase region above the eutectoid, How~

ever thermal effects due to sloping phase boundarys in the solid state
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are often not detected by thermal analysis curves.

The thermal arrest at 605° C seemed to be caused by a very rapid
and readily reversible reaction. The temperature at which it was
observed was changed but very slightly when considerable changes
were made in the heating or cooling rates. Also, there was only a
small difference between the temperatures at which the arrest was
observed in heating curves and cooling curves.

The heat affect associated with the alpha«beta transition in
sirconium was observed at 865° C in a sample of erystal-bar zirconium.
A sample of Bureau of Mines Sponge gave a very weak break on a cooling
curve which occurred over a range of temperature. The temperature
at which it started could not be detected but the lower temperature
1imit was 864° C. This arrest was not cbserved in heating curves
on any zireonium except crystal-bar zirconium and was not detected
at all in any of the uranium-zirconium alloys. DeBosr>! has reparted
that the presence of even small amounts of oxygen and nitrogen in
s0lid solution in zirconium metal raises the alph-beta transformation
temperature and causes it to oecur over a range of temperature, This

probably is the reason for failure to obtain an invariant point in
the thermal analysls curves of girconium samples. In the uraniume
zirconium alloys the golubility of uranium in bets zireconium would
also cause the transformation to take place over a temperature range
down to 605° C and should make the thermal effect quite difficult
to detect.

The solid atate thermal effects which were cbserved for this
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alloy system, with the exception of the alpha-beta transition in zire
conium, do not seem to be affected materially by the small amount

of oxide or carbide ordinarily present in the samples. The high
sirconium alloys which were prepared by bomb reduction in dolomitie
oxide liners undoubtedly eontained a considerable amount of oxide.
They were harder and differed in microstrueture as compared to
alloys prepared by bomb reduction in graphlite liners or by are
melting. However, the thermal data were the same for alloys of the
same uranlumezirconium ratio prepared by any of the three methods,
Several cases were observed in which alloys of the same uraniuvme
sirconium ratio contained quite widely varying amounts of carbon

but thermal analysis of these alloys showed no appreciable difference

in transition temperatures.
B. MKioroscopic Examination

The nature and extent of the solid phase fields were also
studied by microscopic examination of slowly cooled and of quenched
samples, In Figure 6 is shown the extent of the various phase fields
as indicsted by microscopic evidence. Alloys up to 30.10 per cent
zirconium slowly ecooled from 900° C had a two phase structure con-
sisting essentially of uniformly dispersed lamellae. This structure
is quite simllar in appearance to pearlite of the iron ~ carbon
system, The exact eutectold composition could not be deduced from

these microstructures since no primsry uranium or zirconium could dbe



DEGREES CENTIGRADE

900

800

700

600—

o
o) o
°
°
L4 o]
o o °
e . o o e ° ° ° el O
| | | ] i | | | |
10 20 30 40 50 60 70 80 90

WEIGHT PER CENT ZIRGONIUM

O SINGLE PHASE MIGRO STRUGCTURE
e TWO PHASE MICRO STRUCTURE

Figure 6 - Microscopic data from uranium-zirconium system,

100



-42-

observed, The reason for failure to observe primary uranium may have
been that the alloys were not cooled through the two-phase region
above the eutectoid slowly enough for large primary orystals to be
formed, The microstructurea of these alloys were not changed
appreciably by quenching from temperatures below 683° Cc. A solubility
of zirconium in alpha uranium of less than 0.57 per cent was determined
by examination of the 0.57 per cent alloy as quenched from 579° C,
In Figure 7, which shows this sample, can be seen small particles
of sirconium precipitated slong the grain boundaries and within the
grains, Etching this alloy to reveal the grain boundaries and
precipitation was very difficult and only two of the samples of this
alloy were prepared for photomierographs,

The 1,18 per cent alloy is shown in Figure 8 in the slow cooled
condition, The mierostructure consistas of zirconium precipitated in
a uranium matrix, This same alloy is shown in Figures 9 and 10 as
quenched from 614° C and 678° C. These photomicrographs show that
little or no change in the relative amounts of the phases had taken
place., A similar series of pictures is shown for the 1.88 per cent
alloy in Figures 11, 12 and 13, In Figure 11 may be seen the cutlines
of prior grains which have undergone a eutectold precipitation., Since
the grain boundary phasse appears to be uranium, this would indicate
that this was a hypo-eutectold alleoy. The 4.75 per cent alloy, shown
in Figures 14 and 15 has an outline of uranium arourd the prior
grains and also appears to have been a hypoweutectoid alloy. The

amount of szirconium precipitated in these alloys increases as the
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Figure 7 - 0.57% sirconium. Quenched from 579° ¢. Zirconium pre-
gipitated in alpha uranium, 10% citric acid elec, etch,
X 250,

Figure 8 - 1.18%7 zirconium, Slow-gooled. Zirconium in uranium,
Phosphorie acid elec, etch. X 150,

Figure 9 - 1,18% zirconium, Quenched from 614° C. Same as above,
5% citric elec. eteh, X 250,

Figure 10 - 1,18% sirconium, Quenched from 678° C. Same as above.
5% oltric elec. etech. X 250,
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1,88% zirconium. Quenched from 579° C.
lamallae in uranium, X 150,

Figure 11

Figure 12 = 1.88% zirconium. Quenched from 657° C,

X 150,

Figurs 13 = 1.83% zirconium. Quenched from 678° C,
X 250.

