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ABSTRACT

A study was made of powder characteristics and
cold compacting properties of metalli¢ thorium,
Thg and Th4 powders produced from Ames billet:
~lathe turnings. In addition a preliminary
. study was made of the influence of various pow-
der processing and sintering variables on some
physical properties of cold compacted bodies.
The cold compacting and sintering characteristics
of metallic thorium powder were generally superior
to. those of the hydride powders. The thgrium pow-
der could be cold compacted at ‘75 tsi to 96% of
theoretical Ames billet density and sintered to
99%-0of the billet density when heated to above
1250°C for one-half hour. A test bar made from
cold compacted and sintered thorium powder was
found to have an ultimate tensile strength of
45,200 psi and an area reduction of 38.5%
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II.

INTRODUCTION

Because of the ability to.obtain fisSionable‘U233 from thorium,
thorium is now receiving steadily incréasing attention. The-
main interest at present centers on its use as blanket material
in breeder piles. The fabrication- techn1ques used at .present

for thorium are the conventional types, including me1t1ng, casting
and working. The successful application.-of powder metallurgy
methods to thorium or 1t5ahydr1des; ThHy and ThHy4, could involve
a considerable saving in money. Preliminary work.has indicated,
SEP-138, that thorium hydride can be produced to a high degree
of purity. In addition, thorium powder made from this hydride
can be applied to powder méetallurgy processes. Because of this,
a detailed study of the preparation and subsequent den51f1cat10n
of thorium powder was made. :

It was recognized early in the program that it was of prime im-
portance to understand the production and characteristics of the
starting powders. This was especially true with’ regard ‘to sub=
sequent powder compacting and sintering. The follow1ng report
contains the results of such ‘an investigation in which the meth-
ods of producing thorium, ThH4 and ThH2 powders was varied. The
resultant powders were then cold pressed and sintered. At all
stages of the work the powders and specimens: obta1ned were char-
acterized and evaluated. : :

" The data regarding'the powders obtained incrude the effect of

hydriding and decomposition, as well as of rehydriding and re-
composition. In addition, hydriding was conducted  for different
lengths of time to ascertain what effect this had .on.the. resultant
powders. The powders obtained were characterized -dccording to
mesh fraction distribution, particle size, apparent density and
flow rate. Cold compacting studies were also carried out on the
different powders, and green densities were determined. - Finally,
sintering experiments were conducted to determine the: effect of
temperature and time-at-temperature, as well as green brlquette
cold compacting pressure, powder. partlcle size -and processing
history. Sintered densities, hardnesses and electrical resis-
tivities were measured. In addition, several"” spec1mens were
checked for: ten511e strength and m1crostructureo'

MATERIALS AND PROCEDURES

A, Materlals_

The raw mater1a1 exclus1ve1y used 'in thls study were lathe
turnings from Ames thorium billets. Table I shows the compo-
.sition of this material as. analyzed by spectroscoplc and
chem1ca1 methods. A :




TABLE I

Comp051t1on* of ‘Ames. Thorlum Ch1ps
"As Recelved"

% by Weight

Be 0.1 : - 1.0 .
Ca - 0.0001 ~ 0.001
Cr ° 0.001 -~ 0.01.
Cu 0.0001 -~ 0.001
Fe 0.01 -~ 0,1

Mg 0.0001 - 0.001
Mn . 0.0001 -~ 0.001
Na 0.0001. - 0.001

Si  0.01 ~ 0.1
Th . balance

N 0,017

0 0.11 _
c 0.05 - 0.06

*# N, O, and C were determined chemi~
-+ cally, while the rest of the elements
were spectrographically determined.

B. Procedures -

1.

Hydr1d1nq of Ames Thor1um Ch1ps

The Ames ‘thorium ch1ps, as-received, were hydrlded ac-
cording to a standardized procedure, to the dihydride or
the tetrahydride form as limit and, if required, subse-
quently dehydrided t6 metrallic thurfum puwder.

The hydriding procedure described below was designated

as "singly hydrided™. Several "doubly hydrided" charges
were also made. These latter charges were first "singly
hydrided”, then dehydrided in .vacuum at 700°C to approxi-
mately 20 microns and subsequently rehydrided. The equip-
ment used for the hydriding and dehydriding of the mater-

.ial investigated consisted of a 4" i.d. inconel reactor

chamber, externally heated, connected to-'a vacuum train
and an argon and hydrogen gas pur1f1cat1on ‘system which

produced gas .at a dgﬂ_gg;g;_ggﬂa prox1mate1y ~-80°C.

e
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‘The procedure consisted of the ™llowing steps:

The chips were plckled in 30% HC1 for.flve minutes
and subsequently washed chlor1de free and dried in
air. :

The chips were loaded into the réactor chamber which
was then alternately evacuated to 20 microns and fil=-

" led with purified argon.  The reactor was then heated

to 450 to 500°C under vacuum.

