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INTERIM REPORT ON METALLURGY OF THORIUM AND THORIUM ALLOYS

ABST

ACOMPREHENSIVE study has been made of
the physical metallurgy of thorium

and some of its alloys. Mechanical
properties such as tensile strength,
ductility, modulus of elasticity,
Poisson's ratio, shear modulus, and
impact strength have been determined
for Ames thorium. A few tests were
made on iodide thorium and Westinghouse
thorium.

Density determinations have been
made on Ames, iodide, and Westinghouse
thorium samples. Precision measure
ments of the lattice parameters of
iodide thorium were made by X-ray
diffraction.

Work-hardening characteristics and
recrystallization temperatures have
been established for both Ames and
iodide thorium.

ACT

The fabricating characteristics of
thorium have been studied by rolling.
swaging, extrusion, forging, and weld
Ing. Cladding of thorium with zir
conIum was accomplished by extrusion.

Thermal cycling of thorium has been
carried out in NaK at temperatures of
100° C to 500° C to investigate di
mensional stability.

A preliminary investigation has
been made of binary thorium alloys
con t a in i n gad d i t ion s 0 f Be, S i, Z r ,
Ti, AI, Nb, Cr, Mn, and Ceo Melting
range, fabricating characteristics,
hardness, and tensile properties were
studied. Ternary alloys containin
Zr-Ti and Zr-Si were investigated in
like manner.

Corrosion tests in water at 95° C
were carried out on Ames thorium and
all of the alloys under study.

,. - - _ ....
- -
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INTERIM REPORT ON METALLURGY OF THORIUM AND THORIUM ALLOYS

INTROD eTION

APROGRAM of thorium research was
undertaken by the Metallurgy Divi

sion of ORNL in July 1949 after a lit
erature survey revealed that very
little work was being done with tho
rium and little data were available
except those contained in progress
reports from Ames Laboratory. It was
felt that a broad research program was
needed to insure a complete knowledge
of the properties of the metal for
future applications. One of the prin
cipal anticipated uses for thorium is
for the production of U233 . The fer
tile isotope Th 232 may be used to pro
duce the fiss ionable U:133 in a "breeder"
pile according to the following re
actions:

/3- f3-
Th:133 ) Pa 233 ----7 U233

9 0 23m. 91 27. 4d. 92

Such use of the metallic thorium would
require a knowledge of the properties
of the material and fabrication tech
niques to permit the most efficient
use of the metal.

The planned program was composed of
four phases: (1) A study of the prop
erties of pure metal, (2) an alloy
development program, (3) an investi
gation of fabrication techniques~ and
(4) radiation-damage work. Since very
little data were available for mechan
ical properties of thorium and thorium
alloys, the first two phases were
undertaken initially, and plans were
made for extension of the work at a
later date when sufficient material
became available. The two latter
phases have been initiated only re
cently, and will be continued con
currently with the other work for a
more complete investigation.

The metal used for the most of the
work was prepared by the Ames Labora
tory, at Iowa State College, Ames,
Iowa, by the calcium reduction of tho
rium tetrafluoride. High-purity tho
rium prepared by the thermal decompo
sition of thorium tetraiodide on a hot
filament was tested to evaluate the
effect of impurities in the metal.
Westinghouse thorium, which had b en
prepared by compacting the powdered
metal, was tested and compared with
the Ames metal.

2
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CONCLUSIONS

T HE current methods for production
of thorium metal are reviewed to

identify the metals used in the in
vestigation. The three types of metal
used we're Ames calcium~reduced thorium,
Westinghouse powder-compacted thorium,
and thorium produced by the thermal
decomposition of thorium tetraiodide.
The high-purity iodide thorium is much
softer than Ames or Westinghouse tho
rIum.

The mechanical properties of each
type of thorium were determined at
room temperature. Specimens were
tested in tension, compression, and
torsion. Poisson's ratio and modulus
of elasticity both in tension and com
pression were determined using SR-4
strain gauges. The values obtained
for Poisson's ratio and modulus of
elasticity were 0.265 and 10 x 10 6 re
spectively. The shear modulus was
calculated from tensile data as 4.06
and also determined experimentally in
torsion as 4.25 x 10 6 . A yield point
was shown in the load-elongation curve
of Ames thorium similar to that found
in the case of low carbon steels. It
was found that the addition of 2% Ti
to thorium removed this yield point.
High-purity iodide thorium did not
show a yield point in the load-elonga
tion curve. Impact testing of V-notch
Charpy-type specimens showed that Ames
thorium exhibits a transition from
brittle to tough behavior over a rela
tively narrow temperature range, 120 0 C
to 200 0 C.

Density measurements were made on
Ames thorium and iodide thorium by
comparing weights of samples weighed
in water against those for air. The
values ranged from 11.6324 to 11.6435

glcc for Ames and from 11.4903 to
11.7550 for iodide material. These
compare with a value of 11.7100 as
calculated from a precision lattice
parameter measurement of 5.0871 ±
0.0002A at 26.5° C determined by
X-ray diffraction.

Thorium, regardless of the method
of preparation, was found to work
harden very rapidly when subjected to
cold-working. However, the magnitude
of the work-hardening is relatively
small, so that thorium may be cold
worked to extremely high reductions
without an intermediate anneal. Thus,
thorium may be fabricated readily by
rolling, forging, swaging, or extru
sion. Recrystallization tudies on
Ames thorium and iodide thorium indi
cate that the recrystallization range
for heavily worked metal is 535 0 C to
650 0 C with the higher purity, iodide
thorium requiring the higher tempera
tures. Ames thorium has been extruded
into various shapes such as rods. tubes,
and flat bars. Investigation of the
extrusion variables revealed that ex
trusion rate, reduction ratio, and
extrusion temperature had very little
effect on the finished extrusion. The
most serious problem encountered in the
extrusion of thorium was that of die
materials to withstand the erosi e
action of the flowing metal. Duplex
extrusions to produce a thorium tube
with a cladding of zirconium have been
made in which a satisfactory bond be
tween the two metals was obtained.

Preliminary experiments on welding
of thorium indicate that welding can
probably be performed using standard
heliarc techniques in a protective
atmosphere. Thorium welds tend to

3
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crack if made while the metal is under
restraint, indicating that thorium may
be hot short. Also, thorium was welded
to zirconium using no more than or
dinary precautions to avoid oxidation.

Machining of thorium presents no
particular difficulty, since it is
comparable to mild steel in this re
spect. Clean thorium metal when ma
chined with a coolant presents no OX1

dation or fire hazard.

Metallographic techniques for tho
rium require special care to avoid
misinterpretation of the microstruc
ture. The most commonly used etch is
50% glacial acetic acid and 50% ortho
phosphoric acid. However, a more sat
isfactory etch for showing the grain
boundaries was found to be an elec
trolytic etch in a solution consisting
of 1 part perchloric acid and 10 parts
acetic acid.

Thorium bars were temperature-cycled
between 100°C and 500° C in eutectic
NaK to determine the dimensional sta
bility and corrosion resistance. Tho
rium was oxidized somewhat because of

its scavenging action on the NaK.
There was no evidence of growth, but
some distortion was found in extruded
and swaged samples, apparently due to
unequal residual stress in the worked
metal.

A thorium alloy development program
was carried out to investigate thorium
rich alloys. Alloys were prepared with
various metals on the basis of their
good nuclear properties or with metals
calculated to improve the properties
of thorium. It was found that a number
of alloys were softer than the origi
nal thorium, notably alloys of Ti, Zr,
and Nb. Other alloys had a higher
hardness and also showed a much higher
tensile strength than pure thorium.
One of the most interesting alloys
was the 2% Cr-Th alloy, which had ten
sile strengths almost twice as high as
unalloyed thorium.

Aqueous corrosion tests were made
to evaluate the thorium and thorium
alloys. In general, the corrosion
resistance of the pure metal and its
alloys has been poor in 95° C water
tests.
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EXP RIMENTAL PROCEDURE, RESULTS, AND DISCUSS 0 S

METHODS OF PRODUCTION OF THORIUM

Since three different types of tho
rium metal are used in the present
investigation, a brief review of the
methods of producing thorium will be
given as an indication of the past
histories of the various metals. The
majority of the thorium being produced
at the present time is made at Ames
Laboratory, Iowa State College, and
will be referred to as Ames thorium.
Small amounts of high-purity thorium
have heen prepared at Battelle Memorial
Institute by the thermal decomposition
of thorium tetraiodide and will be des
ignated as iodide thorium. Some metal
has been prepared by sintering com
pacted powdered metal. Since the
powder-compacted metal is a Westing
house product, this will be called
Westinghouse thorium.

Ames Thorium - The Ames Process(!)
uses as a starting material purified
thorium nitrate, TkN03 .4H 2 0, which is
prepared from monazite sand. The ni
trate is treated with oxalic acid and
calcined to Th0 2 . A hydrofluorination
step converts the thorium oxide to
thorium tetrafluoride, which is mixed
with calcium and zinc chloride and
charied into a steel bomb 5 x 40 in.
The bomb is lined with a high-burned,
high-calcium lime or electrically
fused dolomitic oxide. The bomb
is placed in a gas-fired furnace at
1050° F to 1100° F and the reaction
is comp~eted in 20-25 min. The zinc
chloride acts as a booster and also
serves to form a low-melting alloy
(about 8% Zn) with the reduced thorium
and consolidate the metal. The Th-Zn
alloy is separated from the CaF 2 -CaCI 2
slag and de zinced by heating to 1l00" C

1n a vacuum induction furnace. The
zinc is distilled off rapidly, leaving
a spongy residue of thorium metal with
less than 1% residual Zn. The metal
becomes plastic but does not melt. The
thorium is remelted in a vacuum in
duction furnace using a BeO crucible
inside a graphite heater. Th~ metal
is melted and heated to 18500-1900°C
and cast into graphite molds. The
ingots are scalped to remove urface
defects and any thorium carbide which
may have been formed. Ames thorium
contains some impurities derived from
the process of preparation. Approxi
mately 0.031% beryllium and 0.05% 02
are present because of some reduction
of the BeO crucible. About 0.07% to
0.2% carbon is picked up from the
graphite mold or powdered carbon in
sulation. Other impurities present
in trace amounts are Fe, AI, Ca, N2 ,

Si, and Mn.

Iodide Thorium - High-purity thorium
has been prepared at Battelle Memorial
Institute by the Van Arkel-DeBoer
process. The thorium is deposited on
a hot filament wire by decomposition
of thorium tetraiodide. The method of
producing the deposited metal is as
follows: Chips of crude thorium (Ames)
are placed in the annulus formed when
a cylindrical screen of molybdenum is
placed inside a Pyrex glass tube. The
top part of the tube contains two
electrodes to which are attached the
ends of the starting filament. Some
metal was produced using O.003-M-diam
e t e r w0 1 f ram wire a s a f i lame n t . La t e r ,
thorium wire was substituted for the
wolfram in order to produce a higher
purity product. However, this gave
rise to problems of burning out the
filament wire before deposition was

5
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complete. When thorium wire is used,
it is necessary to start with wire
1/16 in. in diameter. The closed-end
tube is placed in a furnace and heated
to 750 0 C with an auxiliary heater to
maintain a temperature of 800 0 C at
the top of the tube. The tube is then
evacuated and sealed off while under
vacuum. Iodine is sublimed into the
main reaction tube where it reacts with
the crude thorium to form thorium
tetraiodide according to the following
reaction:

The filament is heated to approx
imately 1100 0 C by applying power at
a low voltage and high current and the
thorium tetraiodide is reduced to
deposit metallic thorium and liberate
free iodine which again reacts with
the feed material.

After a deposit 1S made, the tem
perature of the filament is increased
to make a more coherent bar. The
originally deposited crystals are
very loosely coherent and the bar is
very fragile. Spectrographic analysis
shows the metal to be pure except for
a trace of calcium. Chemical analysis
shows 0.0002% H2 • 0.05% C, 0.012% 02'

Westinghouse ]horium - The starting
material for Westinghouse thorium is
thorium oxide. (2) The oxide is re
duced with calcium, the reduction
being carried out in a steel crucible
1n a steel bomb. The crucible is
lined with molybdenum so the calcium
will not react with the steel at high
temperatures.

The charge is thoria with an excess
of 100% calcium placed in alternate
lay~rs in the crucible. The bomb
assembly, with an argon atmosphere,

1S placed 1n a furnace at 1200 0 C.
When the reaction is complete, the
bomb is slow-cooled and not opened
until the temperature falls below
100 0 C because of the high reactivity
of thorium with oxygen.

The charge and crucible are placed
in a leaching tank of cold water and
glacial acetic acid equivalent to the
total amount of calcium charged. The
powder is filtered, washed with alcohol,
and vacuum dried. The powder is then
compacted at pressures varying from
2-10 tons per square inch. The bars
are slowly heated to 1450 0 C in vacuum
and sintered at temperature for 30
m1n.

PHYSICAL PROPERTIES

Oensity - The density of various
samples of thorium have been determined
by immersion. The samples were weighed
in carbon tetrachloride or water and
then weighed in air, the difference in
weight being the weight of an equal
volume of the liquid. Letting Ma = ~

weight in air and Mf = weight in fluid,./
we have the relation Ma - Mf = M~

(weight of equal volume of liquid).
Thus, the relative density is

Ma
Ma -' Mj

The values for the density of the
fluid at the testing temperature were
obtained and the density of thoriu~
calculated in gr:l[cc. The average ex-"7
perimental values were as follows: ~

./
Ames as-cast 11.6324 glcc

Ames rolled 11.6381 glcc

Ames extruded 11.6435 glcc

Iodide as deposited 11.4903 glcc

Iodide arc-melted 11.6635 glcc

6
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MECHANICAL PROPERTIES

The theoretical density as calcu
lated from X-ray measurements of lat
tice parameter of iodide thorium is
11. 7100 gm/cc.

The alpha doublet was observed to
be resolved for the 440, 531, 600,
620, and 533 1 i n e s . Th e val u e s for
2 e for these lines were measured with
a traveling microscope and corrected
for film shrinkage. These data were
used to make a graphical extrapolation
by the method of Bradley and Jay.(3)
The lattice parameter was determined
at 5.0871 ± 0.0002 A at 26.2° C.