Figure 14 - 4.75% sirconium. Quenched from 579° C,

X 500,

Zirconium

Same a8 above,

Same as above,

Same as above,

Above samples phosphoric acid elec. etch,
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gireonium content inecresses and alloys containing more than 5 per
ecent zirconium have such a finely dispersed eutectoid structure that
it is almost impossible to resolve under the mieroscope. The 9.42
per cent alloy quenched from 678° C which is shown in Figure 16, has
a outectéid structure with no indication of prior grains. As the
phage diagram is drawn, this alloy underwent a eutectoid decomposi-
tion at 683° ¢ directly from a one phase region and there should be
no evidence of a primary phase in the structure. That this same
phase region extends beyond 30,10 per cent is indicated by pictures
of the 25 and 30.10 per cent alloys which are Figures 17 and 18,
The clear areas present in the 25 per cent alloys were prabably
oxide inclusions. This alloy was made by bomb reduction in e
dolomitic oxide liner. The 30,10 per cent alloy which does not
show these large clear areas was mede by arc melting and should
have been relatively free of oxygen. No alloys containing more
than 30.10 per cent zirconium had this eutectold mierostructure,

A two phase region was found above the 683% C eutectoid teme
perature in a composition range from below 1l.18 per cent to above
7.90 per cent zirconium. The upper temperature boundary limits of
this region are of peculiar shape and represent the lowering of the
beta~ganma transition. The horizontal section of this boundary at
697° ¢ shown between about 5 per eent and 8 per ocent zirconiuam
seems to extend into the region of less than § per cent zirconium.
In fact, thermal arrests at this temperature have been cbserved in

samples containing as little as 1.18 per cent zirconium, This l1line



Figure 15 ~ 4.75% zirconiunm. Quenched from 6789 C, Zireonium lamallae
in uranium, Phogphoric acid elec. etch,

Figure 16 - 9,42% zirconium. Quenched from 678° C. Same as above.
5% HF in Methyl Alec. eteh,

Figure 17 - 25% zirconium, GQuenched from 614° C. Same as above,
Nitrie acid base etch,

Figure 18 - 30,10% zirconium. Quenched from 650° C. Same as above,

Hitrie scid base etch,
X 250



extension, which is dotted in the diagram, divides the two phase,
beta and gamma solid solution, area into two parts., No satisfactory
explanation has been obtained fiom thermal or quenching data for
this division, There might be the possibility that the gamma solid
solution undergoes order-disorder arrangements above and below this
line. 4

A series of alloys from 1.18 to 9.42 per ecent zirconium was
heated to 6§4° C and quenched, The photomicrographs of their struc-
tures are shown in Figures 19, 20, 21, 22, 23, 24, 25 and 26, The
1.18 and 1.88 per cent alloys had such a finely dispersed second
phage that it was necessary to use 1000 magnification. As a result
of this fine dispersion and high magnification, the discontinuous
phagse appeared black in these two alloys but was light in the alloys
containing more zirconium., This light phase is the gamma solid
solution and an increase in the amount of this phase was observed
with inereasing zirconium content. The 9.29 and 9.42 per cent
alloys contained only this phase. At 705° C, the two phase region
extends only up to about 4.0 per cent, This was established by
quenching the 1,18, 1,88, 4,75 and 7.62 per cent alloys from that
temperature. The microstructures of these samples are shown in
Figures 27, 28, 29 and 30. The 4.75 and 7.62 per cent alloye con-
tained only a single phase and the ratio of the two phases in the
1,88 per cent alloy had changed noticeably, By application of the
lever arm relation, the gamma solubility limit at this temperature
would be in the meighborhood of 3,50 per cent zirconium. The 1.88



Figure 19 ~ 1,18% zireonium. Beta plus gamma solid solution (dark
areas). Phosphoric acid elec, etech. X 1000,

Figure 20 - 1.88% zsirconium. Same as above, Nitriec acid base etch,

X 1000,

Pigure 21 - 4.75% zirconium. Beta plus gamma solid solution (lighter
arcas), Nitric acld base etech., X 250.

Figure 22 = 5,43% zirconium. Same as above, Nitric acid base etch,

X 250,
Above alloys quenched from 694° C.



7.62%4 zirconium.

Figure 23 =

solid solution,
Figure 24 « 7.90% zirconium.
Figure 25 - 9.29¢ sirconium,
Figure 26 - 9,42% zirconium.
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Beta uranium plus gamme light areas

Same as above.
One phase, gamma solid solution.

One phase, gamma solid solution.

Above samples quenched from 694° C. Nitric acid base

etech, X 250,

of
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Figure 27 ~ 1.18% zirconium. Beta uranium plus gamma solid solution,
X 500,

Figure 28 = 1.838% zirconium, Same as above., X 250.
Figure 29 = 4,75% zirconium. One phase, gamma solid solution. X 250,
Flgure 30 « 7,62% zirconium, One phase, gamra solid solution. X 250.

Above samples quenched from 705° G, Phosphoric acid
elec, etch,



and 1.18 per cent alloys quenched from 720° C still consist of two
phases, as shown in Figures 31 and 32. Quenched from 740° C, the
1.18 per cent alloy as seen in Figure 33 was still in the two phase
region, The sample of the 0,57 per cent alloy was quenched from
778° C. This alloy as shown in Figure 34 consists of approximately
equal amounts of two phases which must be beta uranium and gamms
so0lid solution, It is evident that the gamma-beta solid solution
stable at 778° C decomposed during the quench.

A twoephase field was also found above the 605° C horizontal
for zirconlum~rich alloys., In this region alpha zirconium solid
solutions precipitate from the gamms-beta solid solutions on cooling
over a range of temperature. A series of photomlcrographs of alloys
guenched from within this field is shown in Figures 35 through 46,
The needles, which usually appear dark, are alpha zirconium solid
so0lid solution and the clear, light matrix is gamma~beta solid
solution, The ratio of alpha zirconium to gamma~beta solld solution
increascs with ineressing zirconium content srd with decreasing
gquenching tempersture,

The alpha to beta transformation in pure zirconium has been
reported to take place at 863° ¢ in metal produced by the lodide hot
wire process, DeBoer and Fast30 have reported that oxygen or nitrogen
dissolved in zirconium raises the transformation temperature and
causes it to take place over a range of temperature. They have
postulated that & two phase region should exist in the oxygen~zire

conium phase system corresponding to the temperature range over which



‘Figure 31 - 1.18% zirconium, Quenched from 720° C,
plus gamma solid solution.