Purified hydrogen was then admltted and the exothermlc

reaction
- Th + Hzﬂ—ﬁqhﬂz

was allowed to proceed to the formatlon of ThHy to
about 650°C., The hydrogen pressure throughout the
cycle was maintained at approximately 20" Hg.. The
time consumed for a 2500 g charge was generally 1 to

2 hours,

'After reaction of hydrogen'ceased, as indicated by a

flowmeter, the product was cooled in hydrogen to room
temperature and removed under an argon atmosphere if
the desired product was ThHp.

- In the production of the ThH4'type of material, the

cooling cycle was arrested at 230°C and the charge
maintained at that temperature until the visible ab—
sorption for the reactlon, :

‘ThHy + Hy ——3ThH,

.producing ThH4;'ceased°‘ The product, 2500 gms, wWas

then allowed to remain at that température under hy-'
drogen for spec1flc lengths of time, 4.5 to 85 hours,
in order to obtain products of varying ‘hydrogen con-
tents, At the end of this period the charge was cooled"
under hydrogen or argon and removed for further pro-
cessing under tank argon. :

In the case of the production of metallic thorium-
powder, the tetrahydride was pulverized to -100 mesh,
as described below, and ‘heated to 700°C under purified
hydrogen at atmospheric pressure to enable the reaction

4 ThH4;——§ThH +-H2

‘.'to.take.'plga’-ce° Aﬂ;g; egolgtlon of hydrogen ceased,

~SECRE e
. T Ty
S

246 - 007



2,

N

. Ty
the chamber was exhdustedat 700°C.. The reaction

ThHy —=3Th + Hy

proceeded until only a minimal amount of hydrogen
corresponding to an equilibrium pressure of approxi-
mately 20 microns remained. The charge was then
cooled under vacuum and further processed. Fig, 1
shows a flow she€t of the process.

Intermediate Processing and
Iestinq of the Powder

The hydrided thorium chips or the loosely sintered cake
of metallic thorium powder were removed from the .reactor
chamber and further processed under a protective atmos-
phere of tank argon as follows:

a. The batch was sampled for analysis.

b. 100 g of the hydride powder in "as hydrided™ condition
were screened for fifteen minutes in a nest of stan-
dard 3" diameter sieves on a vibratory screening table
to determine the relative friability of the material.

¢c. The remainder of the batch was crushed and pulverized
to the desired mesh sizes by hand with a steel mor-
tar and pestle. '

d. The apparent densities and flow rates. at the various
fractions were determined by means of a Hall Flow
Tester,

The bulk of thé investigation was carried on with the
mesh fractions, U.S. Standard sieve size,

=100 mesh
-20 +80 "
~100 +200 "
-325 "

Other mesh fractions and powder im "as hydrided" and "as
sieved" condition were, however, also used in some phases
of the work.,




Cold Compacting of the Powder;;

The powder, both hydride and metallic, was pressed in a
0.500" diameter steel die in 5.00 g charges. The die was,
in all cases, loaded and unloaded under a protective at-
mosphere of tank argon. Compacts were pressed at 28 tsi
under argon. whilethose compacted at higher pressures were
pressed without protectlve atmosphere becduse of limitations
of press equipment.®"

‘S1nter1ng of Cold- PreSSed Compacts

10 g specimens, 1- 1/2'0 x 1/4™ x approx1mate1y 1/4" were
cold pressed in a V-block steel die and sintered in a
high-frequency induction or electrical resistance tube
furnace. The powder was.loaded into the die and the com-
pact removed from it under -an argon atmosphere.

All cold-compacted thorium and thorium hydride compacts,
with the exception of a few specimens sintered in hydrogen
and vacuum, were sintered in a tank argon atmosphere,

The dew point of the tank argon was =60 to -70°C.

Two types of sintering furnaces were used in this work,
One type consisted of a 2" i.d. quartz tube surrounded by
a graphite sleeve heated by a high-frequency induction
coil. The space between quartz and graphite contained
Norblack-insulation. - This furnace was used for sintering
temperatures up to 1550°C. The Other sintering furnace,
used for temperatures up te 1350°C, consisted of a 2" i.d.
mullite tube heated externmally by a Kanthal electric
heating element. In both cases the specimens rested on

a vacuum degassed graphite sl\b in a slow flowing argon
atmosphere during sintering. A few specimens were also
sintered in a hydrogen atmosphere in a2 molybdenum-wire~
wound electriec rcaistance furnace und, under a vacuum of
approximately 200 microns, in a qraphlte sleeve high- .
frequency induction furnace,:

1 B———
& G n
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IIT. EXPERIMENTAL WORK AND RESULTS

A. Production of Powder

The Ames billet lathe turnings used as raw material were hy-
drided in lots up to 2500 g and dehydrided in 5000 g lots in
the standardized manner described above. No operational dif-
ficulties were encountered. The .strongly exothermic reaction
of the hydriding of thorium to the dihydride caused local
temperatures considerably above the theoretical reaction temp-
erature of 650°C, but this condition did not seem to have. any
noticeable influence upon the product.

