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GRAIN GROWTH IN THORIA AND THORIA-BASE FUEL FZLLETS

(IWBR Development Program)

R. J. Smid

I. INTRODUCTION _

This investigation was undertaken by the Bettis Atomic Power Laboratory
(Bettis) to'Qetermine the influence of powder and processing parameters on
érain growth in IWBR 0.53 inch diameter thoris and thoria-urania fuel pellets.
Although the overall pellet manufacturing process incorporates numerous
specifications, procedures, and controls, it is difficult to determine what
effect any single parameter has on grain growth since the variations
observed in the control parameters‘are typically small and frequently within
the error of the measurement. It wasAtherefore concluded that it was desir-
able to delineate the basic mechenisms of grain growth in thoria-base LWER
fuel pellets so that grain size variations and the semsitivity of the control

parameters could be evaluated.

The results of this investigation point to the presence of an as yet
unidentified impurity (orlimpurities) in_Th02 powder which is not completely
volatilized by conventional calcining treatments. The trace impurity is
removed from the exterior of‘the pellet during heating to sintering tempera-
tures, resulting in the formation of a "picture frame" on the outside of
pellets which has "normal" grain growth characteristics. On the ‘inside of
the pellet, SOme distance from the surface, the trace impurity inhibits
normal grain growth and changes the behavior to discontinuous grain coars-
ening. This leads to large variations in grain size within a single pellet
or between.pellets with only very small changes in sintering time, tempersture,
atmosphere, green density, and impurity content, thereby explaining why '
defined controls do hot always adequestely predict the final gféin size. The
impurity can be volatilized by hééting the ThOo powder to temperaturesAsome;
what above those initially utilized for production powder; changes in powder.
particle surface area and density caused by this recaicinatibn, héwever,
deterioratevgranulation; pressing and densification properties using initial
LWBR pfoducfion paremeters for these operatibns. These results suggested

three courses of action: 1) Blend calcined (impurity free) and as-received
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(impurity containing) powder to obtain the optimum characteristics of each.
2) 1Increase the grain boundary mobility so that grain growth proceeds in
spite of the presence of the inhibiting impurity. 3) Alter the production
of the original starting thoris powder so that“the inhibiting impurity is
either not present or its influence on grain growth reduced (may be

accomplished by optimizing impurity removal and surface area).

After investigating the kinetic nature of grain growth and theiinfluence
of célcining, the first two actions were examined because of the potential
immediate results. - It was concluded that the third course of action would

not be undertaken since it would requlre a long range development effort.

Two additional variables which vere 1dent1f1ed as hav1ng s1gnif1cant
influence on grain growth 1n Th02 fuel were the surface area of the starting

powder and the oxygen partial pressure of the sintering furnace.

II. SUMMARY.

A. Observations of Sintered Pellets With Uncontrolled Microstructure

- 1. Structural Nonuniformity

A feature which is striking to anyone examining the cross-
sectional microstructure of a sintered ThO, pellet with the grein growth
variation that prompted this investigation is its structural nonuniformity A
best described as a picture -frame structure; pos51ble even more unusual is
the reproduclbllity of this nonuniformity. The periphery of the pellet to a
depth which varies with powder lot of 0 050 to O. lOO 1nches con51sts of
grains of size normally in the range ASTM #5 to 8 whereas the remainder of
the pellet normally has a grain'size of ASTM #10 or finer. As pellets are
pressed to ever higher green dens1t1es, the grain size of the periphery |
remains unchanged or, at most reduces by one or two ASTM grain size numbers,
while the grain size of the 1nter10r increases to levels equal or greater
than those of the picture frame. This structural nonuniformity pers1sted
durlng initial pellet fabrication operations irrespective of powder source,
or subsequent handling. Significantly, the borders of cracks which are
formed in green pellets prior to s1nter1ng nave the graln size characteristies
of the periphery even when they penetrate to the center of the pellet. Two
separate experiments, Section V. B one involv1ng & low temperature hold in

the sintering cycle,»the.other using_mechanically drilled'holes in the pellet
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surface, proved that the picture-frame of the structure nonuniformity was
not in fact some unique property of the exterior of the pellet (such as green

density) but rather access of the pellet to the atmosphere.