Figure 32 = 1.88% zirconium. Quenched from 720° C,
Figure 33 - 1,184 zirconium. Quenched from 740° ¢,

Figure 34 « 0.57% zirconium. Quenched from 778° c.

Beta uranium

Same as above,
Same as above,

Same as above,

Above samples etched with nitric acid base etch except
Figure 34 which was 10% oxalic acid elec. etch, X 250,
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Figure 35 = 72,22% zirconium., Quenched from 630° C,
needles plus gamma-beta solid solution,

Figure 36 « 72.22% zirconium, Quenched from 700° C.
Figure 37 - 87.30% zirconium. Quenched from 630° C,

Figure 38 - 87.30% zirconium. Quenched from 700° C.
Hote deecrease in needle phase.

Above samples etched with nitric acid base

Alpha zirconium

Same as above.

Same as above,

Same as above,

etch.

X 250,



Figure 39 - 87.30% zirconium, Quenched from 800° ¢. Alpha zirconium

needles plus gamma beta solid solution.

Figure 40 - 87.30% zirconium. Quenched from 900° ¢. Same as above.

Alpha zirconium is the light phase.

Figure 41 = 94.30% zirconium. Quenched from 630° C. Same as above,

Very little gamma~beta solid solution.

Figure 42 - 94.30% zirconium. Quenched from 700° C. Same as above.

Above alloys etched with nitric acid base etch.

X 250,
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Figure 43 - 94.30% zireconium., Quenched from 800° C., Dark alpha
zirconium needles in gamma~beta solid solution.

Figure 44 = 94.30% zirconium. Quenched from 900° C, Same as above

Figure 45 = 94.30% zirconium. Quenched from 900° C. Same as above
except alpha zirconium needles are light.

Figure 46 « 97.20% zirconium. Quenched from 930° C, Same as above.

Above alloys etched with nitric acid base etech, X 250,



the transformation takes place., High zirconium uranium alloys heated
above 863° C should have been in the gamma-beta solid solution field,
but the 87.30 and 94.30 per cent zirconium alloys quenched from 900° ¢
still consisted of two phases, It was necessary to heat to 1000° C
to transform these alloys completely to gemma-beta solid solution.
The 98 per cent zirconium glloy was definitely in the alpha zirconium
plus gamma=beta solid solution region when quenched from 930° C, The
presence of oxygen in these alloys must have raised the transition
temperature above 9300 c.

The alloys quenched from this two phase region would usually
react with the etehing solubtion so that the needles were dark and
the matrix light in color. However, the same etching solution
acting on the same sample would occassionally result in producing
reverged contrast. That ig, the needles would be light and the
matrix would be darker, These alloys were all etched so as to show
the needles dark for the sake of uniformliy and esase of interpreta~-
tion of the mierostructures, The 94,30 per cent alloy quenched
from 900° C is shown in Figure 44 etched to correspond to the other
samples shown for this region, Figure 45 is a photomicrograph of
the same alloy etched to show light needles on a darker matrix. In
both cases the same etehing solution was used but the dark needles
on & light background were produced by a longer etching time,

Above all solid two phase regions in the diagram, a continuous
s0lid solubility of beta zirconium and gamme uranium was observed up

to the gsolidus line. The photomicrographs shown in Figures A7 through 62



1.18% zireonium, Quenched from 778° C.
" elee, ebch. X 150.

Figure 47

Figure 48 - 1.32% zirconium. Quenched from 800° ¢.
elec, eteh., X 150,

1.88% zirconium. Quenched from 778° C.
elec, etch, X 150

Figure 49

Figure 50 - 15.98% zirconium. Quenched from 702° G,
base eteh. X 250,

Above alloys are one phase,

5% citric acld

10% eitric acid

10% eitrie aeid

Nitric acid



?1gure 51 = 15,98% zirconium. Quenched from 900° C.
Figure 52 ~ 25% zirconium. Quenched from 700° C,

Figure 53 - 29.45% zirconium. Quenched from 900° C.
Figure 54 - 30.10% zirconium, Quenched from 700° G,

Above alloys show one phase. Etched with nitrie scid
base etch, X 250,



Figure 55 =~ 40,30% zirconium,
Figure 56 =~ 48,95% zirconium,
Figure 57 » 40.30% zirconium.
Pigure 58 - 48,95% zirconiunm.

Above alloys show
baﬂe etchp X 2500

Quenched from 650° C,

Quenched from 650° c.
fuenched from 700° C.,
Quenched from 7000 C.

one vhasgse structure.

Nitric acid
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Figure 59 = 60% szirconium, Quenched from 700° C,

Figure 60 = 72,22% zirconium, Quenched from 900° C,
Figure 61 - 87.30% zirconium. (uenched from 1000° C.
Figure 62 - 94.30% zirconium. Quenched from 1000° C.