"The batches of dihydride and tetrahydride produced were al-
lowed to remuin under hydrogen.at reaction temperature for
various lengths of time. The pressing properties of the re- ,
sultant product, as well as the actual indications of hydrogen
reaction and chemical analysis, showed that it was possible

to accomplish further hydriding after the bulk of the reactable
hydrogen, as indicated by the flow indicators used, had com-
bined with the thorium. The major portion of the hydriding
reaction, as indicated by the cessation of visible gas flow,
consumed approximately one hour for the formation of the di-
hydride and three to four hours for the tetrahydride. Chem-
ical analysis for hydrogen content of the product did not
yield consistently reliable results; but did give an indi-
cation of continuous, if decreasing, hydrogen absorption over
a period of eighty-five hours in producing the tetrahydride.
Analysis showed the product to contain 1.68% Hy, ThH3 ¢, and
1.53% Hg, ThHg ¢, for eighty-five and four-and-one-half hours
of hydriding from ThHyp to ThHy, respectively. All batches

of the dihydride analyzed showed a hydrogen c¢ontent slightly
in excess of the formula ThHs, e.g., approximately 0.90%.

The dehydriding of the tetrahydride in a vacuum of approxi-
mately 20 microns at 700°C resulted in a friable sinter cake.

B. Intermediary Processing and
Testing of the Powder

The tetrahydride type of powder, dark blue in color, was

eusily crushed, and was oconsiderably more friable than the

light gray dihydride type. Table II shows the results of

typical standard sieve analyses conducted on the "as hydrided"

product for both the dihydride and tetrahydride. It can be

seen that the sieving resulted in considerable comminution

of the tetrahydride, but only in an insignificant amount in

the case of the dihydride. All comminution was done with a

steel mortar and pestle. The sinter cake of thorium resulting

from the dehydriding of the tetrahydride was easily crushed

to the -100 mesh particle _size of the . driginal hydride.
SRR e
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Table III shows typical flow rates and apparent densities of
the various types and mesh fractions of powder 1nvest1gate¢
The hydride powder particles were found, by microscopic ex-
amination, to be relatively more angular and .sharp cornered
than the particles of the thorium powder. The particles of
the former powders are undoubtedly also harder and less duc-
tile than those of the latter, thus resulting in more ir-
regular shaped particles after comminution. These physical
properties probably explain the poor flow properties.of the
hydride powders relative to the metallic thorium powder. The
average particle size of a powder fraction was taken as the
50% intercept of a plot of log sieve mesh size in microns
versus probability weight percent of powder passing through
the indicated sieve.

The material when processed as described above, under a pro-
tective atmosphere of tank argon, and pressed in ‘the manner
outlined, was found not to be noticeably contaminated with
oxygen, nitrogen or iron after processing as substantiatied _
by spectroscopic and chemical analyses. The tetrahydride was
pyrophoric in most mesh fractions including the "as-hydrided"”
fraction. The dihydride oxidized slowly upon exposure to air,
while the metallic thorium exhibited the least tendency to
surface oxidize,

No visible deterioration of pressed.compacts. stored under a
protective atmosphere of argon for a period of one month could
be ascertained in the case of both the higher hydride and the
metallic thorium, but compacts pressed from the-dihydride
commencpd to dlslntegrate after one or two days storage.

Cold Compactlnq of the Powder

.-

The 5.00 g, 0.500" diameter specimens pressed from the powders,
in the manner described above, showed a volumetric expansion

of 2 to 3% upon ejection from the die. The compacts pressed
from the tetrahydride and metallic thorium powders were suf-
ficiently strong for handling when pressed at 7 tsi. The di-
hydride did not, however, give compacts that could be handled
when pressed below 14 tsi.

Fig. 2 shows, for various mesh fractions, the green density
versus cold compacting pressure relationship of a "doubly
hydrided" tetrahydride type of powder. The average increase
in the green density of the densest, "as hydrided”, fraction
over the least dense, -325 mesh, fraction over . the pressure
range of 25 to 75 tsi was found to be approximately 4%. The
superior green densities of the "as hydrided" and "as sieved"

-
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TABLE IT

Standard Sieve Analysis of "As Hydrided" Product
Sieved for 15 Minutes 100 g, 3" Diameter U.S. Standard Sieves

ThHyg Type Product - ThHp Type Product
U.S. Std, Weight - Weight - Weight Weight %
Sieve Opening On Sieve:Passing .Through On Sieve Less Than
Number Microns g K Sieve g Stated Sieve
10 1651 - 0 100.0 : 2.60 97.8
20. -833 23.22 76.6 © 95,350 2.28
80 175 67.66 8.37 : 1.65 0.63
100 147 4.09 4.25 0,27 0.36
200 74 2.93 - 1,29 0.13 0.23
230 62 - - 0.60 0.68 , 0.13 0.10
325 44 0.37 ' 0.31 ‘ 0.10 -
-325 44 0.31 - - -
Av, Particle Size® - 470 microns 1150 microns
Particle size be- - . Q4% +20 mesh - - 98% +20 mesh
fore sieving, approxi- :
mately ‘

¢ 50% intercept of plot of log sieve mesh size (microms) wersus
probability scale weight percent passing through sieve.