2. Sintering Kinetics of ThOp Pellets, 0.53 Inch Diameter

Observations of grain size development in initial production or
development ThOo pellets were customarily confined to examination after the
normal 12 hour at l?SOOC sintering cycle; when grain sizes were less than
specification levels, the pellets would be re-exeamined after each repetition
of the standard cycle. This practice was premised not only upon production
practicality but also on the assumption that the various grain growth
mechanisms defined in Section IV.B of this report operated and that the 12
hour (or subsequent 24 hour) structures were in fact only extensions of the
structures which would be observed at shorter times as predicted from (t1me)2‘1/5
relationships. However, there were occasional observations of grains
much larger than specification in the center of pellets whose grain size was
otherwise "normel."” Further, it was noted that resintering often resulted in
grain sizes far coarser than could be explained by extrapolation of "normal"
grain growth kinetics. These observations métivated a more careful and de-
tailed study of structure development in ThO» pellets as a function of
sintering time, temperature, atmosphere, powder compaction, etc. (Section V).
These studies revealed the true differences between the picture frame and the
pellet core; specifically they identified the grain growth characteristics of

the fofmer to be "normal" and those of the latter to be "discontinuous."

In addition, the identification of exaggerated grain growth as a
result of the phenomens of secondary recrystallization documented the
existence of an inhibiting species. From the kinetic studies alone it was
not clear whether the impurity existed as a second phase, remained in solid
solution, or was present as a gas trapped in pores. Nevertheless, there

appeared to be little doubt of its presence.

Based on the conclusion that é grain growth inhibiting impurity
was present, and review of several articles in tﬁe'literature indicating
that under special conditions CO-filled pores could inhibit grain growph,
it was considered probable that residual carbon, as CO gas-filled poreé, was
the prime impurity. Attention was directed toward more effectusl procedures

for its removal from the original power and from the green pellet. A series
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of experiments where production ThOp pellets were heated to 1850% in a
vacuum ("solarization" experiments, Section V.C, Figure 31) without. increasing
fhe grain size, causing pore growth, or decreasing the density raised con-
siderable doubt about the presence or at least the importance of‘gas-filled
pores. Even more conclusive were the observapioné (Section VII.B, Figurehh)
where pore-free grains bordered grains with extensive hecklace porosity; ‘
the grain size in both areas was identical. Finélly,_it was shown that the'.
thorie pellets when pulverized as parf of the standard procedﬁre pfipr to
analysis adsorbed COp from the atmosphére oﬁﬁp the Thog. 't'his a&sOrBed COp
could be driven off at relatively low témperatures, < LOOYC, and therefore
could contribute little to structural development in ThOp pellets. It is
appareﬁt that large amounts of carbon deliberately introducéd in péiiefs can
affect the grein size, but sﬁch pbsgrvations are not germane to normal )
practice. Thu§, the role of,carboﬁ and gas-filled pores in the normallThOQ
pellet production process was ¢etermined t0 be unimportant ﬁo the discon-

tinuous grein size problemn.

3. Recrystallization Kinetics

The driving force for grain growth, namely grain boundary
energy, is known to be very small. It was considered that, if the driving
force for grain growth could be increased, differences between picture
frame and core of sintered pellets or between pellets. sintered to different
grain size levels or different material lots could be demonstrated in an
independent manner. A method for increasing the propensity for grain growth
is to locally plastically deform the oxide by hardnesé indentation. A ;
volume of material underneéth_the iﬁdenter is plastically deforméd, (Ret'. lj,
and the deformation energy contained in that volume then causeé recrystallii.
zation and grain growth‘upon reheating the indented specimen. It waé |
estimated that the deformation euergy stored in the plastic zone:beneath é
1 kg load Knoop indentation in ThOp is about 500 dyne-cm as compéred with
about 0.1 dyne-cm grain boundary energy in the same volume. Most of the
former strain energy will be recovered by mechenisms other than recrystal-
lization during ﬁéating. The experimental method and results are described
in Section VI. These experiments showed that the grains in the picture

frame region recrystallized readily around the indentation whereas the fine-
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grained core region was resistant to recrystallization unless the temperature
was raised to 1800°C. Recrystallization, even in the core of the pellets,
was noted when the grain size was increased to a size greater than ASTM £8.5

in the core region by increasing green density.