Above alloys show one phase structure. Nitrie acid
base etch. X 250,
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lend evidence of this extensive solid solution. The 1.88 per cent
alloy quenched from 778° C has a microstructure somewhat similar to
martensitic steel and anpears to have been quenched from a single
phase region but to have undergone some transformation in spite of
being quenched. The 1.32 per cent alloy quenched from 800° C has a
similar structure and in several other uranium-rich alloys similarly
treated some evidence of this structure was observed but it was less
conspicuous, The quenched 15,98 and 25.45 per cent alloys have a
considerable amount of oxide and carbide inclusions evident in the
nierostruecture which is otherwise one phase,

The alloys from 29.45 through 60 per cent contained a large
amount of foreign materisl in the miecrostructure. The nitrogen and
carbon analyses of these samples did not indicate that they were more
impure than alloys of higher and lower zirconium content which appeared
much cleaner, A possible explanation is the varliation in the amount of
oxygen in the samples., Uranium dissolves very little oxygen even
at high temperatures but zirconium dissolves oxygen quite readily and
holds it in so0lid solution. Alloys of these two metals might be
expected to exhibit an intermediste behavior. Henee, in the low
zirconium alloys, the oxygen would never enter into solution and in
the high zirconium alloys it would remain in solution. In general,
the solubility of oxygen in metals increases with an ilncrease in tem=
perature. Thus, in the intermediate alloys it would be guite reasonable
to expect that oxygen would be dissolved at elevated temperatures and

precipitated at lower temperatures. The arcemelted samples shown in
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Figures 63 and 6, in the assw-cast condition had a small amount of
precipitation within the grains. The rate of cooling of these
alloys from the melting polnt was fairly rapid since they were in
contact with a water cooled copper surface. However, the rate of
cooling was not as fast ag the water quench which was used after
heat~treating the samples., The arcemelted samples shown in Figures
5/ through 59 after being heated and quenched have as much or more
of this precipitstion, Heating the same alloys to 800° ¢ and
quenching did not change the appearance of the microstructure.
The relative amounts of the needles in this series of alloys was
qﬁite constant whiech indicated that they were not related to the
major components of the system. The amount of this phase present
in the alloys did vary with the method of preparation of the alloy.
In some of the early alloys as shown in Figures 65 and 66 so much
of this phase was present that it was mistaken for crystals of
primary sirconium or an intermetallic compound, However, as alloys
lower in rgen content were prepared, the amount of this ohase
decreased but it always made interpretation of the microstructures
of the intermediate uranium-zirconium alloys difficult and un~
eertain. A photomicrograph of & 50 per cent alloy prepared by
melting uranium with Bureau of Mines sponge zirconium in a graphite
erucible is shown in Figure 67. Carbide areas can be seen in the
matrix and have a different appearance than oxide phase,

4 considerable amount of thermal, miecroscopic and X-ray evidence

indicated that the 605° ¢ horizontal was due to a eutectoid transfore
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Figure 63 = 30,10% zirconium. As-cast. Oxide precipitation. Nitrie
acid base etech,

Figure 64 = 48.95% zirconium. As~cast, Same as above. Nitric acid
base etch,

Figure 65 = 29.45% zirconium. Quenched from 630° C. Wote clear oxide
areas, HNitric acid bage etch.

Figure 66 = 47.40% zirconium. Slow-cooled., Note large oxide areas.
10% exalic elec. etch,

X 250
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mation. However, no normal eutectoid microstructure other than that

previcusly found to be associated with the 683° C transition could

be produced In any of the uranium-zireonium alloys. The samples

were examined both ass-cast and after quenching from temperatures

below the 605° C horizontal. Hany different etchants and etching
procedures were tried but in no case could a clearly defined two

phase area wlth a structure of eutectoid characteristies be found

in alloys containing more than 30.10 per cent sirconium. This might
have been due to the eutectold preeipitation being so finely dispersed
that it could not be resolved by the ontical microscope or it might
have been due to failure of the etching procedure in revealing the
true microstructure., In Figures 68 through 72 are shown typical
microstructures from this region. Primary zireonium crystals may

be observed in the 48.95, 60 and 72,22 per ecent zireonium alloys.

The matrix, which according to the diagram should show the eutectoid
structure, appears quite clear and no evidence of precipitation

could be seen, |

The solubility of uranium in alpha zirconium may be estimated

from the mierostructures of the 4.1 and 2.32 per cent uranium alloys.
These alloys as quenched from 580° C are shown in Figures 73 and 74.
The 4.41 per cent uranium alloy has a small amount of a second structure
between the grains of alpha zireonium. The 2.32 per cent uranium alloy
appears to consist only of alpha zirconium solid solution, The
10.05 per cent uranium sample shown in Figure 72 contained much

more of the second structure than the 4.4l per cent alloy. These alloys
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Figure 67

50% sirconium. Melted in graphite and slow-cooled.
Note carblde areas.

Figure 68 - 40.,30% zirconium, Quenched from 550° ¢,

:

Figure 69 - 48,95% zirconium. Quenched from 550° ¢,

Figure 70

$

60% zirconium. Quenched from 550° C.

Above gamples etched with nitric acid base etch., X 250,



Figure 71 - 72.22% zireonium. Light elpha zirconium needles plus
second phase, possibly eutectold, :

Figure 72 - 87,30% szsirconium. 10,05% uranium, Same as above,

Figure 73 « 94.30% zireonium 4,41% uranium, Alpha zirconium solid
solution with small amount of second phase,

Figure 74 - 2,32% uranium. Alphe zirconium solid solution,

Above alloys quenched from 578° C. Nitrie acid base etch
except Figure 7/, which was 10% HF in water. X 250,
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cocled slowly to room temperature showed litile change in micro-
structure so the sclubility limit at room temperature must have
been sbout the same as it is at 580Q C. The mieroscopic evidence
for this solubility limit is supported by the observation of a
thermal arrest at 605° C in the 4.41 per ecent uranium alloy and
the failure to observe an arrest in the 2,31 per cent alloy.