TABLE JII

Average Apparent Demsities and Flow Rates
of Thorium Hydride Powder
(Hall Flow Tester Used)

Type of Mesh Fracticon Av. Apparent =~ Av. Flow Rate

Hydride Microns Density g/cc g/ce
ThH, -20 +80 3.29 ' © nil
’ “100 +200 3.35 '. 1041
=325 ‘ 2,88 nil
w]00 ) 3.50 A nil
.Thﬂz -20 +80 ‘ 5.62 ' nil
‘ -100 +200 » 4.43 ' 2,61
T =325 3.76 C nil
» _ -100 A 4,46 ' nil
Th . -20 +30 3.61 nil
-100 +200 4,04 2.38
-’325 '3095 2003
-100 o . 4,68 % 3.03
° -; ey :
[ER=aOW TN 4 md MO )
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(powder resulting-from the standard sieve analysis) fractions
is probably due to comminution of the particles. to an effective
size distribution during pressing. It can be seen that here,
as in the case of all other powders investigated, a small,

but definite, increase .in green:-density results with increase
of average particle size for fractions with narrow limits

of particle size, e. g., -80 +100 mesh, etc, - :

The density variations, at various pressures, with mesh frac-
tion of powder and length of hydriding time, e.g., hydrogen
content, for a typical tetrahydride-type of- powder are shown
in Figs. 3 and 4 respectively. .It can be seen that the least
dense, finest, powder (average particle size = 4.6 microns)
exhibits a density approximately 4.to 5% dlower than that of
the densest,coarsest, powder over most of the pressure. range
investigated. The density varied with hydrogen content to
only a small extent (approximately 1-1/2%),increasing with
the length of hydriding time, e.g., hydrogen content. The
‘latter relationship was found to hold true for the three mesh
fractions, -20 +80, -100 +200 and —325 mesh investigated.

The less friable hydrlde9 €.go., the ThH2 type .shows similar
relationships between green density- and. cold compacting pres-
sure for varying mesh fractions and lengths of hydr1d1ng

time. The only exception tc these relationships is the re-
versal of the trend established by the -100 +200 mesh and -325
mesh fractions, in that the powder hydrided for the longer
time shows lower green densities than that hydrided for the
‘shorter time in the case of the -20 +80 mesh fraction. The
actual difference is small but censistent. Fig. 5 summarizes
the data. ' S

In cold compacting the metallic thorium poewder produced by
dehydriding -100 mesh tetrahydride type powder, a maximum
.difference in green density of 1.5% was found between the
three fractions, -20 +80, -100 +200, and -323 mesh, tested.
Fig. 6 shows, however, that contrary to the béhavior of the
hydride powders, the coarsest fraction, -20 +80 mesh, ex-
hibits the lowest green density above 30 tsi compacting pres-
sure. S .

The various types of powder, as classified in accordance

with their chemical structure, e.g., tetrahydride, dihydride
and metallic thorium, exhibit marked—differences in their
green densities as shown' in Fig. 7 for the -100 mesh fraction,
The ThHy type of powder shows the poorest density, ranging
from 5,6 g/cc at 10 tsi to 6¢35 g/cc at 75.tsi. The medium
dense compacts of the ThH2 type range from 7.2 g/cc at 10 tsi
to 8.6 g/cc- at 75 tsi. The metallic thorium powder compacts

- =g

-13-

(e
B
s

013



”g=============z

—%E

'show consistently a markedly higher green density ranging

from 8.5 g/cc at 10 tsi to 11.15 g/cc at 75 tsi compacting
pressure.. ' '

All green density versus cold compacting pressure curves show
typical trends, mostly having a relatively flat slope in the
vicinity of 75 tsi compacting pressure. The curves for the
-100 mesh ThH; and ThHg type powder compacts show a marked
flattening above 50 tsi.- :

"The errors incurred in this study, aside from possible varia-

tions due to deterioration of the powder, consisted primarily
of errors in measuring during the pressing opcration. The
pressing of a number of theoretically identical compacts
showed this érror to be * 105%

Sintering of Cold Pressed Compacts

1. Sintering in Argon Atmosphere

The cold compacted speclmens of thorlum, thovium dihydride
and thorium tetrahydride powder were sintered under var-
ious conditions in order to determine the effect of pro-
cessing variables on the sintered density and other physi-
cal properties. The following is a breakdown of the re-
sults of this investigation.