Crystal Structure - Thorium is
face-centered cubic with a lattice
parameter of 5.0871 ± 0.0002 A at a
temper~ture of 26.2° C. A precision
lattice-parameter measurement was made
using iodide thorium which had been
arc-melted and rolled into sheet. The
sheet was vacuum-annealed and powder
prepared by fi ling. The filings we re
passed through a 100-mesh screen and
then annealed for Yz hr at 750° C and
furnace-cooled. A Debye-Scherrer
needle was prepared with Duco cement
and the diffraction pattern recorded
with a 114.6 mm North American Phillips
camera. Room temperature during the
exposure was recorded at the camera
with a mercury thermometer. Copper K
alp h a r ad i a t ion (Aa. 1 1 . 54050 A,
ACt 2 1.54434 A) filtered through
nickel foil was used.

was scrap material from metal used to
prepare bars for irradiation tests at
Hanford. This metal was cast at Ames
Laboratory, forged at Battelle Memo
rial Institute, rolled and machined at
Westinghouse. A typical analysis of
this material was as follows:

At Oak Ridge National Laboratory, the
rods were annealed for 1 hr at 750 0 C
and rolled from 1-1/4-in diameter to
13/16-in diameter with a reduction of
0.020 in per pass. Samples from this
rolled stock were used for preferred
orientation studies. It was found that
there existed a poorly developed 210
fiber texture and a III fiber texture
even less developed. The average re
crystallized grain size of the tensile
bars was found to be 0.04 to 0.05 mm.

0.07% C, 0.15% 02' 0.07% N2 , and
traces of Ca, Fe, Si, and Mg.

The specimens were tested in a
120,OOO-lb Baldwin Southwark tensile
testing machine. The experimental
setup is shown in Fig. 2. Lateral

The rolled bars of Ames thorium were
machined into tension and compression
bars. After the test bars were ma
chined, they were annealed at 800° C
for Yz h r, pol ished, and f 0 ur type A-I
SR-4 strain gages were applied. The
four strain gages were placed on the
specimen so two gages would read tpe
longitudinal strain and two gages the
lateral strain. The specimens with
gages attached are shown in Fig. 1.
All precautions for the application of
strain gages were followed to insure
proper operation.*

11. 7550 g/cc

10.3540 g/cc

Iodide arc-melted
and rolled

Westinghouse sintered
bar

Ames and Westinghouse Thorium

Tensile Properties - The first lot
of thorium metal to become available

·Credit is due Mr. Warren Brand of In
strument Division of Oak Ridge National
Laboratory for his assistance in making the
experimental setup for using SR-4 strain
gages.

7
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UNCLASSI FI ED

Y.IIO!:

Fig. I - Ames Thorium Tension and
Compression Specimens, Showing the
SR-4, Type A-I Strain Gages Attached.

strain measurements were made with an
SR-4 Wheatstone Bridge Control Box;
longitudinal strain measurements were
made with an SR-4 Type K Portable
Strain Indicator.

After zero-load readings were re
corded for all four gages, the speci
men was loaded to 100 Ib, the load was
released, and zero readings were
checked. The specimen was then loaded
at intervals of 200 Ib up to 1000 Ib;

above 1000 Ib, the intervals were in
creased to 250 lb. After each incre
m nt of loading, all four strain gages
were read and recorded with the load
at that interval. The error in reading
the load was ± 1 Ib up to a 1000-lb
load and ± 5 Ib above the 1000-lb load.
The error in strain measurement was
± 10 x 10- 6 in per 1n.

Load-elongation curves were plotted
from the values of stress and strain
determined in these tests. The values
of longitudinal strain obtained from
both gages and the average strain were
plotted at the different stress values.
The curve of the average longitudinal
strain plotted as a function of stress
gives a good straight line from which
the modulus of elasticity could be
calculated. A typical stress-strain
curve plotted from the data obtained
from the two strain gage reading
axial strain is shown in Fig. 3.

Poisson's ratio was calculated at
each stress level by dividing the
average transverse strain by the av
erage longitudinal strain. The values
at the different stress levels were
averaged for the value of Poisson's
ratio for the individual specimens.

The shear modulus was calculated
from the interrelationship of Poisson's
ratio and modulus of elasticity.

E
G = ---,--------,-

2 (1 + U)

where G = shear modulus

£ = modulus of e last ici t y

U = Poisson's ratio

Three values of shear modulus were
calculated, one from the average ten
sile test data, one from average com
pression test data, and one from the

8 r .-
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UNCLASSI FlED

Fig. 2 - Experimental Setup for Determination of Poisson's Katio Using SR-4
Strain Gages.

over-all average usingvalues from both
tests. The values of modulus of elas
ticity, Poisson's ratio, and the shear
modulus are given in Table 1. The
results for the modulus of elasticity
are in good agreement. The values of
Poisson's ratio show some scatter,
probably due to nonaxiality of loading
and flaws in the specimens.

Following the stress-strain tests,
the tensile bars were remachined into
conventional 0.505-in~diameter ten
sile test bars. After being annealed
at 800 0 C for ~ hr, the bars were

pulled in the tensile-testing machine
at a constant cross-head speed of 0.1
in. per min. The medium low range of
the 120,OOO-lb Baldwin Southwark ma
chine was used with Peters extenso
meter o. 6106M. A load-elongation
curve was drawn for each specimen and
data were obtained for a true stress
strain diagram. Typical examples of
the specimens after fracture are shown
in Figs. 4 and 5.

The results of the tensile tests
are given in Table 2. The modulus of
elasticity obtained in the tensile

.. .
- .. 9
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-",000 r-_.,-_-,-__,..-_--.--_--r__~..,.___rOW_=_G....::12l106=,
specimens could be related to the
original ingot numbers, indicating a
composition effect.

12,000

• SR·4. STRAIN GAUCE NO. J

o $Root S.TRA.IN GAUGE N0. 4
10,000

The static tensile properties along
with available analytical data are
shown in Table 3.

Fig. 3 - Data for Determination of
Modulus of Elasticity.

tests compared favorably with that
obtained by the use of SR-4 strain
gage s.

A second set of tensile specImens
was prepared from Ames thorium extruded
into rods at Oak Ridge National Labora
tory. The thorium was obtained in
ingot form from Ames Laboratory and cut
into extrusion billets measuring 3 in.
i n d i a metera n d a p pro x i mat ely 6 i n.
long.

It may be seen that the tensile
strength may be directly correlated
to the carbon content. The series
of tensile bars could be grouped ac
cording to carbon content as follows:
low carbon (approximately 0.05%),
medium carbon (0.07%), and high carbon
(0.09%). A corresponding grouping of
tensile strength would show average
values of 30,000 psi, 35,000 psi, and
38,000 psi for the low, medium, and
high carbon contents respectively.

Yie ld Point - A typical load-elonga
tion curve from a tensile test of Ames
Thorium is given in Fig. 6. This
curve has a pronounced" yie ld point"
comparable to yield points seen in
load-elongation curves of low-carbon
steel. Compression tests on thorium
also show this yield point (Fig. 7).
Bars of Ames thorium, 3/4 in. in diam
eter by 2Y2 in. long were compressed to
a maximum load of 100,000 Ib without
breaking or cracking. This represented
a total change in length of approxi
mately 80%. The average Rockwell and
Vickers hardness of each compression
sample was taken in the part of the
specimen corresponding to the original
cross-section. The compressed speci
men with indentations from hardness
measurements is shown in Fig. 8 where
the original diameter is still visible.
The hardness was determined also from
the edge of the original cross-section
to the outside of the compressed speci
men. The values of average hardness
and the variation of hardness from the
center to the edge of the specimen
are given in Table 4.

1600

TENSILE TEST
spec. A·l80, ....MES THORll,ll..l COLD ROLLED '35~,

ANNEALED AT 7.50 °C FOA CtlE HQJR

STRAIN, mlcroindlu per l.,cl-

2000

eooo

The rods were extruded during an
investigation of extrusion variables
so that rods were prepared under dif
ferent conditions of temperature,
reduction ratio, and rate of extrusion.
The specimens were pulled to determine
the effect of extrusion variables upon
the tensile properties of the Ames
thorium, but no correlation was found.
However, the tensile strength of the

10
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TABlE 1

Modulus of Elasticity, Poisson's Ratio, and Shear Modulus
of Ames Thorium

j/"'Tension Test

Modulus ~~ Shear Modulus
Spec ime n No. Elasticit \ Poisson's Ratio (Calculated)

A-164 10 6
....... r>

10.0 x .294

A-166 9.9 x 10 6 .247

A-180 10.4 x 10 6 .262

A-183 9.92 x 10 6 .263

A-174 10. 16 x 10 6 .287

A-l79 10.44 x 10 6 .241

Average 10.13 x 10 6 .265 4.00 x 10 6

Compression Test

A-ISS 11.1 x 10 6 .210

A-l64 10.16 x 10 6 .210

A-164 10. 16 x 10 6 .261

A-166 10.10 x 10 6 .344

A-180 10.6 x 10 6 .267

Aver age 10.49 x 106 .270 4.12 x 10 6

Over-all Average 10.31 x 106 .268 4.06 x 106

Tensile tests on Westinghouse tho
rium, both in the as-r ceived and in
the annealed condition, gave a yield
point in the load-elongation curve.
A typical load-elongation curve for
Westinghouse thorium is shown in Fig. 9.
The conventional tensile-test data for
the powder compact thorium, Table 5,
show that this material has less duc
tility and strength than the Ames
thorium.

Experimenters have found that cold
work will remove the yield point of

low-carbon steels, but the yield point
will return if there is a time delay
between cold-working and testing. In
order to investigate this possibility
in the case of thorium, onventional
sheet-metal-type pecimens wer ma
chined from 1/4'="in. Ames thorium plate
for testing. After machining, the
specimens were annealed at 750

0
C for

~i .hr ina va c uu rn fur nace . Fi ve s p c 1 

mens were pulled in tension in the an
nealed condition. The yield point ay
be seen in the load-elongation curve
of a typical annealed specimen shown

r
. -- i ;
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LEi'e
Y-I272

A-rso- T

I~

A-IS3-T

A-155- T

A-164-T

A-166-T

Fig. 4 - Fractured Tensile Specimens of Ames Thorium Annealed % br at 800 0 C
Before Test.

in Fig. 10. Other specimens were re
duced in thickness 5% by cold-rolling
prior to the tensile test, and the load
elongation curves of these cold-worked
specimens did not show the yield point
of thorium (Fig. 11). The conventional
tensile-test data obtained from these
tests are presented in Table 6. Photo
graphs of typical fractures of these
bars are shown in Figs. 12 and 13.
Additional tensile specimens which had
been cold-worked were aged at various
temperatures for various lengths of
time to see what aging treatment IS

necessary to cause the yield point to

return. Room-temperature aging was
checked at approximately 360-hr inter
vals for a yield point. However, the
specimen which was aged for the maxi
mum time of 2016 hr did not show a
yield point, and room-temperature aging
was discontinued in favor of short
time aging treatments at higher tem
peratures. Specimens were heated for
1 hr at each of the following tempera
tures: 100 0 C, 200 0 C, 300 0 C, 400 0 C,
500 0 C, 600 0 C, and 750 0 C. The sam
ples were pulled in tension at room
temperature immediately after the
eleva ted- tempera ture aging. A de fini te

12 S CRET
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DWG 12870 R-I

A-180-T A-183-T A-155-T

A-164-T A-166-T A-179-T

Fig. 5 - Fractured Ames Thorium Tensile Specimens Annealed % hr at 800°C
Bet ore les t.

yield point was not observed in any of
the specimens heat-treated at 600 0 C
or lower. The sample which was fully
annealed at 750 0 C showed a yield

point, as would be expected, since
this specimen is fully recrystallized.
The only apparent effect of the heat
treatments was the normal decrease in

13
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TABLE 2

Conventional Te He-Test Data for Ames Thorium

Specimen No. A-155 A-164 A-166 A-179 A-180 A-183 A"ersge e

Per cent
elongation in 60.7 65.0 45.9 62.6 63.5 64.6 63.3
2-in. gage
length

Per cent re-
duction ill 71. 4 75.2 59.9 69.1 71.3 75.8 72.8
area

Modulus of
elasticity 9 x lOll 7 x 10 60 9 x lOll 10 x lOll 10 x lOt! 13 x lOll 10 x lOll

Proportional
Iblit (psO 22,500 19,000 17,040 21,500 20,500 15,000 19,700

Yield point
(psi> 25,800 21,900 22,400 26,500 25,000 18,800 25,600

Tensile
strength

(psi ) 31,800 27,600 30,000 34,800 32,700 26,900 31,200

""erage true
breaking 68,900 67,700 40,100 64,300 62,800 67,300 66,200
• trength (psi)

e Values for flawed specimen, A-166, not included.

proportional limit and yield strength
(calculated at 0.2% off-set) when an
nealed at successively higher tempera
tures. This is shown graphically in
Fig. 14. Thus, in t e case of thorium,
it seems that temperatures very near
the recrystallization temperature are
required to cause the yield point to
return.

The Ames thorium usea for most of
these tests contained approximately
0.02% nitrogen, while the thorium
melted in an atmosphere of nitrogen
contained 0.3% nitrogen. Attempts to

fabricate tensile specimens by cold
rolling failed because of the embrittle
ment associated with the high nitrogen
content. Therefore, a standard round
tensile-test specimen was machined from
a cast ingot and pulled in tension.
No yield point was observed, since
there was no detectable plastic flow
and the sample failed with a brittle
break.

Two different lots of thorium, both
of which showed a yield point but
differing in degree, were analyzed to
establish the purity of the partic,lar

14 ~ . - J
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TABLE 3

Tensile-Test Data For Extruded Ames Thorium /

Per cent Average Analytical Data,
Elongation Per cent Yield True Per cent by Wt

Specimen In 2-in. Gage Reduction Point Tensile Breaking
No. Length in Area (psi) Strength Stren~th Th C Be Si

223 A 50 75 22,100 30,500 58,000 99.5 .045 .017 .27

222 C 52 71 20,750 30,300 60,300 99.9 .053 .017 0.35

227 A 51 74 21, 100 29,750 52,000 99.6 .051 .022 .18

234 A 52 74 22,700 31,050 58,000 99.6 .050 .014 .11

231 A 54 74 27,970 34,200 72,500 99.8 .070 .021 .14

231 B 48 74 27,500 34,750 75,000 98.9 .076 .021 .19

231 Cl 50 71 27,550 34,300 64,300 98.4 .074 .018 .20

231 C2 52 73 27,400 34,500 72,300 99.4 .062 .034 .70

239 C1 48 70 33,100 38,200 77,500 99.0 .095 .029 .26

239 D2 46 70 31,900 38,900 79,400 98.8 .084 .028 .22

239 D 49 7:> 31,400 37,750 73,300 98.5 .085 .088 .30

239 B 48 65 32,050 38,750 70,500 98.1 .088 .029 .12

239 A 49 69 31,250 39,000 78,500 98.5 .098 .016 .37

10 ts of metal. The average results
were as follows:

Lot 1 Lot 2

C 0.2% C 0.05%
5i 0.2% 5i 0.20%
Be 0.5% Be 0.30%
Th 99.1% Th 99.5%

The only appreciable variation in the
analysis was the carbon content. The
samples were tested at a constant
strain rate of 0.1 in/min. The sam
ples of lot 1 containing 0.2% carbon
did not show a lower yield point, al
though yielding occurred without an
increase in stress. However, the

samples of lot 2 containing apprOX1
mately 0.05% carbon 'showed an upper
yield point of 24,400 psi and a lower
yield point of 23,500 psi. The effect
of carbon content upon ten ile streng h
of Ames thorium was reflected in the
values obtained from these tests. The
metal of lot 1 sh wed tensile stren ths
of 48,500 to 49,500 psi, while th
low-carbon met I of lot 2 had a ten
sile strength of 32,000 psi.