The mierostructure of a sample of zirconium produced by bomb
reduction in a graphite liner is shown in Figures 75 and 76. The
hardness of this zirconium was Rockwell A«45 in the as-reduced
condition., A sample was cold-rolled to 50 per cent reduction in
thickness before excessive cracking developed, Figure 75 1s a
photomicrograph of a sample of the biscuit heated to 900° C amd
quenched, A sample of the same biscult after being cold-rolled
and then heated to 900° C and quenched is shown in Figure 76.

The microstrueture of a sample of zireonium produced by bomb reduc-
tion in a dolomitic oxide liner iz shown in Figure 77 in the as-
reduced condition, Figures 78 and 79 show the miorostructures of
Bureau of Mines cast ingot zireconium as received and as guenched
from 900° C. This metal was received by this laboratory during

1948 and probably is inferior to later production. Crystal bar
zirconium also received during 1948 is shown in Figure 80 as it was
received and in Figure 81 as quenched from 900° C. The miero-
structures shown in Figures 75 through 81 indicate marked differences
that are assocliated with methods of production and heat treatments

of otherwise relatively pure zirconium.
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Figure 75 - Zireonium. Reduced in graphite. GOuenched from 900° C.

Figure 76 - Zirconium. Reduced in graphite., Cold-worked and quenched
from 900° C.

Figure 77 = Zirconium. Reduced in dolomitic oxide, As-reduced.
Figure 78 ~ Zireconium. Bureau of Hines cast ingot, as received,

Above samples etched by nitric aclid base eteh., X 250,
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Figure 79 = Mrgonium. Bureau of Mines cast ingot quenched from
900" C.

Figure 80 -~ Zireonium. Crystal bar, as received,
Figure 81 - Zirconium. Crystal bar quenched from 9000 C.

Above alloys etched with 10% HF in water. X 250,
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The examination of diffusion bands in samples in which composi-
tion gradients were known to exist was of little aid in studying this
system, The bands which were observed could not be correctly inter-
preted until much of the phase diagram was known from other information.
A diffusion sample was preparsd by heating a small bloeck of Bureau of
Mines ingot zirconium containing a 3/8 inch hole into which a plug
of uranium had been driven. The sample was heated to 1200° C under
vacuum and held at this temperature for 15 minutes. The uranium had
melted and wet the zireconium with some subsequent loss of uranium by
ereeping over the top of the zircomium block. A section of the sample
showing the interface between the part that had melted and the zir-
conium is shown in Figure 82, At this temperature the liquid should
have contained about 8 per cent zireonium if the equilibrium state
had been reached, The small amount of zirconium precipitated in
the main body of the liquid indiocsted that probably less than two
per cent zirconium had gone into solution in this portion of the
sample, A region of higher zirconium content close to the zirconium
area has such a fine eutectold strueture that it was not resolved
and appears as a dark band., There was a thin band between this
dark area and the sirconium which differed very slightly in appearance
from the original zirconium, This probably represents the solubility
of uranium in alpha zireonium. No evidence of the two-phase region
above 605° C on the sirconium side of the phase diagram was observed.

In an attempt to prepare a 50 per cent alloy by melting uranium

with Bureau of Mines sponge zirconium in a thoria erucible an interesting
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concentration gradient sample was made. The crucible containing the
two metals was heated slowly to 1725% ¢ and then cooled slowly to
avold breaking the thoria erucible by thermal shock. N¥ot all of the
zirconium had gone into solution and a section of the sample, when
polished and etched, revealed chunks of zirconium floating in an
inhomogeneous matrix. During solidification, dendrites of higher
sirconium content were formed and the sample evidently did not
become homogeneous while being cooled through the solld solution
region, These dendrites had a composition slightly above 30 per
cent zirconium and the liquid between them had slightly less than
30 per cent zirconium. As a result of this lack of equilibrium, a
sample quenched at 650° C showed no 683° C eutectoid structure in
the dendrites but the area between the dendrites did show this
eutectoid. The microstructure of this quenched sample is shown in
Figure 83 where the dendrites appear as light areas in a dark
eutectoid background, The formation of these alloyed dendrites is
evidence of a solid solution in the system, Figure 8, is a photo-
micrograph taken at higher megnification and shows the interface
between zirconium and the melt in this sample as quenched from

650° C, The 683° C eutesctold of the uraniumerich areas shows as
large dark patches. The band between the zirconium, shown at the
top in the figure, and the relatively clear gamma-beta solid solu-
tion contains needles similar to these found in the alpha zlrconium
plus ganma-beta solid solution two-phase region of the diagram, The

clear gamma-bets solid solution region in this sample might in the
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Figure 82 - Zirconiumeuranium diffusion band,

: Heated to 1200° C and
glow=cooled, Phosphoric acid elec. etch, X 250,

Figure 83 - Zirconium-uranium alloy. Quenched from 650° C. Zirconium=

rich dendrites in uraniumerich matrix. Nitric acid base
thh ™ x 75 .

Figure 84 - Zirconiumeuranium diffusion band, Quenched from 650° C.,
Zireconium on top. Nitric acid base etch. X 250.



absence of X-ray data be mistaken for an intermetallic compound.
The structures found in the diffugion band samples could be
identified and related to the phase diagram, They were useful
in making a preliminary survey asnd were a degree of assurance that
no major phase areas were overlooked in studying the system. They
also indicate that equilibrium is rather slowly established in the
gamma-beta sclid solution area and that zirconium does not dissolve
rapidly in moltem uranium at temperatures of about 100° C below its
melting point.