a., Effect on Sintered Density of-

(1) Sintering Temperature

The sintering temperature was varied from 900°C
to 1550°C for specimens of each type of powder,
cold-pressed at 75 tsi and sintered in a tank
argon atmosphere for 0.5 hours, Fig. 8 shows

the variation of sintered density with sintering
temperature for this sintering series. The most.
dense material, e.g., metallic thorium powder,
while exhibiting a density not greater than green
density when sintered at 900°C and 1000°C re-
sulted in a compact having a sintered density of
11.53 g/cc at 1350°C. This density is within
99% of the attainable Amés billet bulk density,
ranging generally between 11.57 and 11.63 g/cc.
"The material exhibited this high density when
cold pressed at 75 tsi and argon atmosphere-sin-
tered between 1250°C to 1550¢C. Sintering this
powder at temperatures above 1250°C did not re-

sult in a further increas n density.
A} . ! EW‘ \
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(2)

(3)

The ThH4 type of powder compact; consisting of
thorium resulting from-the decomposition of the
ThH during .sintering, attained a maximum den-
sity of 11.37 g/cc at 1550°C while the ThF4 type
powder compact, consisting of ThHo decomposed

to thorium during sintering, attained a maximum
density of 11.16 g/cc at- 1550°C. All types of
compacts showed a pronounced leveling off of the
sintered density at temperatures above 1250°C.
The ThH2 and ThHg4 type of powder compacts, prob-
ably due to their low green densities, in spite
of favorable sintering conditions brought about

by the dehydriding of the powder during sintering,

did not show any:tendency to reach sintered den-
sities comparable to those of the thorium pow-
der compacts in the temperature.range investigated.

Sintering Time

Fig. 9 shows the influence of sintering time upon
each type of powder compact as sintered in an
argon atmosphere at 1000°C. The data represent
the average of two specimens. While the thorium
type of powder compacts showed no significant in-
crease in density in the range of 1/4 hour to 8
hours sintering time, the other types of powder
compacts did show increased densities for longer
sintering periods. The ThH4 .type of powder com-
pact reached maximum density after 1/2 hour of
sintering while the ThH2 type of powder compact
reached maximum density only after .3 hours of
sintering. It is interesting to note that this
latter type of compact, while exhibiting a lower
sintered density than the ThHy type below approxi-
mately 2 hours sintering time, attained higher
densities for longer periods of sintering time.

Cold Compacting Pressure

A series of compacts, including all three types
of powder, were pressed one each, at 10, 25, 50
and 75 tsi and subsequently sintered in argon

for 0.5 hr. at 1150°C., ~-Fig. 10 shows the varia-
tion of sintered density-with cold compacting
pressure, The most pronounced effect of cold
compacting pressure on sintered density was found
in the case of the thorium powder compacts. The
sintered densdsty—of_the thorium powder compacts

-15-




surpassed those of the ThHo powder compacts only
beyond approximately 25 tsi and those of the ThHg
powder compacts beyond approximately 45 tsi cold
compacting pressure. The sintered density of

the ThH, type powder compacts varied only with-

in experimental error over the pressure range
investigated; the thorium powder compacts, how-
ever, increased in sintered density from 9.6 g/cc
for 10 tsi to 11.3 g/cc for 75 tsi cold compacting
pressure. The rate of increase of density with
compacting pressure did, however, substantially
diminish toward 75 tsi. The ThH2 type of powder
compacls exhibited, over the entire pressure range,
a sintercd density markedly inferior to that of
the ThH4 type of powdcr, and above 23 tsi compac-
ting pressure, inferior for Lhal of the thorium
powder compacts. While the sintered densities,
‘in general, increased with compacting pressure,
the rate of increase seemed to be very small for
pressure ahove 30 tsi.

(4) Powder Particle Size

A series of ThH4 type powder compacts pressed at
75 tsi from various mesh fractions of powder with-
in narrow ranges of particle size and sintered

in argon at 1130° for C.5 hr. resulted in com-
pacts exhibiting slightly increasing densities
with decreasing average particle size of the pow-
der. :

The ~100 mesh powder, representing a wider par-
ticle size distribution than the «20 +80, -100
+200, and =325 mesh powders showed, however, a
lower density than the narrow range particle
size powder of comparable average particle size.
Fig. 1l summarizes the data graphically.,

The "as hydrided"™ fraction {approximately 94% +20
mesh before pressing) is represented on Fig., 11
as a broken line indicating fair agreement with
the tendency of the curve to flatten out in the
direction of larger average particle size.

246 016
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(5) Length of Hydriding Time

The length of hydriding time to which the pow-
der was subjected was shown above to affect the
powder characteristics and cold compacting prep-
eriies of thorium hydride. This is probably
caused by the fact that the powders held varying
amounts of chemically bonded or adsorbed and ab-
sorbed hydrogen as well as by unknown effects of
the length of hydriding time on the brittleness,
particle structure and surface conditions of the
powder. A series of test compacts of tetrahydride
powder, hydrided for varying lengths of time from
4-1/2 to 85-1/2 hours did not, however, show any
correlation between sintered density and length
of hydriding time.