Another indication that the yield
point is sensitive to carbon content
was found when a series of samples
were te ted at various strain rates to
determine the effect of rate of strain

15
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Fig. 6 - Stress-Strain Curve for
Ames Thorium (Spec. A-180). Cold
rolled 35%, Annealed at 750°C for I
hr.

Fig. 8 - Compression specimen of
Ames Thorium. Average hardness found
in center of specimen, increasing
hardness value from center to outside
of specimen.

14.000 ,..-----,..-----.,---.,---.,---,------,
upon the yield point and tensile prop
erties of Ames thorium. The analysis
of this particular lot of metal used for
this work was as follows: C,0.15%;
Be, 0.3%; Si, 0.4%; Th, 98.7%. Sheet
metal-type specimens 0.226 in. thick
and 0.500 in wide were machined from
cold-rolled sheet and fully annealed
by heating at a temperature of 750° C
for ~ hr. Tests were made at strain
rates of 0.01, 0.05, and 0.20 in/min.

None of the specimens showed a
definite yield point. The yield
strength, calculated at 0.2% off-set,
was found to increase slightly with
increasing strain rate. The tensile
strength, too, was slightly affected
by the strain rate, the greater strain
rates resulting in higher values of
tensile strength. The data are given
In Table 7.

.06.05.04.03

STRAIN, in/in

THORIUM COMPRESSION TEST (AMES)

RECORDER - FULL RANGE

LOAD - HI GH RANGE

SPEC. NO.1

ANNEALED

.02.01

o L-__L-__'-.

o

6000

4000

2000

8000

12,000

10.000

Fig. 7 - Stress-Strain Curve for
Ames Thorium in Compression Tests.

It was hoped that a high nitrogen
content might accentuate the yield

16
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TABlE 4

Vickers and Rockwell Hardness -Ames Compr,ession Test Bars

(

Average Viclers and Rockwell Hardness Values Determined from
;I Ten Tests in the Center of the Original Cross-Section

( Vickers Rockwe 11
\ \ Specimen 00 kg) (8)

::> 1 103 55.2
2 94.8 49.6
3 90.0 44.4
4 77.2 35.8
5 91.7 47.9

Vickers and Rockwell Hardness Taken from the Center to
the Outside of the Compressed Specimen

(A center - E outside)

f Vickers Rockwe 11
Spec imen Test (10 kg) (B)

1 A III 62.4
B 112 65.0
C 114 66.0
D 116 68.0
E 121 68.5

2 A 108 60.0
B 110 63.0
C 111 65.0
D 112 67.0
E 115 68.0

3 A 110 61.0
B 111 62.5
C 112 63.0
D 114 64.0
E 119 70.0

4. A 102 55.0
8 103 57.0
C 104 59.0
D 105 61.0
E 108 58.0

5 A 112 65.0
B. 115 67.0
C 117 68.0
D 119 69.0
E: 122 68.0

17
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THORIUM TENSION TEST (Wh.)

RECORDER - HALF RANGE

LOAD - MEDIUM LOW

SPEC. NO. 6

ANNEALED

6400
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Fig. 9 - stress-Strain Curve for Westioghouse Thorium % in. Square Bars Ao
nealed at 750°C for 1 hr.

point, since it has been shown that
nitrogen is a contributing factor in
the appearance of a yield point in
luw-carbon steel and in single crystals
of cadmium and zinc.(4) A recent
theory (Cottrell 1948) suggests that
the yield point is caused by the segre
gation of solute atoms (carbon or ni
trogen) to dislocations. The attrac
tion of dislocations to the segregated
atoms provides a bond which has to be
borken by a larger force than is neces
sary to maintain free dislocations in
motion; the material thus gives way
suddenly and softens at the start of
plastic flow, producing a sharp yield
point. The theory also explains the
observed removal of the yield point by
plastic over-strain and its return on
strain aging. A freshly strained spe
cimen contains freed dislocations and
does not show a yield point, but on

ag~ng, these dislocations become an
chored by migration of solute atoms to
them and the yield point has returned.

ThoFium-titanium, thorium-chromium,
thorium-zirconium, and thorium-tita
nium-zirconium alloys were prepared
to determine the effect of alloying
upon the yield point. The alloys
which contained Ti did not show a
yield point when tested with a cross
head speed of 0.1 in/min. All other
alloys showed a definite yield point
when tested under the same conditions
of loading. Presumably, the titanium
could tie up the nitrogen or carbon
atoms and prevent their migration to
dis 1 oc a t i on s .

Tors ion Tes t ing - The shear modul us
of thorium has been measured, and the
average value of shear modulus for

18
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TABlE ~

Conventional Tensile-Test Data for Westinghouse Thorium

1Spec imen 1 2 3 4 5 6 7

Elongation, % In
2 In" 15 12 12 6 9 9 6

Reduction In area,
% 7.7 13 3.6 9 9.5 6.9 16.1

Tensile strength,
ps 1 28,000 27,500 30,500 26,300 28,600 28,400 25,800

Ultimate Strength,
pSI 32,700 31,500 28,900 31,600 30,800 30,700

Proportional 1imi t,
ps 1 13,300 15,600 16,200 17,500 19,600 18,300 14,300

Roc kwe 11 hardness
(Bscale) 44 39 41 41 42 41 31

Vickers hardness
(10 kg) 86 83 84 92 89 89.0 70

Note: Specimens 1 - 3 were tested as received. Specimens 4-7
were annealed at 750 0 C for ~ hr before testing.

+

three specimens of Ames thorium was
found to be 4,260,000 Ib/sq In.

Torsion tests were made on a crude
torsion-test machine, using solid
specimens 0.590 in. in diameter and
6 in. long. Angle of twist was mea
sured over a length of 4.20 in. and was
determined by measuring deflection of
lever arms with a dial indicator. As
a check on the machine and on the
accuracy of critical measurements,
experimental values of shear modulus
for steel and 2S aluminum were also
measured. Results are shown in Table
8 . The a vera ge she arm 0 d u 1us f 0 u nd
for steel is about 3% below the accepted
handbook value, but the experimental

values for aluminum agree almost exactly
with the handbook value.

Impact Strength - The impact strength
of Ames thorium was determined at tem
peratures ranging from _196 0 C to
240 0 C. Standard V-notch Charpy-type
specimens were tested in a Sonntag
Universal Impact testing machine.

The first work was perform d on
specimens machined from different lots
of rolled Ames thorium. These sam
ples were tested at -196° C, _80 0 C,
0 0 C, 100 0 C, and 280 0 C. Three spec i
mens were broken at each temperature,
and since there was considerable
scatter in the data, it was thought

19
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fig. 10 - Thorium Tension Tesi
(Ames); Recorder - Full Range; Load 
Medium Low; Spec. No.5; Annealed.

32,COO ,..-----,---,--,---..,.----,..-------,

20,C~:J

16,000

Fig. 11 - Thorium Teosion Test
(Ames); Recorder - Full Range; Load 
Medium Low; Spec. No.9; Cold-rolled.

that the impact strength must be
fairly sensitive to variation in
purity of the metal. Therefore, a
single piece of Ames thorium was
rolled into plate 5/8 in. in thick
ness, from which about 50 specimens
were machined. Thus, enough impact
specimens were obtained from one lot
of metal for complete testing of the
same material. The V-notch Charpy
specimens were machined from the plate
and vacuum annealed at 750 0 C for
~ hr. The specimens were brought to
the proper testing temperature in a
bath with the various temperatu~es

being obtained as follows: _196° C,
liquid nitrogen; _80° C, dry ice and

acetone; 0° C, ice water; 20° C, room
temperature; 100 0 C, boilingwater;
higher temperatures, oil bath. The
specimens were handled with tongs
which were at the same temperature as
the specimen and were transferred
quickly from the holding bath to the
anvil of the machine, where they were
broken immediately. The testing tem
perature, therefore, was essentially
the same as the bath temperature. The
actual testing temperatures and the
impact strength of thorium at these
temperatures is given in Table 9. The

20 S CRET



INTERIM REPORT ON METALLURGY OF THORIUM AND THORIUM ALLOYS

TABlE 6

Ames Thorium· Conventional Tensile-Test Data for Sheet-Metal Specimen

Specimen 3 5 6 7 8 9

Elonga tion, % in 2 in, 50 51.5 40.6 39.8 42.9 37.5

Reduction in area, % 64 62 61 60 60 57

Tensile strength, psi 32,900 35,800 36,800 30,900 39,700 40,800

Ultimate strength, psi 50,900 59,400 61,500 49,500 62,800 62,300

Proportiona 1 limit, psi 18,700 25,600 -. 19,200 -. 25,600

Rockwell hardness (B scale) 37 50 54 38 59 56

Vickers hardness (10 kg) 83 92 99 79 102 102

Note: Specimens 5 and 7 were annealed at 750 0 C for X hr and tested.
Specimens 3, 6, 8 and 9 were annealed 750 0 C for X hr, then
cold-rolled 5%. Extensometer readings on 6 and 8 were faulty, and the
proportional limit could not be determined.

Fig. 12 - Fractured Tensile Speci
ens of Annealed Ames Thorium.

impact energy in ft-ln is plotted as a
function 'of temperature in Fig. 15.
The scatter found in earlier data was
eliminated and a relatively smooth
curve was obtained, showing that Ames
thorium tested by notched-bar impact
tests exhibits a transition from brittle

to tough behavior, i.e., impact strength
increases with increasing temperature
over a moderately narrow range of tem
perature. The types of fracture found
in the temperature range studied are
shown in Fig. 16. The samples tested
at a temperature of 240 0 C absorbed
the maximum energy of the impact ma
chine, 120 ft-Ib, without breaking.

Iodide Thorium - Since the iodide
thorium is deposited in a relatively
noncoherent form, it is necess~ry to
consolidate the metal before testing.
The me tal i s d e p 0 sit e d asadens e
polycrystalline core approximately
.01 in. in diameter around the .003
in. diameter starting wire filament.
The remaining deposit is in the form
of long radial needles, which apparently
are not well bonded to each other. A
typical crystal bar together with a
photomicrograph of the cross-section
is shown in Fig. 17. In ortier to put
the metal into workable form, the
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Fig. 13 - Fractured Tensile Specimens of Cold-rolled Ames Thorium.

crystal bar thorium was melted in a
vacuum arc furnace, using the thorium
as a consumable electrode. The melt
was collected in a water-cooled copper
crucible and ingots 1-1/4 in. in diam
eter and 4 in. long were prepared in
this way. The vacuum arc furnace is
shown in Fig. 18. A melted ingot and
the unmelted portion of the electrode
are shown in Fig. 19.

Poisson's ratio was calculated as 0.30.
The specimen was pulled to failure and
it was found that the value of 22,860
psi obtained as the tensile strength
of iodide thorium was considerably
lower than that of Ames thorium, which
was approximately 32,000 psi.

A sheet-metal-type specimen was
tested also, having the tensile-test
data as follows:

In both the round and sheet-metal
specimens, there was a very large
reduction in cross-sectional area at
the break, since the specimens necked
down very rapidly. It was impossible
to measure the final area of the sheet
metal specimen, since the 0reak aD
peared to be a knife edge at a mag
nification of 200X. The fractured
round specimen is shown in Fig. 21.
No yield point was found in the load
elongation curves for iodide thorium.

The ingot was scalped and rolled
into a cylindrical bar from which a
s tan dar dO. 3 5 7 - i n.- d i a met e r ten s i 1e
test specimen was prepared. The
specimen was annealed at 750 0 C for
~ hr and a coarse-grained specimen
resulted. The microstructure, Fig.
20, did not show any impurity phases.
The tensile specimen was fitted with
two SR-4 strain gages to read trans
verse strain and two gages to read
longitudinal strain. The sample was
loaded and unloaded within the elastic
limit a number of times and the data
used to calculate Poisson's ratio and
modulus of elasticity. The elastic
modulus was found to be the same as
for Ames thorium, 10 x 10 6 pSI.

Elongation in 2-in.
gage length

Proportional limit

Tensile strength

40.6%

4,100 pSI

14,770 pSI
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Y-4066

Load-elongation curves of Ames
thorium tensile specimens cold-
rolled 5% reduction and aged 1 hr
at elevated temperatures

AGING TREATMENT

A 1 hr at 200°C
B 1 hr at 400°C
C 1 hr at 500°C

- 0 1 hr at 600°C
l- E 1 hr at 750°CA B

r-

C
-

0

-

E

l-

I I . I I .'o
o .01 .02.03 .01 .02 .03 .01 .02 .03 .01 .02 .03 .01 .02 .03

o 0 0 0
STRAIN (inch per inch)

5,000

10,000

15,000

55,000

60,000
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~en,

Fig. 14 - Effect of Elevated Temperature Aging Upon Yield Point in Ames
Thorium.
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TABLE 7

Effect of Strain Rate on Tensile
Strength of Ames Thorium

Strain Rate Tensile Strength Yie ld Strength, psi
Specimen No. (in/min) (psi) (calc. at 0.2% offset)

1 0.2 36,500 25,400

3 0.05 34,600 23,000

4 0.05 34,600 21,600

2 0.01 33,200 20,900

TABLE 8 TABLE 9

Shear Modulus of Thorium and Other Materials Impact Strength of Ames Thorium

lORK-HARDENING OF THORIUM

It was noted that thorium does not
work-harden to any great extent during
cold rolling, since plate and sheet
may ~e reduced in thickness as much
as 99% without intermediate annealing
and wi thout extreme change in hardness.
Preliminary tests on rate of work
hardening of Ames thorium showed that
most of the hardening occurred very

Shear Modulus (lb/sQ in)

early in the rolling operation. There
fore. a piece of Ames thorium was

1

Foot-Pounds to
Break Speeimen

11. 5; 13.5
13.5; 15.0

15.0
18.0
19.0
20.0

21.0; 22.0
22.0; 23.0

31.0
44.0
50.0

59.0; 61.0
66.0

69.0; 71.0
78.0
88.0
99.0

108.00{· 107.0
114.0-; 114.0

Specimen not broken
at limit of machine
(120 ft-lb)

- 195
80
60
40
20
o

20
60

100
120
130
140
150
160
170
180
190
200
220
240

Temperature (oe)Handbook
Value

3,850,000

11,700,000

11,540,000
11,300,000
11,250,000
11,360,000
3,860,000
3,850,000
3,855,000
4,210,000
4,270,000
4,300,000
4,260,000

Experimental
Values

Material

Stee I
Steel
Steel
Average Steel
Aluminum
Aluminum
Average Aluminum
Ames Thorium
Ames Thorium
Ames Thorium
Average Thorium
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TEMPERATURE, 'c

RECRYSTALLIZATION

hardness IS sometimes less than shown
in Fig. 22. However, the work-harden
ing curve shown in Fig. 22 is repre
sentative of the Ames thorium used for
the major part of the work at this
laboratory. The variation in hard
ness is presumably due to differences
of impurities in the metal.