Ce Xeray Diffraction Data

The application of Xeray diffraction studies to this investiga-
tion was limited to the identification of phases. The X-ray powder
diagran of wranium is so complex that determination of solid solubllity
limits or even the detection of solid solubility by changes in the
lattice dimensions is almost an impossible task. The powder diagram
of zirconium is more easily handled and accurate lattice measurements
can be made., However, the effective atomic diameters of uranium
and zirconium 4iffer so little that a large amount of solid solubllity
could still be undetected by X-ray methods, The closest atomlc
approach of zirconium atoms in the hexagonal form is 3,16 ﬁ and in
the body centered cubie form is 3,12 ﬁ. The closest atomic approach
for gamma uranium calculated from the lattice constant of 3.48 A4 is
3.02 gj Assuming the alloys obeyed Vegard's law, as much as 10

atomic per cent solid solubility would only change the body centered
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cubic lattice constant by only 0.01 3. Since determination of the
lattice constant of even a cublie latiice to a greater accuracy than
% 0.005 % 1s difficult, it is evident that X-ray diffraction is quite
an insengitive method of determining solid solubility in this case,
The complexlty of exast lattice constant determination of hexagonal
lattices is & further limitation of the Xeray method. The lattice
constants of alpha sirconium increase with an increase in the amount
of oxygen dissolved in the zireonium and even the most precise
lattice constant determinations would have been useless unless the
oxygen content of the sample could have been accurately determined.
The X~ray diffraction patterns of alpha uranium, alpha zirconium
and of 30,10, 52.24 and 72,22 per cent zirconium alloys as slowly
cooled to room temperature are shown in Figures 85 through 89, The
lines appearing in the alloy X-ray patterns could all be accounted
for as belonging to either alpha uranium or alpha zirconium. This
was taken as very good evidence that there were no intermetallie
compounds at room temperature. The lattice constants of alpha
zirconium calculated from & powder diagram of Bureau of Mines sponge
were a = 3,212 ¥ 0,015 : and ¢ = 5.13 * 0,03 8. These are in quite
good agreement with the literature values of a = 3,228 g and
¢ =® 5.120 z/nhich were determined from zirconium prepared by the
iodide hot wire method, The difference in method of preparation of
the girconium and the resulting difference in purity might account
for the variation in observed lattice parameters. The lattlce constants

for the hexagonal closeat-packed phase appearing in the 72.22 per cent
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Figure 85 - Alpha sirconium, Bureau of Mines sponge,
Figure 86 - 72,22% zirconium. Slow~cooled.

Figure 87 - 52,24% zirconium. Slow-cooled.

Figure 88 « 30.,10% zirconium. Slow cooled,

Figure 89 - Alpha uranium.

1l.4 om camera. Filtered copper radiation.
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sirconium alloy were determined. The observed values were a = 3,218
* 0,015 R and ¢ = 5,140 2 0,03 £, These values agree within experi-
mental error with the literature values and the constants measured
on Bureau of Mines aponge zirconium.

The attempts to hold high temperature crystal structures by
quenching alloys from an elevated temperature were all unsuccessful.
In one experiment filings of the alloys containing 29.45, 52,24 and
72,22 per cent zirconium were heated at 800° € for 36 hours and then
quenched in water. The X.ray diffraction patterns which were obtained
are shown with the patterns of alpha uranium and alpha zirconium in
Figure 90 through 94, Practleally all of the lines may be identified
as belonging to alpha uranium or alpha zireconium. These alloys
quenched from this temperature appear to consist of a single phase
when examined under the microscope and acoording to the phase
diagram if, the quench had retalned a single phase, no alpha uranium
or alpha zirconium should have been present. Evidently the high
temperature crystal struecture transformed to the forms which are
stable at room temperature in spite of being quenched and without
eausing a detectable change in the microstructure, The lattice
constants of the hexagonsl closest~packed phase in these quenched
samples were larger than in the slow-cooled samplea, The measured
values from the quenched 72.22 per cent alloy were a = 3,248 and
e = 5,190 K. This change from the slow~cooled values is greater than

the experimental error and wes quite constant for all three quenched
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90

91

92

93

%%

Figurw 90 « Alpha zirconium, Bureau of Mines sponge,
Figure 91 - 72.22% sirconium, Quenched from 800° C,
Figure 92 - 52,24% zireonium, Quenched from 800° C.,
Figure 93 = 29.45% zirconium, Quenched from 800° C,
Figure 94 - Alpha uranium,

11.4 em camera, Filtered copper radiation,
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alloys. According to the diagram no alpha zirconium should have been
present in these alloys when they were at 800® ¢ therefore, the alpha
zirconium wust have been formed during or after quenching. If this
were supersaturated alphe szirconium the smaller size of the uranium
atoms should have cauged a shrinking of the lattice, Oxygen dissolved
in zirconlum causes an expansion of the hexagonal lattice which varies
with the oxygen content. Since all three alloys had almost the same
lattice constants, if the expansion of the lattice was due to oxygen
then the same concentration must have been present in all of these,
This would appear to be a somewhat unlikely coineidence. The explana-
tion might be that the alpha szirconium lattice is strained as a result
of the rapid cooling and precipitation of uranium which occurred
during the quench.

The examination by X-ray diffraction of alloys of uranium and
zirconium prepared in this laboratory has indicated that alpha uranium
and alpha girconium wers present in all alloys at room temperature,
The high temperature crystal structures were not preserved by guenching
to room temperature in water., There was no X-ray evidence of the
existence of intermetallic compounds at room temperature, These re-
sults do not agree with the work of Kaufman and co-workers who reported
that the body-centered cuble phase may be held by quenching alloys
from abave 600° € and that a body centered tetragonal form exists
below 600° C, The alloys with which they were working were prepared
by a different method and from different zireonium metal. A smsll

amount of an impurity might have caused the transformation precipitation
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to be sluggish in the one case or to be rapid in alloys in which the
cubie phase was not held by quenching., The body-centered cubie phase
above 6000 C agrees with the phase diagram as drawn and the body-
centered tetragonal phase might be a transition structure similar

to the reported metastable tetragonal martensite of some quenched
steels,

D. Hardnesa and Working Properties

The hardness of uraniumezirconium alloys was measured on slowe
cooled and on quenched samples, The Rockwell A scale waz used,
at least three readings taken for each gpecimen and the resulis
averaged, A tabulation of the results is given in Tables 3 and 4.