2., Sintering in Hydrogen Atmosphere and Vacuum

A few specimens of ThH4 type powder cold compacted at 28 tsi,
sintered in a purified hydrogen atmosphere in a molybdenum
wound electrical resistance furnace at 1500°C for one hour,
were considerably distorted after sintering. The densi-
ties .of these compacts and those sintered in a vacuum of
approximately 200 microns were 10.9 to 11.0 g/cc, consid-
erably below the 11.3 g/cc density of the argon sintered

. specimens. A considerable amount of hydride, forming a
layer on the surface of the specimen, was found to form
during cooling in the case of the hydrogen sintered com-
pacts. These sintering experiments were of an exploratory
nature and do not preclude the possibility of satisfactory
sintering of thorium compacts in a well purified hydrogen ~
atmosphere or a vacuum. ’

E. Physical Testing of Sintered Compacts

1. Hardness of Sintered Compacts

All sintered specimens were hardness tested on a Rockwell
Hardness Tester. No marked relationship between the hard-
ness of the material and sintering conditions was found.
In general all specimens above 11.0 g/cc density, regard=-
less of powder -and processing history fell between Rp80
and Bp90. Specimens of lesser density decreased rapidly
in hardness to below Rp50 for approximately 10 g/cc.
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Electrical Resistivity of Sintered Compacts

Electrical resistivity measurements made on a few speci=
mens showed erratic results which could not be satisfac-
torily correlated with the sintered density of the mat-
erial. Table IV summarizes the data. Even at the highest
densities, all sintered specimens showed considerably
higher electrical resistivities than a specimen machined
from an Ames thorium wrought bar, e.g., 20 to 30 x 10-6
ohm-cm and 17.5 x 10-6 ohm-cm, respectively.

TABLE IV
Elcotrical Resistivity of Cold Compacted and Sinterved
Thorium and ‘Thorium Hvdride Compacts
(Current - 2 amps)

Type of -Density . Electrical Resistivity,

Powder g/ce 107 ohm-cm
Th 11.108 24,0
Th 11.30 : - 30.0
Th ; 11.52 5 . 24.0
, Th 11.53 . A 21.3
ThHo* 10.19 ' 29.5
ThH 4* 10.43 27.8

Ames Th Rod 11.59 "17.5

* Decomposed to Th during sintering.

Tensile Strength of Sintered Compacts

The ultimate tensile strength of three sintered compacts
tested are tabulated in Table V below:

TABLE ¥

Ultimate Tensile Strength of Cold Compacted and Sintered
Thorium _and Thorium Hydride Compacts

' Ultimate Tensile Reduction
Specimen Density Strength, of Area,
Type g/ce psi %
Th . 11,53 45,200 38,5
ThH, ® o 11.13 36,300 12.5
ThHgo * 11.00 : 33,900 15.0

* Decomposed to thoriumfdw&ing sintering.
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4. Microstructure~of-SinteredrCompacts

An examination of the microstructure of the specimens
tested for ultimate .tensile strength, as tabulated in
Table V, showed all specimens to have equiaxed grains.-
.The thorium and ThHp ‘type of specimens contained grains
8-50 microns in size, while the ThH, type of specimen
contained slightly larger grains, approximately 8-150
microns in diameter. - All specimens contained considerable
amounts of inclusions, probably thorium oxide. Figs. 12,
13 and 14 show .the microstructures of these compacts.

LIERTAS

IV. DISCUSSION OF EXPERIMENTAL RESULTS : -

A. Production and Cold Compadﬁinq-ofvPowder

Of the three types of thorium powder produced by hydriding
and dehydriding Ames thorium chips, e.g., .the. thorium tetra-
hydride type, the thorium .dihydride .type, and metallic thor-
ium, the latter powder exhibited markedly superior cold com-
pacting properties as compared to the other two types.

The raw material, e.g., Ames thorium chips, hydrided easily
to both types of hydride. :The tetrahydride powder was con-

. siderably more friable than the dihydride types In general,
over the mesh fraction tested, the hydrides exhibited very
poor flow properties while the metallic thorium powder frac-
tions flowed satisfactorily with the exception of the coarse
-20 +80 mesh fraction. .The apparent densities of the powder

. types and sieve fraction tested did not show any significant
trend or correlation with the process variables as investi-
gated, g :