Ames Thorium - Isothermal recrystal
lization curves have been determined
for Ames thorium and iodide thorium
by measuring the change in hardness
found after heating cold-worked speci
mens fer varying lengths of time at a
constant temperature.

A work-hardening curve was obtained
from thorium of the highest purity
available, iodide thorium. The tho
rium as deposited was melted in a
vacuum arc furnace to yield massive,
workable ingots. The original hard
ness of the ingot as melted was 42
vickers. The following analysis is
typical of the arc melted material:
O2 = 0.012%; N2 - not detected; H2 =
0.0002%; C = 0.05%; faint trace of Ca.
No other elements were detected in a
spectrographic analysis. The ingot
was rolled into a flat sheet and
annealed by heating to 700 0 C for one
hour. The hardness after annealing
was 36 vickers. The sheet was cold
rolled for a total of 97.5% reduction
in thickness with hardness measure
ments being made after each 1% reduc
tion up to 5% total reduction and
after each 5% reduction for the re
mainder of the rolling. The rolling
was accomplished without any evidence
of c racking. The work- hardening curve,
Fig. 23, has the same form as that
for Ames thorium, the only difference
being that the iodide thorium is a
much softer and more ductile material.

280200120-120

0'-__---'-__--'- -'--__--'-__-"-__----'

-200

20

80

120 .-__...,.-__--. ,--__-.-__----,-,/A

i
i
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~---------
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,;!

.::
,:
~ 60
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z
UJ

>
U

'""-:! 40

Fig. 15 - Impact Energy for Pure
Ames Thorium Standard V-notch Charpy
Spec imens.

tMI
DWG, IWO?

cold-rolled to 99.9% reduction with
samples being cut from the original
piece after each 5%reduction in thick
ness. Owing to the initial high rate
of work-hardening, smaller increments
of cold-working were used up to 10%
reduction. Hardness data and degree
of cold-working are shown in Fig. 22.
The hardness values shown are averages
of some ten measurements, and indi
vidual measurements were found to be
very uniform and consistent. Beyond
10% reduction, the rate of work
hardening is very small, as shown
graphically in Fig. 22. The total
change in hardness, even with large
amounts of cold-working, is compara
tively small (DPH 85 to 135). Dif
ferent lots of thorium give different
results in that the maXImum attainable
hardness as well as the original

1
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I is ,

Y. 243 3

- 195°C
/2 Foot Pounds

- BOaC
14 Foot Pound

O°C
21 Foot' Pounds

60°C
2 J Foot Pounds

10°C
44 Foot Pounds

240°C

Fig. 16 - Fractured Charpy-Type Impact Specimens of Ames Thorium.

The specimens were prepared by
cold-rolling fully annealed thorium
plate to the desired reduction. Pre
liminary data were obtained from sam
ples rolled to 30, 50, and 80% re
duct-ion in area. The recrystallization
data obtained in the case of the 30%
reduction were somewhat erratic. Since
recrystallization is known to be a
process of nucleation and growth, and
consequently a function of time,
temperature, and reduction, it was
felt that the first work should be
concerned with a severely cold-worked
sample annealed at temperatures where
complete recrystallization might be
expected. By starting with a severely
cold-worked specimen, one would expect
enough nuclei to be present to largely
eliminate rate of nucleation as a con
trolling factor in the recrystalliza-

tion process. Therefore, 80% reduc
tion, which gave the most consistent
results, was chosen for the initial
work.

Ames thorium which was forged at
Battelle and rolled into lYz-in.diam
eter bars at Westinghouse was used as
the starting material. This metal
contained approximately 0.07% C, 0.15%
02' 0.07% N2 , and traces of Ca, Fe,
Si, and Mg. The 1Yz-in.-diameter bars
were cold-rolled slightly to form
a flat bar, annealed at 750 0 C for
1 hr, and further cold-rolled for 80%
reduction in area to produce a flat
plate 1/8 in. in thickness. The rolled
plate was cut into specimens measuring
approximately 1 in. by 1 in. by 1/8 in.,
and a group of samples were suspended
in a salt bath which was maintained at

,
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IN-S.
I I 2/ 3Y·3197

110X

As-deposited crystal bar Photomicrograph of as-deposited crys
tal bar

Fig. 17 - Io~i~e Thorium Metal Prepare~ by the Van Arkel-De Boer Process.

a constant temperature in a Hevi-duty
pot furnace. The temperature was con
trolled and recorded by means of a
Micromax controller with an accuracy
of ± 2° C. Since recrystallization is
time-dependent, it was important to
know the length of time required to
bring the speCImen to the bath tem
perature. The time required to bring
the sample to testing temperature was
determined experimentally by welding
thermocouples to the specimens and
measuring the time for bringing the
specimen to the bath temperature. In
all cases the time was less than 10

sec. Consequently, the preheating
time was insignificant except at high
temperatures where recrystallization
proceeded rapidly. The specimens were
removed individually from the bath
after various time intervals and tested
for hardness with a Vickers Hardness
Tes ter.

The hardness of the heat-treated
metal was plotted as a function of
time at constant temperature. Such
recrystallization curves for Ames
thorium are shown in Fig. 24, and
there appears to be no evidence of
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UNCLASSI FlED

vr
Using the isothermal curves of ~

Fig. 26, data were taken to for 'I'
plots of..l against the logarithm 0

the time fhr 50 per cent recrystal . za
tion. These data plot linear quite
closely, as shown in Fig. 27. This
suggests that the rate of recrystalli
zation is conditioned by a single
activation energy which may be ob
tained from'the slope of the straight
line plot of Fig. 27. If the rate of
recrystallization 1S given by

mation, at least in the case the
curves obtained at 550 0 C or igher.
It should be noted, in Fig. ~5, that
the shape of the curve changes mar eClly
over the narrow temperature range be
tween 535 0 and 550 0 C. It is possible
that recovery may enter into the picture
at temperatures of 535 0 C or lower.
The data obtained at temperatures of
550 0 C and higher were used to plot
curves showing the amount of recrys
tallization as a function of time at
constant temperatures (Fig. 26).

-Q
RT ,.-

Ra te = A e

~
R/Q which 1S an

1 = A' e- Q/ RT
t

where Q = activation energy

R = gas constant

T = absolute temperature

A = constant

then

then

where t is the time for a given amount
of recrystallization to take place at
tempera ture T.

d log t

expression for the slope of the line in
Fig. 27. From the slope of this line,

Fig. 18 - Vacu.um Arc Furnace

The assumption is made that the
hardness of cold-worked thorium metal
is directly proportional to the amount
of recrystallization. This almost
certainly is not true; however, it is
felt that it is a reasonable approxi-

recovery prior to recrystallization.
Photomicrographs of specimens cold
rolled to 80% reduction and recrystal
lized at 550 0 C are shown in Fig. 25.
This material had a small grain size
(average grain diameter 0.010 mm),
and no tendency for grain growth was
noted after long-time annealing.

28



INTERIM REPORT ON METALLURGY OF THORIUM AND THORIUM ALLOYS

UNCLASSI FI ED

y -3223
Y·3222

Fig. 19 - Iodide Tborium Melted in Vacuum Arc Furnace.

it was found that the activation energy
for recrystallization is 41,900 caVmole
for the Ames thorium.

Iodide Thorium - Iodide thorium was
recrystallized in the same manner as
the Ames thorium, and appeared to re
quire a slightly higher temperature
for recrystallization than the more
impure Ames metal.

The hardness of samples of iodide
thorium which had been cold-rolled for
80% reduction remained unchanged after
being heated at a temperature of 550~ C
for I hr. However, the material ap
peared to be completely recrystallized
after being heated at temperatures of
650 0 C and 700 0 C for 10 min. The
plot of hardness vs time at temperature
for iodide thorium is shown in Fig. 28.
Tensile-test specimens of iodide tho-

rium which were annealed at 750 0 C
for 30 min had a large grain size,
indicating that iodide thorium may
have a tendency to grow large grains.

THERMAL CYCLING OF AMES THORIUM IN NaK

The possibility of using thorium as
a structural material in an "environ
ment of liquid NaK at elevated tem
peratures raised a number of questions
which prompted the present work of
thermal cycling. The problems Qf most
immediate interest are as follows:
(1) Dimensional stability during ther
mal cycling between 100 0 C and 500 0 C;
(2) interaction of NaK and thorium;
(3) corrosion of thorium in NaK at
500 0 C. Samples were prepared for
cycling by extruding, swaging, and
rolling Ames thorium into bars ~ in. in
diameter x 4 in. long." Four different
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lOOX

Iodide thorium, arc-melted, cold
r oIled in to bar, machined in to tensi Ie
specimen, and annealed ~ hr at 750°C

Fig. 20 - Photomicrograph of Arc
Melted Iodide Thorium .

Y_)ll:

Fig. 21 - Fractured Tensile Speci
men of Arc-Melted Iodide Thorium.

types of spe imens were used: (1) as
extruded, (2) extruded material cold
rolled to the proper size bars, (3) ex
truded material which was cold-rolled
and annealed at 750 0 C for ~ hr, and
(4) extruded material ~old-swaged to
s~ze. Photomicrographs of the various
specimens before cycling are shown in
Fig. 29.

The sp cimens of size 4-in. long x
~ in. diameter were supported in a
stainless steel holder and submerged
in liquid aK which was contained in
a stainless steel tank. The dis
assembled parts of the unit are shown
in Fig. 30. A high-frequency induction
coil, operated from a 20-kw, 220-kc
Megotherm tube converter, was placed
around the steel container. The unit
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Fig. 22 - Rate of Work-Hardening of Ames Thorium.

is equipped with a Brown recorder con
troller which heats the entire as
sembly to 500 0 C and holds the tem
perature constant for 15 min to 1nsure
uniform specimen temperature. At the
end of the holding period, the induc
tion heating unit is automatically
turned off and air jets are turned on
to accelerate cooling to 100 0 C, at
which temperature the air jets are
interrupted and the power applied to
reheat the container. Since this
method requires that the liquid metal
and container be heated and cooled as
well as the test specimens, a rela
tively slow rate of cychng is obtained
with essentially no temperature gradient

in the specimen. The heating period
requires about 10 min and the cooling
time is about 11 min so that approxi
matel~ 40 cycles are obtained per
24-hr day. The complete experimental
setup is shown in Fig. 31. The speci
mens were measured in all dimensions
with microm~ter calipers and weighed
prior to cycling. The NaK was placed
in the outer container under a cover
of kerosene. The rack containing the
specimens was placed in the NaK and
the top plate secured. The first
heating cycle distills off the kerosene
which is collected in a flask. An
inert atmosphere was maintained over
the bath ofNaK at all times. Purified
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Fig. 23 - Work-Hardening Curve for High-Purity Iodide Thorium.

argon or helium was introduced through
one top port and taken out at another
and passed through an oil bubbler.
The samples were removed after each
100 cycles and inspected for warpage,
cracking, weight changes, growth, and
corrOSlon.

It found that all of the thorium
speClmens suffered a weight loss dur-

ing the cycling. A scale formed On the
specimens and became progressively
heavier as cycling was continued. At
the end of 400 cycles, some of this
scale was removed for identification.
It was proven, by X-ray and chemical
analysis, to be pure thorlum dioxide.
Since the NaK which was charged into
the furnace had not been purified, it
apparently was contaminated with oxy
gen and was scavenged by the thorium
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Fig. 2~ • Recrystallization Curves for Ames Thorium.
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I

speCImens. This established the de
sirability of using purified NaK when
needed as a coolant for thorium. The
cold-rolled thorium slugs and the
annealed thorium slugs showed no de
formation after 100 cycles between
100 0 C and 500 0 C. The only changes
of dimensions were very minor, and
may be attributed to the oxide scale
formed on the specimen which often
spalled off, leaving a bar slightly
smaller in diameter than the original.
The weight loss was fairly consistent,
and after 400 cycles the rate of weight

loss was much higher than during the
first 400 cycles. The data are given
in Table 1 in Appendix 1. The cold
swaged and as-extruded thorium slugs
were slightly bowed after 1000 cycles.
There were probably some residual
stresses in the metal, due to the
mode of deformation, which were relaxed
by the cyclic heat treatment. From
this very preliminary data, there are
indications that some warping or bend
ing of worked thorium bars may occur
depending upon the method of fabri
cation.
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a - Ames thorium, cold-worked for 80%
reduction by cold-rolling

b - Ames thorium, 80% cold-worked,
heat-treated at 550°C for 3 min
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c - Ames thorium, 80% cold-worked,
heat-treated at 550°C for 9 min

d - Ames thorium, 80% cold-worked,
heat-treated at 550°C for 60min

Fig. 25 • Photomicrographs of Cold-Worked and Heat-Treated Ames Thorium.
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Fig. 26 - Isothermal Recrystallization Curves of Ames Thorium.

•

The bars after having been cycled
for 1000 cycles are shown in Fig. 32.
The bars were sectioned for metal
lographic. study, and it was found that
the oxidation had penetrated the an
nealed samples (Figs. 33a and 33b)
until there were some oxide particles
at the center of the bar. The outer
surface, to a depth of about one
quarter of the diameter of the bar,
appeared to be a continuous phase
which was shown to be an oxide. When
spectrographic analysis failed to show
any composition gradient from the outer
surface to the center of the specimen,
a gas analysis was made in the follow-

ing manner: A sample of the complete
cross-section containing the parent
metal in the center and the second
phase in the outer surface was analyzed
for oxygen and found to contain from
0.5 to 1% O2 by wt. A second sample
was prepared by drilling a l/4-in. hole
through the center of the bar to re
move the section rich in thorium and
leaving the portion rich in the un
identified second phase. Again the
oxygen content was very high (0.5 to
1% a2 by we). A third s ample was pre
pared by removing the surface of the
bar, leaving a rod from the center
section of the original bar where the
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Fig. 27 - Reciprocal of Absolute
Temperature vs Time for Half Recrys
tallization in Ames Thorium.
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concentration of the second phase was
low. The oxygen content of this speci
men wound to be comparatively low
~

<0.014% O2 by wt), showing that the
second phase must be an oxide phase.

The same type of oxide p netration
was found in all of the thorium speci
mens as shown In Figs. 33b - 33d.