The addition of zirconium to uranium causes an inocrease in the
hardness of the alloy in the slow~cooled condition, The hardness
increases with the amount of zirconium up to about 16 per cent zire
conium and then begins to decrease slightly. Since the solubility
zirconium in alpha uranium is less than 0.57 per cent at room teme
perature, this increase in hardness must be due to the finely dis-
persed 683° C eutectold structure and the small grain size.

The alloys containing less than 40 per cent zirconium were
hardened by ﬁeating above 683° C and quenching. The hardness pro-
duced was the same if the sample was heated just a few degrecs above
683° C or if it was heated to 800° or 900° C and quenched. The
maximum hardness of the quenched alloys increased with the concentra-

tion of zircomium up to 4.75 per cent. Above this composition it
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TABLE 3
Hardness of UraniumeZirconium Alloys Prepared in Dolomitic Oxide

(Rockwell A Scale)

Composition Temperature Quenched from, in degrees Cent.
¥t. & Zr Slow Cooled 580 614 657 678 694 700 800 900

Pure U 45 - 52

0,57 53 53 55 55 58 58 59
1.18 57 56 59 59 55 62 60 60
1.88 59 59 58 58 56 6, 67 67
4475 63 65 61 61 61 66 73 75
543 78 75

7.62 73 75

7.90 75 75

9.29 %76

942 61 76

15% 69 62 7R 75
25% 62 66

30% 68 60 69 70
50% 61 61 60 61
75% 71 68 66 70 72
90% 72 = n

100 65

|




TABLE 4

Hardness of UraniumeZirconium Alloys Prepared in Graphite Liners
(Rockwell A Scale)

Composition Temperature quenched from, in degrees Cent,
Wt. % 2r 8low Cooled 580 630 700 800 900 1000
29.45 70

39440 64 57 58 59

52,24 61 59 61 61

72 .22 61 69 71 70 72

87,30 , 58 55 63 65 68 68
94.30 63 65 65 66 67 65 64
97.20 59
100 45 - 50

30,10% 68 59 65 68

40,308 64 57 58 57

48.95% 64, 58 58 57

60" 64 60 60 65

90% 57 57 60 63

100% 38 - 42

2 Alloys prepared by arc melting uranium and zirconium
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was quite constant through 30.10 per cent. Quenching the same

alloys from just below 683° ¢ d1d not increase the hardness as come
pared to those slow~-cooled and in the 15,45 and 30.10 per cent
compositions resulted in a slight softening. The hardening evidently
results from quenching through the 683° C eutectoid transformation.
Since the beta or gamma form of uranium wus not retained by quenching,
the hardness may arise from formation of either strained or super-
saturated alpha uranium or from the submicroscopic precipitation of
zirconium.

Additions of uranium to zirconium caused an increase in hard-
ness of the high zirconium alloys. The hardness of a slow-cooled
sample was about the same as that of the sample quenched from
below 605° C. Heating the alloys slightly above 605° C and quench-
ing resulted in an apprecisble decrease in hardness for most of
the alloys from 90 per cent sireonium to 4.75 per cent zirconium,
Quenching from 700° C and higher temperatures caused some increase
in the hardness of the allioys containing more than 52.24 per cent
zirconium.

Qha alloys of high sirconium content which were prepared by
bomb reduction in dolomitic oxide liners were consistantly harder
than alloys of the same uranium to zireonium ratio which were pre-
pared by bomb reduction in graphite liners or by arc melting. The
reason for this was probably the praaeﬁce of more oxygen in solid
solution in the metal, The hardness of zirconium alloys of the same

uranium-szirconium ratio prepared by arc melting and by bomb reduction
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in graphite liners was the same in most of the alloys. The arc
melted samples showed little variation in hardness but some of the
bomb reduced alloys were harder and some were softer than the core
responding arc melted alloys. This indicated that the oxygen con-
tamination of the bomb reduced metal varied from sample to semnle,
Since gome of the bomb reduced alloys were softer than the arec
melted alloys they must have contained less oxygen.

With the exeeption of alloys containing from 90 to 100 per cent
zirconium, the alloys of uranium and zirconium do not show much
ductility at room temperature, They are quite brittle and can not
be cold worked to any extent by rolling, The 90 per cent alloy
prepared by arc melting was rolled at room temperature to 60 per
cent reduction in thickness before starting to erack., Attempts to
cold work alloys containing more than 10 per cent uranium resulted
in severe cracking and fracture after a few per cent reduction. The
40.30 and 60 per cent zireconium alloys were hot rolled at 700° ¢
to sheet which was 0,016 inches thick starting with 0.25 inch thick
bar. All rolling was done without cladding or protection from axida-
tion. A dense adherant black film was formed on the hoterolled metal

but eould be removed by pickling in dilute hydrofluoric aecid.
E. Discussion of Alloy Preparation

The bomb reduction method has proven to be quite satisfactory
for the production of alloys of uranium and zirconium. The homogenity

of the alloys was very good as would be expected from the intimate
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mixing of the finely ground fluorides used as starting materials,
The uraniumezirconium ratio of the alloys as determined by chemical
analysis wes always very close to the ratio of these in the charge.
The deviations of the constituents from the composition which was
caleulated from the amounts of the respective fluorides in each
charge are shown in Table 5. The yileld of alloy from this method
wag from 93 to 98 per cent when dolomitic oxide liners were used.