In obtaining the data for cold compacting these powders, the
most significant variation of green. density was found to be
relative to the powder type. . For example, the green densities
for -100 mesh powder at 75 tsi compacting pressure were 6.35
g/cc for the ThHy type, 8.6 g/cc for the ThHy type, and 11.15
or 96% of theoretical Ames billet densdity, for metallic thor-
ium powder. The metallic thorium powder also showed consid-
erably superior compactability, relative to its theoretical
.bulk density, as compared to the hydride powders. The vari-
-ation of green density with compacting. pressure for varying
. - mesh fractions of powder as well as for varying hydrogen con-
i tents of the hydride type powders was found to be not very sig-
o nificant, but generally showed a trend toward increasing green
densities with higher-hydrogen content (for an individual hydride
powder type) and coarsef\pax;icLe size., Thus the variation

}, -,

% ‘ o x
f S —_—
- =19~

sy
<
5D

019



B.

o 0

of green density with particle size for metallic thorium pow-
der was only 1.5% for the three mesh size fractions investi-
gated, e.g., -20 +80, -100 +200, and -325 mesh. The data
show that above 50 tsi, the increase in green density with
cold compacting pressure is very small for the hydride pow-
ders while the thorium powder shows an apprec1ab1e rate of
increase to 75 tsi. :

Sintering and Testing of Cold-Pressed Compacts

Compacts, cold-pressed in a manner similar to that used in the
investigation of the green properties of the powder, were sin-
tered in a tank argon atmosphere at various temperatures,

from 900 to 1550°C and for various lengths of time, from 15
minutes to 8 hours. The investigation of processing vari-
ables also included cold compacting pressure, powder particle
size and hydrogen content of the powder°

It was found that the sintered density increased in a typical
manner with temperature for all three types of powders used,
e.g., metallic thorium, thorium dihydride, and thorium- tetra-
hydride, for the sintering conditions to which they were sub-
jJected. The sintering curves flattened out above 1250°C to
an extent which showed that higher sintering temperatures would
not significantly increase the compact density. The metallic
thorium compacts reached 99% of theoretical Ames billet den-
sity while the best densities obtained for the other types of
powder were 97.8% and 96.1% for the ThH4 and the ThH type,
decomposed to thorium during sintering, respectively. The
latter two types of sintered compacts probably contained
larger amounts of hydrogen than the thorium powder compacts
resulting in a reduction of density. A study of sintered den-
sities in relation to length of sintering period showed that,
for the size specimens used, approximately 1/4" square in
cross section, while the hydrldes were considerably affected
by the length of sintering time, the metallic thorium pow-
der compacts were not so affected. Fig. 9 seems to indicate
that the general trend in densities observed for the standard
0.5 hour sintering periods, e.g, thorium, ThHy, ThH2 in order
of decreasing density, would show a reversal of the order of
the last two types of powder in the case of sintering periods
of several hours. However, even after a sintering period of
8 hours, the hydride type of powder compacts showed consid-
erably lower densities than the metalllc thor1um type powder
compacts°
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The 1nvest1gat1on of sintered:density relative to cold compac-
ting pressure showed, s1gn1f1cant1y, that .while the hydride
_powders were not greatly sens1t1ve “to' cold ‘compacting pres-~
sure, metallic thorium! powder:.ispecimens were:so to a very con-
siderable extent. The latter type of powder compacts exceeded
the hydr1de types in‘'sintered density only above approx1mate1y
45 psi cold compacting pressure. - This behavior may be an in-
dication of the cause of the felat1ve1y low sintered densities
of the hydride types of, powder. .compacts . as compared to the
metallic thorium powder compacts, particularly when considered
in conjunction with the reversal of the order of sintered den-
sity on prolonged sintering described above. ' The compacts of
thorium powder resulting from the dehydriding, during sinter-
ing, of the hydride powder compacts may be too loosely com-
pacted to attain a high density during sintering, e.g., com-
parable to a metallic.thorium powder compact coldﬂpressed at
a pressure considerably below 75. tsi. ) S
A significant superiority in sintered density of ThH4 type
powder of small average particle size over coarser powder was
conclusively demonstrated by cold compactiing and sintering
ThHy type powder of various mesh fractions. 7Varying hydrogen
content of this type of powder,'as indicated by varying lengths
of hydr1d1ng time, did not, however,'result in noticeable
changes in sintering character1st1cs.f All specimens, regard-
less of powder type and processing history, exhibited a hard-
ness of Rp80 to 90 for spe01mens having a sintered density
of above 11.0 g/cc. It was not possible to correlate sinter-
ing conditions with the electrlcal resistivity of the mater-
ial. The electrical re51st1v1ty of the pressed and sintered
specimens was considerably higher than that of a wrought
Ames bar, e.g., 20-30 x 10-%0ohm-cm as. compared to 17.5 x 10-6
ohm-cm. The higher resistivities of the powder metallurgical
product are probably due’ to ox1de inclusjons as well as the
presence of porosity., The u1t1mate ten51le strengths and
reduction of area of the metallic thorium powder specimens
were markedly superior to those of hydride type of powder
compacts due primarily to the inferior densities of the latter
types of compacts. Table VI gives a general comparison of
physical propert1es of wrought metal and compacts formed by
cold-pressing and sintering. I