FABRICATION

General - Since thorium metal is
quite soft, having diamond pyramid
Vickers hardness numbers of 36 to 85
depending upon the purity, it may be
cold-worked readily. Rolling may be
performed satisfactorily at room tem
perature. The work-hardening charac
teristics of pure thorium permit cold
rolling to foil 0.001 in. thick or

20 L......L~~--'---~-=--_'__:':;;_'_~~..L.,J'=_'_""'=_''__±c=__------.J
2 4 6 8 10 12 14 16 18 20

TIME IN MINUTES

Fig. 28 - Recrystallization of
Iodide Thorium, 80% Cold Work.

approximately 99.9% reduction without
intermediate annealing and without
appreciable cracking. When thorium is
cold-rolled, no protective canning is
required, since only a superficial
film of oxide is formed during rolling.
However, if thorium is rolled at ele
vated temperatures above 700 0 C, some
protection is needed to prevent oxi
dation. The other alternative is to
allow surface oxidation and after
completion of working remove the oxi
dized layer by pickling.

•
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UNCLASSI FIED

Y·4VlO

Fig. 30 - Disassembled Parts of
Container for Thermal Cycling of
Thorium tn NaK.

Some thorium has been extruded by
heating billets in a protective at
mosphere and transferring the billet
to the container of the extrusion
press in air. The billet was coated
with a protective layer of graphite
sodium silicate paste. Although it
was impossible to examine the hot
billets carefully, apparently there
was no oxidation.·

Extrusion - The extrusion of tho
rium has been investigated for the
production of rods, flat bars, and
tubing in various sizes. The quality
of the extrusions has been evaluated
as functions of extrusion temperature,
extrusion rate, reduction ratio, die
design, and lubrication. The initial
evaluation consisted of a visual
inspection of the surface quality of
of the extrusions, and by this cri
terion all of the extrusions have

UNCLASSIFIED

Fig. 31 - Experimental Setup for
Cycling Samples in NaK.

produced relatively good material.
Samples were taken from each extrusion
for tensile-test and creep-test speci
mens. Samples were taken at various
positions along the length of the
extrusion for chemical analysis and
for metallographic examination. When
it was possible, all variables except
those under consideration were main
tained constant while normal extrusion
procedure was followed as outlined
below.

The cast thorium billets were
machined to the proper size for ex
trusion and heated in a salt bath
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j

A water-quenching jig was added to
the press to quench the hot extruded
rod or tubing as it leaves the die in
order to prevent excessive oxidation.
Figure 35 shows the jig, which consists
of two concentric pipes welded to
gether to form an annulus which sup
plies high-pressure water through 1/8
in.~iameter holes in the inner pipe
to quench the extrusion. The jig is
bolted to the back of the die holder
in order to begin quenching the ex
trusion approximately 18 in. behind the
die.

When tubing is to be extruded, a
hollow billet is prepared that fits
loosely over a floating mandrel. The
mandrel is slightly tapered to fa
cilitate removal from the finished
tube. The mandrel extends through the
die opening, leaving an annular space
for the extrusion of tube. A billet
prepared for extrusion is shown with a
mandrel in Fig. 36. The preheated
billet is placed over the mandrel
before insertion into the press con
tainer. The extrusion is carried out
In the same manner as with solid
billets. A complete record of the
extrusions is shown in Table 2 in
Appendix 1.
~

The variables investigated for ex
trusion of Ames thorium are discussed
individually below.

Billet Temperature •• The billet
temperature was varied from 950°C
down to 700 C in 50° increments.
There was no visual difference in the
surface of the I-in. rods extruded in
this temperature range. However, the
graphite dummy block has a greater
tendency to feed into the extruded
rod during the 700 0 extrusion. Lower
temperature extrusions were not
attempted due to this tendency, and

432

Fig. 32 - Thorium Bars After 1000
Cycles.

(Houghton's Liquid Heat ND) for ap
proximately 1 hr. The billets were
bare, and the salt served as protection
from oxidation as well as a heating
medium. A thin layer of salt adheres
to the surface of the hillet as it is
manually transferred from the salt
bath to the container of the extrusion
press. The 700-ton Lake Erie extrusion
press used for this experimental work
is shown in Fig. 34. Two containers
were available for the work; one 3 in.
in diameter and 16 in. long, the other
4 in. in diameter and 16 in. long. The
smaller container was used for the
major portion of the extrusion work.
After the billet had been inserted
into the heated container, a graphite
dummy block was placed behind the
billet to remove the end of the ex
trusion from the die. A steel dummy
block followed the graphite and the
entire assembly was pushed with the
ram.

f

•
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d .e

Transverse section Longitudinal section

•
Fig. 33a - Ames Thorium Extruded, Cold-Rolled, Annealed lh hr at 750°C,

Cycled for 1000 Cycles Between 100° C and 500°C in NaK.

1& nE

•

Y.4276
.. .,

..

Transverse section Longitudinal section

Fig. 33b - Ames Thorium Extruded at 850°C and Cycled for 1000 Cycles
Be tween 100° C and 500°C in NaK.
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Transverse section Longitudinal section

Fig. 33c - Ames Thorium Extrude~ into ~-in.-dia Rod at 82SoC, Cold-swaged
to %-1n. -dia Rod, and Thermally Cycled for 1000 Cycles Between 100°C and SOOoC
1n NaK.

Transverse section Longitudinal section

•

•

Fig. 33d - Ames Thorium Extruded ioto ~-in.-dia Rod at 82SoC, Cold-rolled
to %-1n.-d1a Rod, and Thermally Cycled for 1000 Cycles Between 100°C and SOOoC
1n NaK.
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•

•

UNCLASSIFIED

Fig. 35 - Quenching Jig on Extru
sion Press.

also because the press was operating
at near its maximum pressure capacity.
It is planned to extend the work to
higher temperatures, probably 1000°C
and 1100°C.

extrusion rate - The effect of ex
trusion rate was investigated by ex
truding l-in~diameter rods at speeds
varyIng from about 4 ft/min to 450

UNCLASSI FI ED

Y·4a19

Fig. 36 - Billet of Ames Thorium
Prepared for Tubing Extrusion.

ft/min. There was no apparent dif
ference in the quality of extrusion
over the entire range of rates. A
speed of about SO ft/min was adopted
for the remainder of the extrusion
work because it was a convenient speed
and allowed a suitable period of time
for water-quenching the extrusion.

Reduction Ratio - The effect of
reduction ratio has been investigated
by extruding billets 3 and 4 in. in
diameter into rods and tubing of var
ious sizes. The reduction ratios
varied from 2.5/1 to 36/1, and all
extrusions produced rods with a good
surface quality. Since this was the
only criterion at this stage, it was
concluded that the quality of extrusion
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ailE:
is independent of reduction ratio
within the range investigated.

Lubrication - Various lubricants
have been used in the extrusion of
thorium. Glasses with low meltin
points have been used, but proved to
be unsuccessful because of chilling
during extrusion and then scoring the
surface and giving an unsatisfactory
surface in general. Lampblack and
machine oil lubricant was tried, but
improved results were obtained by
substitution of beeswax for the oil.
Later, the practice of mixing flake
graphite ~nd sodium silicate to form
a thick paste, which was applied to
the cold stem and die, gave much better
results. This lubricant was used for
the latest extrusions.

Die Design - Prior experience, along
with the ease of fabrication and avail
ability of flat-faced dies, dictated
their use for most of the early work
on extrusion. These dies were either
made from a solid steel forging or
contained an insert in the nose of
the die to take the wear during ex
trusion. Dies of the insert type are
being used to investigate the effect
of die design, since the inserts are
relatively cheap from the standpoint
of fabrication, and a material that is
satisfactory for the die body does
not appear to offer a satisfactory
working surface. The working part of
the die, made of a suitable material
and to a desired shape, is inserted
in the nose of the die body. Varia
tions of the shear type die are being
studied by using various shapes of
bell die inserts. One such die, hav
ing a 30° face angle with a ~-in. throat
radius and 1/4-in. bearing, produced
an excellent tube. A longitudinal
section of this extrusion along with

v. 0

I IN-S.
2 3

Fig. 37· Tubing Extruded from Ames
Thorium.

a pIece of the tubing produced IS

shown in Fig. 37.

Die and Mandrel Material - Die and
mandrel material present the greatest
problem at the present. The normal
hot-work die steels such as Allegheny
Ludlum'sPotomac, Latrobe's C.H.W. and
L.P.D., and Braebum's T-Alloy have
not made one extrusion without crack
ing. This problem is complicated by
the peculiar flow of thorium during
extrusion. It was found on the first
extrusions that the metal flowed across
the face of the flat-faced shear-type
die, rather than flowing through the
billet as is the case in most other
metals. This type of flow lends it
self to a bell-type die somewhat
better than with the shear-type die,
due to the erosion of the shape orifice
at the entrance of the throat in a
shear die. The erosion experienced
during the test of some die materials
has been sufficient to produce a re
semblance of a bell die in a shear

•

•
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die. However, bell dies of some ma
terials have been unsuccessful. In
the case of one hot-work die steel,
the throat of the die was washed out
and the die diameter made considerably
larger.

Flow lines observed on the die face
were the first indication of this
flow across the face of the die, and
in order to prove the point, a billet
was partially extruded and sectioned
to study the flow characteristics.
The removed portion was approximately
6 in long, and, as may be seen in Fig.
38, the partial extrusion indicates
that the billet as a whole moves down
the container and most of the flow
occurs in the vicinity of the die.
This indicates that the hot metal has
a relatively high shear resistance,
since the billet slides through the
container to a greater extent than
most metals. Because of this erosion,
insert dies were made of a Stellite
type material and a high cobalt 18-4-1
steel. Both of these materials appear
to withstand the erosion equally well.
However, they are both quite susceptible
to cracking. Some of the Stellite
type (Doss Steel Research Company No.
3130 alloy) inserts have cracked con
siderably during the first extrusion.
Modifications of these two materials
are being investigated in an attempt
to find a tough material sufficiently
hard to withstand the erosion. Ex
perience with the mandrels is about
the same as with the dies. The steel
mandrel becomes soft, and in the case
of one stem 3/8-in. in diameter, it
actually failed in te"nsion. A Stellite
type (Doss Steel Research Company
No. 2115 alloy) failed with a brittle
fracture on the first extrusion.

Extrusion Cladding of Thorium - In
many applications, thorium metal would

Fig. 38 - Partially Extruded Thor
ium Billet in Section.

need to be enclosed in a protective
sheath. This becomes necessary when
fission products must be contained or
when the metal is subjected to a cor
rosive atmosphere. Since zirconium
is one of the more promising materials
for such use in a reactor, zirconium
cladding of thorium was investigated.
When rod or tubing of thorium is re
quired, the most economical method
of fabrication would be a duplex or
triplex extrusion to form the clad
rod or tubing in one operation.

Since zirconium was available only
in small quantities, inside cladding
of thorium tubing was attempted first.
A billet of thorium was machined into
a c y1inde r 3 in. OD by lin. ID and 6 in.
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a - Cross-section of tubing showing
zirconium liner in thorium tube

b - Longitudinal section of tubing
showing zirconium liner in thorium
tube

Fig. 39 - Sectional Views of Duplex Th-Zr Tube Produced by Extrusion.

long. A cylinder of zirconium 5/8 i~

ID by 1 in. OD and 6 in. long was pre
pared and forced inside the thorium
billet. The thorium was welded to
the zirconium at each end of the billet
to prevent interfacial contamination
during the preheating operation.

An extrusion was made at a tempera
ture of 725 0 C with a reduction ratio
of 16/1 to produce a thorium tube 7/8
in.OD by 1/2 in. 10 with an inside
cladding of about O.020-in. thickness
of zirconium. The zirconium cladding

was fairly uniform, and the tubing
had a good surface both on the inside
and outside. Sectional views of the
tubing showing the thickness and
uniformity of the zirconium liner are
given in Fig. 3:9.

The trailing end of the extrusion
showed a thinner and less uniform
cladding of zirconium. Sectional
views of the trailing end of the tube
are shown in Fig. 40, while photo
micrographs of the Th-Zr interface

..
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a - Cross-section of tubing showing
irregular lining of zirconium in
thorium tube

b - Longitudinal section of tubing
showing zirconium lining in tho
rium tube

Fig. 40 - Sectional Views of Trailing End of Extruded Thorium Tube with
Zirconium Lining.

J

•

are shown in Fig. 41, where the non
uniformity of cladding may be noted
again. However, the zirconium and
thorium seemed to be bonded satis
factorily along the entire length of
the tube. A piece of the tubing was
sectioned longitudinally and then sub
jected to a bend test by bending back
to flatten the specimen, thus putting
the zirconium liner in tension. The
back end passed through approximately
200 d grees before the zirconium liner
failed in tension. The broken ends
of the zirconium were gripped and
pulled in an attempt to mechanically
strip the zirconium from the thorium.
However, the zirco~ium again failed
without stripping. A photomicrograph

of the Th-Zr interface at a high mag
nification (Fig. 42) shows that a
metallurgical bond was obtained. The
sharp line of demarcation was caused
by preferential attack of the thorium
during polishing and etching and is
not a void. This preferential attack
tends to obscure the diffusion layer
between the two metals, but Fig. 42a
shows the diffusion quite well. It
seems that the conditions of tempera
ture and reduction used in this ex
trusion are sufficient to 1nsure
bonding.

Machining - Thorium may be machined
easily using conventional tools and
methods. Its machining qualities are
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a - Leading end of extrusion

Other machining operations such as
milling, turning, drilling, and sawing
may be performed using standard tools
and conventional practices.

Reaming is the only machining opera
tion requiring special care. The best
tool is a spiral flute reamer which is
kept very sharp and run at a slow
speed. Only a small amount of ma
terial, approximately 0.003 in., may
be removed without tearing and roughen
ing the surface.

or no fire hazard has been found when
machining clean metal using a coolant.Y. 3956 ",.
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b - Trailing end of extrusion

Welding - Preliminary welding tests
were made using Ames thorium sheet.
Butt-welds, edge-welds, and lap-welds
were readily made in a helium atmos
phere, usingHeliarc welding techniques.

Welding was done in a dry-box, using
Grade A tank helium as an inert gas.
Prior towelding, the box was partially
evacuated and allowed to refill with
helium a few times to purge air from
the box. Helium was fed through the
torch continuously. Welds obtained
were clean and bright, and had an
excellent appearance. Brief experI
ments using an argon stream through
the torch, and using helium in the
torch in an air atmosphere, did not
produce good welds.

Fig. 41 - Th-Zr Interface of Ex
truded l'h Tube Clad on Inside with Zr.

comparable to those of mild steel. A
coolant is customarily used, and it
was found that a sulphonated cutting
oil worked satisfactorily. Little

Satisfactory welds using helium
have been produced using both AC and
DC straight-polarity arcs. All welds
were made on thin sheets (up to 0.080
in thick) and no filler rod was used.
Butt-welds were made without restraint;
when pieces were clamped while welding,
cracks developed in the weld. A second
pass over. the welded joint also de
veloped cxacking.