Until quite recently the zirconium metal produced in oxide
liners was quite hard and brittle. This was also true of the
uraniumeszirconium alloys containing more than 15 per cent zirconium.
Falsh3® has reported that recent work on bomb reduction of zine-
zireonium alloys in calcium oxide or dolomitic oxide has resulted
in softer zireconium metal than that previously obtained and that
it may be possible with such liners to produce metal approaching
the gsoftness and ductility of Bureau of Mines cast ingot zirconium.
If thls can be done then it might become practiecal to prepare
uranium-zirconium alloyes by bomb reduction in oxide liners. This
would make the use of graphite liners, which are expensive and
give reduced yields, unnecessary.

The alloys which were prepared in graphite linera compared quite
well in the arc melted alloys in softness. The amount of carbon in
the alloys made in graphite liners was considerably greater than in
are nelted samples but this did not appear to harden the samples

“and for some purposes might not be harmful.
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TABLE 5

Chemical Analysis of UraniumeZirconium Alloys

{Alloys prepared in dolomitic oxide liners except where otherwise noted.)

Per cent Zirconium Per cent by Weight
in charge U ir Fe c N Total
0.5 98,71 0.57
1.0 %.,15 1,18 0,011 0,048 0.12 97.57
2,0 97,11  1.88
5.0 944,30 4,75 0.026 0,071 0.32 99.47
6.0 92,63 5.43
7.0 89.05  7.90
8.0 89.55  7.62
9.0 88,35 9,29
10.0 89.15  9.42 0,025 0,090 0.18 98,87
158 81.15 14.57 0.009 0.055 0.15 95.94
158 82,8 15.98 0,021 0.078 0.26 99.20
308 67.60 28,65 0.026 0.330 0.16 96,61
302 68.41 29.45 0.052 0,128 98,04
300 69.47 30,10 0,001 0.034 0.02 99 .64
40P 59.50 40.30 0.017 0.034 0.02 99,85
408 61.00 39,40 0.016 0.155 0.025  100.60
50b 50.40 48.95 0.007 0.035 0,02 99.39
508 47.50 51,20 0,020 0,834 0.117 99,77
508 46.01 52,24, 0,096 0.083 0,246 98,67
50 LT.40 36,3
608 38.80 60.35 0.013 0,178 0.140
752 24,53 72,22 0.133  0.105 0.188 97.18
90 10.05 87.30 0,092 0,155 0.139 97.77
95 Ledl 944,30 0,180 0.535 0,098 99.52
g2 2,32  97.20 0.026 0.024 99.57
100 0.042
100 0.142

R B e

& Alloys prepared by bowb reduction in graphite liner

b Alloys prepared by arc melting zirconlum and uranium
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Anslytical results on many of the alloys which were prepared
are given in Table 5. The relatively large amount of iron present
in the higher zirconium alloys wes due to the method of grinding
the zireconium tetrafluoride used in the reduction., This could be lowered
by a faetor of ten if a method of grinding the fluoride which did not
introduce iron had been used, The nitrogen content of these allays
was surprisingly high since both uranium and zirconium with less
0.03 per ecent nitrogen can be produced by bomb reduction. No reason
for this amount of nitrogen contamination was found.

The arc melting method of preparing uraniumezirconium alloys
had several advantages over bomb reduection. The carbon content of
the alloys prepared by this method was lower than in alloys prepared
by reduction in graphite., The samples were free from the slag ine-
clusions and blow holes which most of the bomb reduced metal con-
tained, This was not an important difference in the preparation of
alloys for thermal analysis and phase identification but would be
important in corrosion results or the fabriecation of nuclear fuel
elements, The amount of metal which was lost as dross was very low
which would be an advantage if working with fissionable material.

This method requires sirconium metal as a starting material
and the quality of the alloy depends on the purity of the starting
materials. The equiopment necessary is somewhat expensive and rather
difficult to adapt to produetion of large billets of uniform alloy

composition., The main portion of the alloys prepared by arc melting
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were homogeneous but the surface in contact with the erucible often

varied in composition from the major portion. This would be a dis-

advantage in fabrication and would reguire the removal of these
gurfaces of the ingot.
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V. SUMMARY

Alloys of uranium with sirconium were prepared by bomb reduc-
tion of uranium and zireonium tetrafluorides in dolomitic oxide
liners and in graphite liners, Alloys of uranium with zirconium
were also prepared by other methods such as powder metallurgy, melt-
ing uwranium with zirconium in graphite, and arc melting uranium with
zirconium. These alloys were studied by thermal analysis and by
obgervation of the first sign of melting. Mieroscopic examination
of slowscooled and of quenched alloys was used to investigate the
nature of the various phase fields. The phases which were present
in the alloys were identified by thelr X-ray diffraction patterns,
The hardness of the alloys was measured and their ability to under-
go mechanieal workiﬁg wag investigated.

A phase diagram was proposed for the uraniumezirconium systenm.
The liquidus and solidus lines have no maximum, minimum or horizontal
portion. A continuous solid solution exists between gamma uranium
and beta zirconium. The solubility of zirconium in alpha uranium
is less than 0,57 per ecent at 579° C. The solubility in beta uranium
18 less than 1.18 per cent at 694° C. A eutectoid transformation
takes place at 683° C, The solubility of uranium in alpha zirconium
is probably between R.B‘and Lo, per cent at 580° C, A thermsl arrest
at 605° ¢ was cbserved for alloys from 5 per cent zirconium to 95 per
eent zirconium, This was interpreted as a second eutectoid trans-
formation. Xeray diffraetion data indiczted that alpha uranium and

alpha zireonium were present at room temperature in all alloy come

positions studied.
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