Although relat1vely'11ttle, if any, oontam1nat1on of the pow=
der occurred during production and processing prior to sin-
"tering, the microstructure of the sintered compacts showed

up to 3 volume % 1nclu31ons,probab1y con51st1ng of oxide par-
t1cles formed during smterlng°

Compacts of ThH4 type of powder s1ntered in’ pur1f1ed hydrogen
and a vacuum of approx1mate1y 200 microns, showed densities in-

ferior to those plen 31ntcp+@§:¢mw&rgoms'
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TABLE VI :

| Comparison of Some Physical Properties of Wrought
and Cold-Pressed and Sintered Thorium

Type of Specimen u.T.S., % Reduction Hardness Density

1000 psi . in Area - Rp g/cc
Cast, rolled and 58.8 45.8 92.6 ° 11.57-11.63

extruded Virgin
Ames Metal, no
heat-treatment.®
Powder.Metallurgy 45.2 38.5 86 11.53
* The Fabrication of Thorium by Powder'Metallurgy;V
Jo. G. Klein, K. G, Wikle, NYO-11l15. :

CONCLUSIONS

The present investigation of the production of thorium and thorium
hydride powder, the powder characteristics and cold compacting
properties of these powders, as well as the preliminary sintering
study ut111z1ng these powders, showed fabrication of thorium by
the cold pressing and sintering techniques of powder metallurgy

to be feasible. Metallic thorium powder exhibits the best fab-
rication characteristics. It can be fabricated into bodies having
96% of wrought metal density by cold compacting and 99% of the
den51ty of the wrought material by cold compacting and s1nter1ng
in argon above 1250°C for short periods of time. Sintering in
vacuum or careful control of atmosphere purity,reducing contami-
nation during this processing operat1on,may be expected to result
in bodies closer to the physical properties of the wrought mat-

. erial than the 77% of ultimate tensile strength and 84% of re-

duction of area of the wrought material achieved here. The
comparatively low sintering temperatures relative to the melting
point of thorium at which high density is achieved in this pro-~
cess p01nts to the definite possibility of satisfactorily hot~
pressing the material at temperatures considerably below half of
its meltlng point, e.g., 900°C. This would make possible the hot-
pressing of this material in the type of conventional high-speed
steel or inconel dies used in the hot-pressing of uranium. Since
the history of the production of thorium powder from wrought

stock by hydriding and dehydriding does not seem to influence
markedly the physical characteristics of the sintered product,

a powder produced by a process not necessitating the production

of the wrought material, and consequently pérhaps less expensive,
would seem to be very desirable for the more extensive development

of thorium fabrication by poqggs_gg;g;Lgm@ical methods. The
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latter would be particularly advantagéous if the resultant pow-
ders were non-pyrophoric and could be cold-processed without the
use of protective atmospheres, thus allowing extensive simpli-
fication, resulting in considerable. cost sav1ngs, in the handling
and fabrication of the materlal.

a
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PRODUCTION OF THORIUM AND THORIUM HYDRIDE
POWDERS FROM AMES BILLET LATHE TURNINGS

Raw Thorium, AMES Billet|
Lathe Turnings
2500 g per Charge

30% Hydrochloric Acid
Pickle for S Mins.

'Wush' ' o e  -

l

Ory in Air -
HYDRIDING* r=——— ———. [Thorium

15t Stage gi';“;";‘:i':;ep-..] Pulverizing Dihydride
650°C , 20"Hg, -2hrs - , . L - Powder

PRY

Y

HYDRIDING * Thoriom
2nd S:oqe L re J:gy’g‘r’:‘d N Pulverizing {—w»= Tetrahydride
230-250°C, 20 Hg, 43 hrs : Powder

]

[

Pulverizing

L NOTE: In the production ot thorium,
DEHYDRIDING the second stage hydriding can be

700°C , to 20 Microns omitted.

#

Thorium — Powder Cake _ : ' | \

Y

Pulverizing

I —

Thorium Powder ; SECHE T
‘ C =24

Fig.1 Flow Sheet
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GREEN DENSITY , g/cc
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Fig. 4 -AGreen density vs.>cold compacting pressure. Thorium
Hydride ThH4 typé "singly hydrided" -20 +80 mesh.
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GREEN DENSITY , g/cc

THEORETl_CAL BULK DENSITY )
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Fig. 5 -~ Green density vs. compacting pressure.
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Figo 8 - Sintered dsnsity vs. sintering temperaturesthorium and thorium hydride ﬂ
cold press=2d at 75 tsi sintered in argon for 0.5 hr.
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Fig. 9 - Sintered density vs. sintering time. Thorium and Thorium Hydride

cold pressed at 75 tsi. Sintered in argon at 1000°C,
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hydride cold pressed at 75 tsi. Sintered in argon at 1150°C for 0.5 hr.
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