,
•
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Tensile tests were made on several
butt-welded sheet thorium speCImens.
Specimens were 6 in. long, 1 in. wide,
and 0.040 in. or 0.080 in. thick. Spec
imens were sheared from the butt
welded sheet, discarding the cratered
weld metal at the start and end of the
weld. Tensile specimens were not
machined, and the welded joints were
slightly thicker than the base metal.
All fractures occurred in the heat
affected base metal. Specimens were
annealed at 750 0 C for X hr prior to
testing.

,

a - Leading end of extrusion

Y·3957 '

..

b - Trailing end of extrusion

Fig. 42 - Interface of Th-Zr in
Extruded Tube.

Preliminary welds were tested by
bending in a vise. The welds could be
bent from 30 degrees to 90 degrees
before cracking. Breaks usually oc
curred in the heat-affected zone.

Data obtained from the tensile tests
are shown in Table 10. It is apparent
that the yield point and tensile
strength of the specimens were not
affected by the welding. The ductility
of the welded specimens was somewhat
lower than the specimens which con
tained no welds. However, ductility
of the weld material is partly masked
as a result of the slightly greater
thickness at the weld. Some deforma
tion of the weld metal did occur.
This is shown by the reduction in
width at the weld, which ranged from
5 to 8%. Reductions in width at the
fractures ranged from 10 to 18%. The
fractured bars are shown in Fig. 43.

Hardness traverses across several
welded joints have been made. In one
series of tests, weld metal was not
appreciably harder than the base metal.
In similar tests on a softer lot of
thorium, hardness of the weld metal
was somewhat greater than the hardness
in the heat-affected zone. These
data are shown graphically in Fig. 44.
Thorium sheet was prepared by cold
rolling, and welded in the cold-worked
state. Photomicrographs of Fig, 45
show the structures of the cold-worked
material and the fused metal.
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TABlE 10

Tensile Tests on Thorium Wel~s

Per cen t Per cent Per cen t
Spec imen Thic knes s Yield Point Tensile Strength Elongation Reduction in Reduction in

No. (inJ (lb/in 2
) (lb/in 2

) (2 In. gage length) Width at Fracture- Width at Weld-

Blank No.1 0.080 29,400 38,600 -- 17.1 - -

Blank No.2 0.080 29,400 38,500 44 18.1 - -

Weld 2B 0.080 29,400 39,000 34 17.4 5.0

We Id 3A 0.080 28,800 38,500 34 10.7 8.4

Weld 3B 0.080 29,900 38,100 -- 10.9 7.3

Blank No.1 0.042 30,600 38,000 -- 15.4 - -

BlallK No.2 0.042 31,100 38,500 36 16.7 - -

We Id No. 1 0.042 30,000 38,600 36 10.0 6.2

We Id No.2 0.042 30,000 39,000 32 9.5 6.6

- Per cent reduction in width = Initial Width - Final Width

Initial Width
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Fig. 43 - Broken Tensile Specimens
of Welded Ames Thorium.

ALLOY DEVELOPMENT

A study of thorium-rich alloys was
undertaken to develop possible struc
tural materials to be used as reactor
components. The alloys were prepared

by induction melting and evaluated by
physical testing .

Melting Proeedures - The first
problem was that of developing melting
techniques to prepare alloys with a
min imum of con tam ina t ion. A Ii te ra ture
search revealed that the two most
promising refractories for use as
melting crucibles were beryllium oxide
and zirconium o~ide. Since beryllium
oxide was expensi ve and toxic, it was
decided to investigate the use of
zirconia as a crucible material. Sta
bilized zirconia crucibles which were
commercially available in a variety of
sizes were obtained and subjected to
severe service condi tions whi Ie melting
thorium. The induction furnace used
for melting the thorium consisted of
a 3 in~diameter silica tube with a
water-cooled vacuum head. The ~acuum

head contained a sight glass for ob
servation of the melted metal. The
high-frequency induction coil around
the silica tube was connected to a
20-kw Ajax spark-gap converter for a

eAi!2T
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Microstructure of thorium weld showing
junction between parent and fused
metal

Microstructure of thorium weld near
center of fused metal

Fig. 45 - Photomicrograph of Welded
Ames Thorium Specimens.

power source. The zirconia crucible
was filled with thorium metal and
inserted into a graphite crucible which
acted as a heater. This assembly was
set in a larger crucible of zirconia
or magnesia, and powdered beryllium
oxide was packed in the annular space
between the two crucibles for insula
tion. A schematic diagram of the
furnace and crucibles is shown in
Fig. 46. Thorium was melted and heated
to 2100° C and allowed to cool. It
was found that the zirconia melting
crucible had been attacked by the
thorium, and as much as one-half of

the wall thickness had been eroded
away. Another crucible was filled
with thorium and hea~ed to 1800° C.
Some preliminary attempts were made
to obtain a cooling curve to determine
the melting point of thorium so that
the crucible was alternately heated
and cooled. However, the crucible was
held at elevated temperatures for
approximately 5 hr and was held at
1800° C or higher for at least 3 hr.
There was no erosion of the zirconina
crucible comparable to that found
after a very short time at 2100° C.
The crucible appeared to be only
slightly attacked, and was in good
condition except for a change to a
darker color. However, a layer of
reacted material adhered to the melted
ingot of thorium and flaked off after
cooling. Spectrographic analysis
showed this layer to be thorium with a
moderate amount of zirconium, showing
that some reduction of the zirconia
had taken place. Repeated melting of
thorium in zirconia at 1800 - 1850° C
showed no great amount of attack on
the zirconia crucible, so it was con
cluded that zirconia could be used
at this temperature, although it was
recognized that some reduction prob
ably occurred. Beryllia crucibles
were used for melting in a similar
manner and it was found that consider
able rttack on the crucible walls
occurred at 1950° C or above. It was
felt that zirconia was equally as good
as beryllia, if not superior.

While the refractories were being
tested, it was found that the vacuum
system was inadequate for maintaining
a high vacuum at 1800° C. Apparently
the refractories degassed and allowed
surface oxidation of the thorium.
When this happened, a tenacious film
of oxide obscured melting, since the
original charge outline was preserved

)
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NCLASSIFIED

Y-4357

1+----- Silica tube

Water ,--,---+~ Sight Glass rYJater
Outlet I c n1et

5 [----,----j
'---....- L __ n__ _ Vacuum Pump

--1r:::l=l~--- Water cooled
vacuum head

o
o
o
o
o
o
o
o
o
o
o
o
o
o
o
o

r7""7"'":;'T/"'7\..1l---- K-20 insulating brick

----Induction coil
~--!-~__- Graphite reflector

~~n1~_--Graphite heater

Stab.ili~ed zirconia
crucIble

~~~~~_--- Thorium
Powdered BeQ

insulation

ZrQ2 or MgO
crucible

l-!!WbJ!;:;!!~~~!;tn~---AI2 0 3 plate
'.JJ~----K-2Q insulating

brick

Fig, 46 - Schematic Diagram of Silica-Tube Vacuum Furnace for Melting Thorium.
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UNCLASSIFI ED

with molten metal inside. A secondary
effect was carburization of the thorium.
This difficulty was avoided by remov
ing the graphite heater, since it was
found that thorium heated satisfac
torily by self-induction. The problem
of gas evolution and accummulation
during melting was solved by substi
tuting for the small vacuum pump a
SOO-cfm package pumping unit. Attempts
to determine the melting point by ob
servation of a thermal arrest in the
cooling curve were unsuccessful be
cause of the low latent heet of fusion
of thorium. However, a definite
change of slope in the cooling curve
was observed at approximately l62S o C.
A sample which was heated only to
1700 0 C was melted. Thus, the l62S o C
temperature was considered to be a
reasonable value for the melting point.

The silica tube furnace was not
suitable for alloying work, since it
was difficult to adapt it for casting.
Therefore, a tilting furnace was de
signed and constructed to permit melt
ing and casting in vacuum. The furnace
proper consisted of a water-cooled
copper tank 16 in. in diameter and 18
in. high. The induction coil, insula
tion, melting crucible, and mold are
housed inside the vacuum chamber.
Interchangeable induction coils and
molds permit melting and casting a
variety of ingot sizes and shapes.
The furnace is attached to a SOO-cfm
package pumping unit through a rotary
"0" ring seal vacuum joint. The
entire furnace is tilted to pour the
molten metal from the crucible into a
mold supported at right angles to the
crucible. Since the coil was inside
the vacuum chamber, it was necessary
to use a relatively low-frequency
current to prevent arcing between
turns of the coil. The furnace was
powered with a SO-kw 3000-cycle motor

Fig. 47 - Tilting Vacuum Furnace

generator set. A picture of the furnace
with attached vacuum system is shown
~n Fig. 47.

Thorium was melted in zirconia
crucibles in the tilting furnace and
cast into zircon molds. Because a
high vacuum wa~ maintained at all
times (less than 1 micron pressure),
the metal was cleaner than when melted
in the silica tube furnace. The
metal which was used for melting stock
was Ames thorium which had been forged
a!ld rolled into rods l~ in. in diameter.
A photomicrograph of this material is
shown in Fig. 48a. Figure s 48b and c
show the typical cast structure ob
tained when melted and allowed to

\.
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solidify In the Zr0 2 crucible and when
vacuum cast.

Testing Procedures - Binary alloys
were prepared by melting and casting
small ingots in the vacuum furnace.
A flat face along the entire length of
the ingot was polished and examined
metallographically. A hardness trans
verse was made along the length of
the ingot and this, along with the
microscopic examination, established
the homogeneity of the alloy. A part
of the thorium ingot was then cold
rolled easily. If the cold-rolling
were successful, sheet metal tensile
specimen and corrosion-test specimens
could be prepared by cutting the fin
ished sheet into pieces of the desired
size and shape. If the cold-rolling
were not successful, there remained
the possibility that a preliminary
hot-working to break up the cast
structure of the alloys might improve
the cold-workability of the material.
Hot-working was performed by forging
and extrusion, since these operations
were performed more conveniently at
high temperature than rolling. Since
it was found that some alloys were
not amenable to cold-working, even
after a preliminary hot breakdown,
the final size was obtained by hot
woding.

A series of alloys were prepared
by add i t ion s 0 f the f 0 11 ow i ngel e men t s :
aluminum, beryllium, cerium, niobium,
chromium, indium, manganese, titanium,
selenium, and zirconium. The hardnesses
of these cast alloys are tabulated in
Table 11. It may be seen that titanium
forms alloys with thorium which are
much softer than Ames thorium. Zircon
ium alloys show the same tendency to
a lesser degree. This softening is
presumably due to removal of carbon
and/or oxygen from solid solution with
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b - Ames thorium melted in Zr0 2 cru
cible, solidified In crucible
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c - Ames thorium melted in Zr0 2 cru
cible and cast in vacuum

Fig. 48 - Photomicrographs of Ames
Thorium Before and After Melting in
Zr0 2 ,
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TABLE II

Hardness of Cast ThoriUDI Alloys
(All hardness Values Rockwell "B" Scale)

Alloying
Element Alloy Content

2%. 4% 6% 8%

Be 77 8G - 92
Si 92 98 102 80

Ce 60 51 52 60
Ti 2 a 4l 37
Zr 24 22 41 36

I

In 80 85- 86- 80
Nb 54 46 24- -
Mn 65 60 71 70
Al 94 96 100 -
Cr 58 75 73 -

the formation of stable carbides and
oxides.

The alloys will be discussed briefly
in the chronological order in which
they were investigated.

Alloy Systems

Th-Be - Since beryllium is a metal
with good nuclear properties, the first
alloys prepared contained from I to 10%
Be by weight. It was found that addi
tion of a small amount of Be markedly
lowered the melting point of thorium
and gave a very fluid melt. The lower
melting point and greater fluidity
were desirable in that melting and
casting operations were facilitated.
Metallographic examination of the
alloys showed that a brittle inter
metallic compound was formed which
made fabrication very difficult. Pre
liminary cold-rolling experiments
showed that a very small reduction

resulted in excessive cracking. The
1% Be alloy cracked after only 10%
reduction by cold-rolling, and was
cracked beyond use at 28% reduction in
thickness. The workability of the 4%
alloy was poorer, since it cracked
seriously after 14% reduction. The
8% alloy cracked beyond use at only
5% reduction. The thorium-beryllium
system has been reported as having a
thorium-rich eutectic at 7.75% Be and
1215 0 C.(1) This was substantiated in
the present work, since the melting
point of the 2% alloy was approxi
mately 1200° C. Photomicrographs of
Th-Be alloys are shown in Fig. 49.
Hardness indentations made with a
diamond pyramid are shown in Fig. 49g.
It may be seen that the matrix is much
softer than the compound giving a
DPH number of 170, ~hile the primary
crystals of compound range from 980
to 1206 DPH. Small billets of 4% Be 
96% Th alloy were jacketed in copper
cans and extruded at 1000° C into
3/8-in-diameter rods. It was thought
that this preworked material might be
more amenable to cold-rolling than
the as-cast alloy. However, the alloy
was still brittle and had a very low
impact strength, since a piece of the
rod could be broken easily by striking
a sharp blow with a hammer. It was
concluded that any working performed
on Th-Be alloys must be done at ele
vated temperatures.

Th-Al - Aluminum has a relatively
low absorption cross-section, good
corrosion resistance, and is commonly
used to jacket slugs of uranium for
use as fuel in a reactor. Very little
is known of the Th-Al system, especially
on the thorium-rich side of the dia
gram. Thorium-aluminum alloys were
made by addition to thorium of 2% to
8% by weight of aluminum. The approx
imate melting ranges of the alloys and

,
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USia.

Thorium-Aluminum Alloys

TABlE 12

1

Composition
Wt% Aluminum

2
4.
6
8

Approximate
Me ting Range

°c

1285 • 1300°
<1420

1300 1350
1235 1245

Hardnes s
~ockwel1 B

Scale

94

96
100

•
the hardness as measured on the as
cast ingots are shown in Table 12.

The precision of measurement of the
melting temperatures was insufficient
to warrant any conclusion as to the
recorded maximum in the plot of melting
points vs composition between 2% Al
and 8% AI. It was taken as an indica
tion only that the liquidus temperature
is not changing rapidly over this
composition range. The hardness of
all the alloys was much higher than
that of pure thorium.

The aluminum alloys were very
brittle, and when cold-rolling was
attempted the alloys containing more
than 2% Al crumbled immediately. The
2% alloy cracked after 1% reduction
and broke up completely during the
second pass through the rolls. Metallo
graphic examination howed that a
second phase (compound) was present
even with 2% Al content. Hardness
indentations are shown for the 2%
alloy in Fig. SOa. The matrix was
somewhat softer than the compound,
although much harder than pure thorium.
The matrix hardness waS Vickers ISO,
while the compound showed a Vickers
hardness of 200 to 400. At 4% Al
content, the alloy was found to con
sist of almost pure compound (Fig. SOb).

a - 98% Th - 2% Al (Original magnifi
cation SOOX; reduced to 235X in
reproduction)

Hardness: Matrix - DPH 148-158
Constituent - DPH 200-400
Aggregate - Rb 95

b - 96% Th - 4% Al (Original magni
fication 200X; reduced to 94X in
reproduction)

Hardness: DPH 400

Fig. 50· Photomicrographs of Tb-AI
Alloys.
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Since a compound Th 3 Al would contain
3.73% AI, this is probably the compo
sition of the compound. The hardness
of this compound was measured as Vickers
410. The first alloy containing 4%
aluminum was polished, examined for
homogeneity, and filed away immediately
after melting and reserved for later
testing. Two weeks later it was found
the alloy had spontaneously disinte
grated into a fine powder (approxi
mately 100 mesh). A second alloy of
the same composition was prepared, and
polished with carbon tetrachloride as
a coolant. Another sample of the ingvt
was sealed in an evacuated glass tube
to eliminate atmospheric corrosion.
Since neither of these samples disinte
grated, it was concluded that atmos
pheric corrosion was probably the cause
of the powdering.

In an attempt to follow the progress
of the corrosion, a 4% Al - 96% Th
alloy was cast, immediately cut into
a metallographic specimen without
using water, and placed on the stage
of a research metallograph. The spec
imen was observed for six days and no
change was detected in the microstruc
ture. At the end of six days, one
half of the surface of the specimen
was covered with a protective coating
of plastic (tygon) and the entire
specimen wet with water. Four hours
after the exposure, the uncoated side
of the specimen had rather large pits
in the elongated grains. The coated
side had decomposed to a lesser eX
tent, showing that the tygon protective
coating was inadequate. After 72 hr,
the elongated grains in the uncoated
portion of the specimen had been almost
completely decomposed. However, the
corrosion was confined to the long
slender grains, and the more equi-axed
grains and the eutectic were not at
tacked. The progress of corrosion is

shown in Fig. 51. An X-ray spectrom
eter trace of the decomposed alloy
showed a very complex pattern which
could not be identified completely.
Thorium and thorium dioxide lines were
present with a number of additional
lines.

Th-Sl - It has been reported that
silicon additions to thorium improves
the corrosion resistance. (1),(5) A
series of alloys were prepared, con
taining from 2% to 8% silicon. The
approximate melting ranges and aggre
gate hardness of each alloy are given
in Table 13. All of the alloys con·
tained a brittle second phase as
shown in Fig. 52. I t has been repor ted
that the system Th-Si contains a eu
tectic at 10 At. % Si with melting
point of > 1300 0 C and a hypereutectic
phase (intermetallic compound). The
present work is in agreement with this,
since all of the alloys prepared were
hypereutectic. The largest amount of
the hard constituent was found in the
alloy containing 6% silicon. The
constituent was extremely hard and
brittle, in fact, so brittle that it
was difficult to obtain satisfactory
diamond pyramid impressions. The
impressions are shown in Fig. 52b.
The light area had a Vickers hardness
number of 200 to 270, while the harder
dark constituent was measured as 858
Vickers. The aggregate hardness on
the Rockwell 8 scale was 100.

The brittleness of these alloys
was apparent when fabrication was
attempted. The material cracked badly
with very slight reductions when rolled.
Cold rolling of the 2% and 4% Si
alloys resulted in reductions of only
10% and 2% respectively. One billet
was hot-forged at approximately 900 0 C
and cracked badly even at this ele
vated temperature. The Th-Si alloys

•
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Fig. 1)2 - Photomicrographs of Th-Si
Alloys.

a - 98% Th - 2% Si (Original magnification
280X; reduced to 134.4X in reproduction)

Hardness: RB91

I

The results of the tensile tests of
2% zirconium alloys are shown in Table
14. Control samples of the thorium
from which the alloys were prepared
were tested also.

The tensile strength of the 2% Zr
alloys was somewhat lower than the
original thorium. An indication of a
yield point ~as observed in the load
elongation curve of the annealed alloys
as shown in the typical curVe of Fig.
53. The 2% Zr alloys which was tested
in the cold-worked state did not show
a yield point and showed a higher
strength than either the annealed or
cold-worked Ames thorium. However,
the ductility of the Zr alloys appeared
to be lower than in the case of the
pure Ames thorium.

showed a tendency to crumble and dis
integrate in somewhat the same way as
the aluminum alloys.

Th-Zr - Zirconium forms alloys with
thorium which are softer than the Ames
metal used for the alloy base. The
hardness of the alloys varied from
RB 22 at 4% Zr to RB 36 at 8% zirconium
content. Preliminary rolling experi
ments showed that all of the cast
zirconium alloys (2 - 8% Zr) could be
cold-rolled to 95% reduction in thick
ness without serious cracking. Ingots,
after melting and casting, were cold
rolled into plate. Corrosion-test
specimens and tensile-test specimens
were machined from the plate and
tested. The zirconium alloys had poor
resistance to corrosion in 100 0 C dis
tilled water and were, in general,
inferior to pure Ames thorium in this
respect.

The tensile specimens, 0.060 in.
thick and 0.505 in. wide at the re
duced section, were tested at a con
stant strain rate of 0.1 in. per minute.

94% Th - 6% Si (Original magnification
SOOX; reduced to 240X in reproduction)

b - 96% Th - 4% Si (Ori~inal magnification
SOOX; reduced to 240X in reproduction)

Hardness: Matrix DPH 200-270 Constit
uent DPH 858

c -
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TABlE 13

Th-Ti - The only available informa
tion on the Th-Ti system stated that

Examination of the microstructure
of these alloys show that one might
expect better workability than was
found in the previous alloys. Figure
54 shows that zirconium alloys have
only a small amount of second phase
present at 8% zirconium content. Ap
parently, there is considerable solid
solubility of zirconium in thorium.
This corroborates the findings of Ames
Laboratory in their investigation of
the Th-Zr equilibrium diagram. It
was reported that zirconium was soluble
in Th up to 6.5%.

..

Composition

2% Si

4% Si

6~ Si

Thorium Silicon Alloys

Approx iDla te
Me lting Range

1380 - 1420

1420 - 1480

>1500

Hardness
RD

92

105

a eutectic at 2 wt per cent Ti and
1175° C ~as found. (1) This could not
be verified in the present series of
alloys. Although no precise measure
ment of the melting point of the 2%
alloy was made, it appeared to melt at
a temperature in excess of 1400° C.
The photomicrograph of the 2% Ti alloy
is shown in Fig. SSa, and does not
appear to be near a eutectic compo
sition. The matrix does not have the
characteristic appearance of a eutectic
and, in the case of the 4% Ii alloy
shown in Fig. 55b, the second phase
outlining the grain boundaries of
the primary constituent does have a
typical eutectic structure. The 6%
and 8% alloys are shown in Figs. SSc
and d, respectively, and show very
little change in microstructure. As
noted previous 1 y, the hardness of the
titaniun alloys was much lower than
Ames thorium. The Rockwell hardness
(B scale) of the Ames thorium used
to prepare the Ti alloys was approxi
mately RS 60. The hardness of the
alloys ranged from RS 2 for the 2%
alloys to RB 37 for the 8% alloy. The
Ti allo~s could be fabricated easily
by cold-rolling and were comparable

TABLE 14

Thorium-Zirconium Tensile-Test Data

Per cent Per cen t
Hardnes 9 Elongation in Reduction Tensile

Spec imen No. Zr Content. (Vickers) 2-in.gage length in Area Strength

A429A (annea led) 2% 62.4 25 26.0 29.180 psi

A429B (annealed) 2" 62.4 25 26.6 29,735 ps i

A429C (cold-rolled 2% 104.0 - - 49,660 ps i
85%)

Thorium (Ames 0 85.1 50 64.0 32,895 psi

annea led)

Thorium (cold-rolled 0 102.3 37.5 57.0 40,775 psi
85%)
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62C1tE4
DWG. 12802

24,000

64

20,000

16,000

011

SPECIMEN A·429 ..a.
v; COLD ROLLED 70%,\I)

w ANNEALED AT 750°C
~
t- 12,000 FOR ONE HALF HOUR
VI

8000

4000

O------'----.....1......--'------L----'-------J~---'-----------'

o .001 .002 .003 .004 .005 .006 .007

STRAIN, in/in

Fig. ~3 . Load-Elongation Curve for 2% Zr-Th Alloy.
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b - 94% Th - 6% Zr (Original magnification
250X; reduced to 127. 5X in reproduction)

Fig, 34· Photo icrographs of Th-Zr
Alloys.

to Ames thorium in this respect.
Cast ingots were cold-rolled (75% re
duction) into plate from which sheet
metal-type tensile specimens and cor
rosion-test specimens were prepared.
Th e ten s i 1est r eng tho f the 2% Ti alloy
was 24, 050 psi, 0 r s 1 i gh t 1y lower t han
that for Ames thorium (32,000 psi).
The load-elongation curve for the 2%
Ti alloy is shown in Fig. 56. It may
be noted that the characteristic yield
point found in the load-elongation
curve of Ames thorium is absent. It
is postulated that the titanium ties
up the impurity or impurities respon
sible for the appearance of the yield
point of thorium.

The corrosion resistance of Th-Ti
alloys in 100° C distilled water was
found to be very poor. Some samples
completely disintegrated during the
corrosion test.

Th-Cr - The Th-Cr system is a eu
tectic system with no evidence of
solid solubility on either side of
diagram. There is a eutectic at 25
At. %Cr and 1235° C. Although chromium
has an appreciable neutron absorption
cross-section, it was felt that dilute
alloys of chromium might be developed
with useful properties. An alloy
containing 2% Cr by weight was pre
pared and found to be workable by
cold-rolling. The photomicrographs of
Fig. 57 show what appears to be a
rather coarse and dispersed eutectic
present in the 2% Cr alloy. Figure
57b is the same alloy at a higher
magnification to show the eutectic to
better advantage. Figure 57c (4% Cr
by wt) is only slightly hypo-eutectic
and shows a larger amount of eutectic.
Sheet metal type tensile test speci
mens were prepared and tested. The
cast ingots were cold-rolled into plate
(approx. 75% reduction), and tensile

9'8% Th - 2% Zr (Original magnification
500X; reduced to 255X in reproduc tion)

Hardness: RB24 DPH 95

92% Th - 8% Zr <Original magnification
500Xj reduced to 255X in reproduction)

Hardness: DPH 95
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c - 94% Th - 6% Ti (Original magnification
2S0X; reduced to lSSX in reproduction)

d - 92% Th - 8% Ti (Original magnification
200X; reduced to l24X in reproduction)

Fig. 55 - Photomicrographs of Th-Ti Alloys.
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a - 98% Th - 2% Cr (Orig~nal magnification
200X; reduced to 96X in reproduct'on)

Ha rdness: RB58

3200

1600

0
0
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Fig. ~6 - Load-Elongation Curve
for 2% Ti-Th Alloy.

b - 98% Th - 2% Cr (Original magnification
500X; reduced to 240X in reproduction)

speCImens machined from the plate.
specimens were annealed at 750 0 C
~ hr before testing. The results
shown in Table 15.

The
for
are

c - 96% Th - 4% Cr <Original magnification
250X; reduced to 120X in reproduction)

Fig. !)7· Photomicrograllb8 of Th-Cr
All oys.
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TABlE 15

Tensile Test Data for Annealed Thorium-Chromium Alloys

Per cent Per cent Tens i Ie
Cr Content Prop. Limit Elongation In Reduction Strength

Specimen No. Per cent Psi 2-in. gage length in Area Psi

A472 A 2 35,200 25 35 47,360

A472 B 2 38,095 25 31 52,220

A472 C 2 40,470 22 10 53,330

Ames Th 0 22,000 44 64 32,160

Ames Th 0 23.600 47 40 32,000

Ames Th 0 23,000 50 42 32.320

Ames Th
(Cold-work 85%)

"..

•

The proportional limit and tensile
strength of the 2% Cr alloy is higher
than for the case of severely cold
worked Ames thorium. A yield point
was observed in the load elongation
curves of all the Cr alloys.

Th-Nb - It has been reported that
small additions of niobium to cast
thorium improves its workability by
tying up the carbon present. (1) A
eutectic was reported on the thorium
rich side of the equilibrium diagram,
melting at approximately 1315 0 C.

Alloys containing 2, 4, 6, and 9%
niobium hyweight were prepared. These
alloys were found to be slightly softer
(RS 46-62) than Ames thorium. As had
been previously reported, the alloys
were found to be workable by cold
rolling the as-cast ingot. The work
ability continued to improve as the
niobium content was increased. The
2% alloy cracked after cold-rolling
to 36% reduction. The 4 and 6% alloys
were rolled into sheet for preparation

of specimens, and were in good condi
tion after 75% reduction. The 9%
alloy was cold-rolled to 97% reduction
before cracking. The photomicrographs
of the Nb alloys shown in Fig. 58
would indicate considerable solubility
of Nb in thorium, since there appears
to be very little second phase present
In the 2% alloy.

Th-Mn - It has been reported that
addition of 1% Mn to thorium improves
cold-rolling properties and lowers
the lattice parameter. (1) There is
evidence of a eutectic at 911 0 C at a
composition of more than 20% Mn.

Alloys were prepared with nominal
compositions of 2, 4, 6, and 8% Mn.
Since manganese has a relatively high
vapor pressure, there was considerable
loss of Mn during the vacuum melting
and casting. The Mn alloys were found
to be workable by cold-rolling but
inferior to the Ti and Zr alloys. A
photomicrograph of the 4% alloy IS
shown in Fig. 59b. The appearance of
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a - 98% Th - 2% Nb (Original magnification
500Xi reduced to 240X in reproduction)

Hardness: RB54 DPH 91

a - 98% Th - 2% Mn <Original magnification
250X; reduced to 120X in reproduction)

Vacuum melted and cast

...
.~

.., .
4'

b - 96% Th - 4% Nb (Original magnification
250X; reduced to 120X in reproduction)

b - 96% Th - 4% Mn (Original magnification
SOOX; reduced to 240X in reproduction)

Vacuum melted and cast

.,. .. •
-or- I, '/..

0\ ' .- I '. I, -....;.; .: "
.

4.. .. •
....

- ;.

. ../ ,
\' '..J. ~ • '. \ ."

'. .. ..,. -"

l' ~- :( )0' •
,/' " ;y
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c -c - 94% Th - 6% Nb (Original magnification
250X; reduced to 120X in reproduction)

Fig. ~8 - Photomicrographs of Th·Cb
Alloys.

96% Th - 4% Mn <Original magnification
2S0X; reduced to 120X in reproduction)

Melt.ed in vacuum, cast under argon
Fig. 59· Photomicrographs of Th·Mo

Alloys.
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the network constituent suggests pe1.
tectic reaction. In order to prevr:t
Mn los s a 4 % alloy was pre par e d. by
melting the thorium in vacuum and
admitting purified argon to atmos
pheric pressure before adding the man
ganese and casting. The photomicro
graph of this alloy (Fig. 59c) showed
the same type of structure as the
vacuum-cast alloy.

Th-Ce - Complete solid and liquid
solubility of Ce and Th has been re
ported.(l,5,6) However, extremely
cored dendrites are usually found in
the microstructure, and long-time
homogenization treatments are neces
sary to produce single-phase alloys.

Alloys containing 2, 4, 6, and 8%
Ce were prepared. As may be seen in
Fig. 60, there was not a continuous
network of second phase present in any
of the alloys, and it was not con
sidered necessary to homogenize the
cast ingots. The ingots were cold
rolled as cast. Cracking started at
about 5% reduction and at 15% reduc
tion, and the material was of no value.
All of the alloys behaved about the
same during rolling regardless of
composition. The maximum cold-rolling
possible was about 30% reduction in
thickness. Apparently, intergranular
cracking caused failure when the
alloy was cold-rolled.

The Ce alloys were slightly harder
than Ames thorium.

Th-Si-Zr and Th-Ti-Zr - A series of
ternary alloys were prepared of Th
Si-Zr and Th-Ti.Zr. The hardness and
approximate melting points of the
alloys are shown in Table 16. It was
found that all alloys containing sili
con were brittle and impossible to
fabricate by cold-rolling. However,

a . 98% Th - 2% Ce (Original magnifi
cation 250X; reduced to 120X in
reproduction)

b - 92% Th - 8% Ce (Original magnifi
cation 250X; reduced to 120X in
reproduction)

Fig. 60 - Photomicrographs of Th-Ce
Alloys.

the series of Th-Si-Zr alloys showed
a continuous decrease of hardness wiLh
increasing zirconium content. The 4%
Zr - 1% Si alloy was relatively soft

/It
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TABlE 16

Data for Ternary Thorium Alloys

Approximate
Alloy Me Iting Point Hardness

No. Composition ( °C) DPH Rockwe 11

A·543 1% Si, 1% Zr 1265 138 RB 80

A-551 1% Si, 2% Zr 1250 106 RB 57

A-556 a Si, 4% Zr 1225 76 RB 41

A-561 2% Si, 1% Zr 1265 112 RB 71

A-566 4% Si, 1% Zr 116 RB 75

A-615 1% Ti, 1% Zr 1305 58 RH 91

A-616 1% Ti, 2% Zr 1300 64 RH 96

A-618 a Ti, 4% Zr 1290 116 RH 110

A-619 2% Ti, 1% Zr 1405 49 RH 91

A-620 4% Ti, 1% Zr 1330 70 RH 94

1

but could not be cold-rolled. The
microstructure of this alloy, Fig. 61a,
appeared to be very near a eutectic
composition. An alloy containing 1.3%
Zr and 1. 4% 5i (Fig. 61b) showed a
considerable amount of a hard brittle
phase, and a 1% Zr - 2.4% 5i alloy
(Fig. 61c) showed large primary grains
of the hard phase. The matrix was
soft (DPH 85) as compared to the pri
mary constituent (DPH 700-830). The
compound was so brittle that it was
very difficult to obtain a diamond
pyramid impression without cracking
the primary crystals.

All of the Th-Ti-Zr alloys were
soft and easily fabricated with the
exception of a 1% Ti - "4% Zr alloy,

which had a diamond pyramid Vickers
hardness number of 116 and cracked
after only 5% reduction in thickness
by cold-rolling. This alloy (Fig.
61d) was the only one of the series
whose microstructure formed a con
tinuous network of a second phase
which was very hard and brittle. The
primary grains were exceptionally soft
(DPH 5) so that failure apparently
occurred because of the brittle inter
granular phase.

All of the alloys of Zr-Ti except
the 4% Zr - 1% Ii compositio~ were
rolled into plate and test specimens
prepared. The results of tensile tests
are shown on the following page.
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Per cent Elong. Nominal
l.n 2-in.Gage Prop. Limit Per cent Red. Tensile

Spec. No. Compo Length Psi in Area Strength t

3 1% Zr 4% Ti 16 16,400 28 22,880

SA 1% Zr 1% Ti 16 23 21,040

58 1% Zr 1% Ti 25 29 26,080

The proportional limit of the 1% Ti 
1% Zr alloys was very low. The speci
mens apparently were creeping at very
low stress levels.

CORROSION TESTS

Since water is a commonly used
coolant in reactors, samples of Ames
thorium and alloys prepared from Ames
thorium were subjected to static
corrosion tests in distilled water.
A temperature of 95° C was chosen as
the maximum practicable temperature
of water at atmospheric pressure.
Samples measuring 1 in. by 1 in. by 1/8
in. were prepared from annealed Ames
thorium, cold-rolled Ames thorium,
and Ames thorium containing from 2% to
6% of niobium, chromium, titanium, and

zirconium. The samples were degreased,
dried, and weighed prior to testing.
The specimens were suspended individu
ally from glass hooks in a battery jar
containing 16 liters of distilled
water. The heat was supplied with an
electrically heated water bath which
was controlled at 95° C ± 1° C. The
samples were exposed for one month and
the water was not changed during the
entire exposure. The samples were
removed and weighed without further
treatment. There was no significant
difference in the corrosion rates of
Ames thorium and the alloys of thorium
with the possible exception of the
chromium alloys, which showed less
corrosion than any of the other speci
mens. The data obtained are listed in
Table 17.
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e - 98% Th - 1% Ti - 1% Zr <Original magnification
250Xj reduced to 147.5X in reproduction)

g - 97% Th - 2% Ti - 1% Zr <Original magnification
250X; reduced to 147.5X in reproduction)

f - 97% Th - 1% Ti - 2% Zr <Original magnification
250X; reduced to 147.5X in reproduction)

h - 95% Th - 4% Ti - 1% Zr (Original magnification
250X; reduced to 147.5X in reproduction)
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Fig. 61 - Photomicrographs of Ternary Alloys of Thorium (continued),
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TABlE 17 TABLE 17 (continued)

(All annealed Specimens were held at
750°C for 30 min)

Corrosion Data for Thorium and Thorium Alloys
in 95° C Distilled \Yater

Corrosion Rate
mg/dm 2/month

Ames Thorium (early pr ad. )
C;R. 68% and annealed

Ames Thorium (ia te prod. )
C.R. 75% and annealed

Ames Thorium (early prod.)
C.R. 86% and annealed

Ames Thorium (e ar 1y prod. )
C.R. 86%

Ames Thorium (ear ly prod. )
C.R. 25%

Ames Thorium remelted
at ORNL in argon
C.R. 68% and annealed

Ames Thorium remelted
in vacuum at ORNL

Hot-rolled 80%
Cold-rolled 40%
annealed

28

- 595

-1190
-1800

- 430
- 518

15
23

7
11

576
- 720

Corrosion Rate
mg/ dm 2

/ man th

4% Nb Alloy + 100
C.R. 68% and annea led + 59

6% Nb Alloy -1340
C.R. 75% and annea led - 817

2% Zr Alloy - 229
C.R. 68% and annealed

4% Zr Alloy 51
C.R. 68% and annea led 3

4% Zr Alloy - 237
C.R. 75% and annealed - 265

6% Zr Alloy - 431
C.R. 75% and annealed - 353

2% Ti Alloy +2900
C.R. 68% and annealed

4% Ti Alloy - 625
C.R. 75% and annealed - 538

6% Ti Alloy +1420
C.R. 75% and annealed 58

Ternary Alloys (all alloys cold-rolled 75%
and annealed 30 min at 750 0 C)

2% Cr All oy
C.R. 68% and annealed

4% Cr Alloy
C.R. 68% and annealed

2% Nb Alloy
C.R. 68% and annealed

4% Nb Alloy
C.R. 75% and annealed

Carr as ion Ra te

7 mg/dm2 /month

9
1% Ti - 1% Zr - 281

- 251

21 Complete 1y
1% Ti - 2% Zr disintegrated

+ 7
+ 40

2% Ti . 1% Zr - 785

- 748

. 276 4% Ti - 1% Zr:- . 488

444- 43
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METALLOGRAPHY OF THORIUM

T HORIUM is difficult to polish be
cause of its softness. Lead laps

have been used, but were not found to
be as satisfactory as hand-grinding on
abrasive paper followed by polishing
on silk cloth with levigated alumina.

Considerable difficulty has been
experienced in satisfactorily etching
thorium to show the grain boundaries.
The most commonly recommended etch
has been 50% glacial acetic acid and
50% orthophosphoric acid. It was
found that this etch tends to stain
the matrix and makes identification of
individual grains di fficul t. However,
a new technique has been developed for
etching to show the grain boundaries.

The unmounted speciman was hand
ground through a series of fine abra
sive papers from 180 to 600 grit. The
specimen was then polished on a silk
cloth mounted on a motor-driven polish
ing disc. Medium-fine alumina powder
was used to remove the grinding scratches
caused by the papers. Final polishing
was accomplished with an electrolyte
of 1 part perchloric acid and 10 parts
glacial acetic acid. The specimen

(anode) was suspended, by a stainless
steel clamp, vertically and at right
angles to the stainless steel cathode.
The cathode-to-anode distance was
approximately 3 in. The polishing
period was 3 to 5 sec at 50 volts with
a current density of 4 amp psi. This
short time allowed slight metal re
moval with little attack on inclusions.
The specimen was removed from the cell
with the current on and immediately
immersed in a small amount of fresh
electrolyte to remove a loose film
formed during electrolysis. Due to
the etch-polish attack, examination
was made without further etching. This
technique was very satisfactory for
the pure thorium metal, but was found
unsuitable for polishing thorium alloys.

Since no good method of etching
alloys was found, an alternate polish
and-etch technique was used with an
etchant of 50% glacial acetic acid
and 50% phosphoric acid. Some of the
binary alloys such as Th-C and Th-AI
are attacked by moisture, and it was
necessary to polish and etch in the
absence of water.
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TABLE 1

Thermal Cycling of Ames Thorium in NaK between 100°C and 500°C

I

t

?.... ,

Annealed
Thorium 100 300 400 500 600 700 800 900 1000

No. 1 Original Cycl es Cycles Cycles Cycles Cycles Cycles Cycles Cycles Cycles

Length (in) 4.012 4.026 4.051 4.061 4.075 4.091 4.091 4.097 4.110 4.099
Di_me ter ( in,) 0.750 0.752 0.760 0.757 0.772 0.763 0.763 0.769 0.769 0.768
Weight (gm) 333.876 . 334.133 330.965- 324.898 322.851 320.303 319.619 317.500 316.653
M (in.) - +0.014 +0.039 +0.049 +0.063 +0.079 +0.079 +0.085 +0.098 +0.087

d (in,) - 0.002 0.010 0.007 0.022 0.013 0.013 0.019 0.019 0.016
t:.w (gm) - - +0.257 -2.960 -8.978 -11.025 -13.573 -14.257 -16.376 -17.223
We Change (%J - - 0.07 0.88 2.69 3.3 4.07 4.27 4.9 5.15

Annealed
Thorium

No. 2
Length (in,) 4.005 4.021 4.043 4.048 4.064 4.081 4.080 4.069 4.013 4.102
Diameter (in.) 0.750 0.752 0.763 0.761 0.762 0.765 0.767 0.774 0.775 0.764
Weight (gm) 333.876 - 334.350 330.470 327.405 325.585 323.696 322.813 316.370 313.901
6.l (in.> · +0.016 +0.038 +0.043 +0.059 +0.076 +0.075 +0.064 +0.098 +0.097
t:.d (in.) - +0.002 +0.013 +0.011 +0.012 +0.015 +0.017 +0.024 +0.025 +0.014
t:.w (gm) - - +0.574 -3.406 -6.471 -8.291 -10.180 -11.063 -17.506 -19.975
Wt. Change (%) - . -0.11 1. 02 1.94 2.48 3.04 3.31 5.24 5.98

Co1d.Rolled
Thorium

No. 1
Length (in.) 4.032 4.031 4.034 4.030 4.035 4.035 4.022
Diameter (in.) 0.498 0.501 0.493 0.505 0.502 0.497 0.493
Weight (gm) 150.301 150.169 145.960 145.496 138.792 134.240 127.487
t:.l (in,) - -0.001 +0.002 - +0.003 +0.003 -0.010
t:.d (in.> - +0.003 -0.005 +0 007 +0.004 -0.001 -0.005
t:.. (gm) - -0.132 -4.341 -4.805 -11.509 -16.061 -22.814
Wt. Change (%) - 0.08 2.9 3.19 7.66 10.68 15.00

Cold-Rolled
Thorium

No. 2
Length (in.) 4.009 4.018 4.023 4.028 4.020 4.023 4.019
Diameter (in.) 0.497 0.502 0.505 0.514 0.510 0.500 0.494
Weight (gm) 148.716 149.627 145.892 145.321 140.391 136.623 130.411
ell (in.) · +0.009 +0.014 +0.019 +0.011 +0.014 +0.010
e:.d (in.) - +0.005 +0.008 +0.017 +0.013 +0. 003 -0.006
6w (gm) - +0.851 -2.884 -3.455 -8.385 -12.153 -18.365
Wt. Change (%) - 0.57 1. 94 2.32 5.64 8.17 12.34

Cold-Swaged
Thorium

Length (in) 3.981 3.955 3.974 3.980 3.987 3.995 3.995
DiallJeter (in.] 0.440 0.432 0.447 0.452 0.447 0.448 0.436
Weight (gm) 114.615 114.203 110.316 109.753 107.600 103.630 98.301
M (in) - -0.026 -0.007 +0.001 +0.006 +0.014 +0.014
t:.d (in,) - -0.008 +0.007 +0.-012 +0.007 +0.008 -0.004
t:.w (gm) - -0.412 -4.299 -4.962 -7. 015 -10.985 -16.314
Wt. Change (%) - 0.36 3.75 4.32 6.12 9.58 13.95

As·Extruded
Thorium

Length (in.) 4.030 4.060 4. 106 4.106 4.119 4.134 4.155
Diameter (in) 0.485 0.491 0.491 0.495 0.494 0.492 0.483
Weight (gm) 144.550 145.204 140.405 139.929 134.904 131. 192 124.232
t:.l (in) - +0.030 +0.076 +0.076 +0.084 +0.104 +0.125
t:.d (i n.) - +0.006 +0.006 +0.010 +0.009 +0.007 -0.002
e:.. (gm) · +0.654 -4.145 -4.621 -9.646 -13.358 -20.318
II't. Change (%) - 0.45 2.87 3.19 6.67 9.24 14.05
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