These results are believed to be interpretable only on the basis
that @& grain growth inhibitor is present in the interior of pellets (but is
eliminated in the picture frame region upon heating to sintering temperature)
which prevents recrystallization around the indentation even with the added
stored energy of plastic deformation. The fact that, even in the pellet
interior, recrystallization is noted when the grain size is increased is
interpreted as indicating that the inhibitor is not an immobile dispersed
phase or pore but more probably an impufity in solid solution which retards
the grain boundary but is eventually swept up by advancing grain boundaries
by a process analogous to zone refining to an extent that recrystallizatipn

around indentations is unhampered by the presence in bulk of the impurity.

The fact that both sintering kinetic studies and recrystalliza-
tion results indicate that grain growth occurs more readily with increased
temperature also tends to favor the impurity drag hypothesis and hence the
presence'of an impurity in solid solution; however a significanf incfease in.
the self-diffusion rates with increase in temperature may impart sufficient
energy to grain boundaries to enable them to hove past even immobile dis-

persed phases.

4, Effects of Sintering Temperature and Atmosphere and ThOo
Composition '

In the course of performing the "solarization" experiments

previously described, the observation was made (reported in Section vV.C)

that grain growth in a conventional production ThOp pellet made from powder
containing about 100 ppm Cea and initially sintered 12 hours at 175000 was
merkedly enhanced by resintering for an additional 12 hours in wet hydrogen
at 1800°C, but unchanged by resintering for 12 hours at 1850%C in a high
vacuum. An explanstion was postulated for this observation based on changes
in the defect structure induced in ThOp, by equilibration with the atmosphere.
It is apparent that factors which increase the self-diffusion rate of ThOp,

such as equilibration with an oxidizing or less reducing atmosphere
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such as air or wet hydrogen rather than a-highly reducing atmosphere ‘such as
pure hydrogen, or higher temperatures of sintering would increase grain boundary
mobility and thus permit grain growth even in the presence of inhibiting phases

or elements,

5, Impurities Responsible for Grain Growth Inhibition

Various imphrities have been postulated as'being'responsible
for grain growth inhibition, - The reasons for discarding carbon as a suspect
were previously discussed, Sulfur was also a prime candidate since, unlike .
carbon, its presence in the powder and not as an adsorbed gas is reel and it

is not driven off at low temperatures'but requires high temperatures for its
removal (See Table 1l4). The presence of a thorium oxysulfide phase in an

area where large idiomorphic grains were detected directed attention initially
to this impurity; however, the absence of this phase in the aress where

exaggerated grain growth was -observed cast considerable doubt on its possible

role as an inhibiting impurity.

It was also shown in Section VII ‘that marked changes can be
produced in the sintering characteristics of ThOé'pellets by calcining the
powder at temperatures which have little or no effect on the sulfur content.

For these'reasons, sulfﬁr is no longer regarded as & prime suspect.

Sampﬁe' of ThO2 powders whlch have been ca1c1ncd at 1100 °C in "
air and hydrogen and which have shown correspondlng changes in grain growth
behavior upon subsequent compaction and sintering have been examined by spark
source mass spectrography to detect differences in impurity levels, Of the
elements detected,only sodium and fluorine are present in sufficient quantity
and are reduced by calcining in a manner consistent w1th the postulate Cross
sections of fine-grained and coarse- gralned ThO pellets examined at the h
Westinghouse Research Laboratory uslng an ion probe detected Na and K as
1mpur1t1es in the ThO -U23302 sample : However, at thls tinme p051t1ve identi-
fication of the specific graln growth inhibltlng agents is unavailable.

6, Effects of Particle Size and Pellet Green Density

Increasing green density has been known to increase grain size

at Th02 fuel pellet centers whereas a general correlation has been noted .
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pbetween ThOp powder particle surface area and grain size, the latter in-
creasing directly with the former. The latter effect was found to be even
more prominent in the calcined materials than in the as-received powders,
Section VII. Possible relétionships between particle size and grain-size
have been confounded by the presence of internal porosity in the particles.
Since the major effect of finer particles is the increased surface area, the
parameter of prime importance with regard to grain growth is the powder
surface area rather than the particle size. The manner in which these
observations tie in with impurity inhibition of grain growth is discussed

below.

Increased pellet green density may influence grain growth in the

following ways:

(a) With increasing green density the interparticle void volume
obviously decreases, and sintered densities at which grain growth can oceur
rapidiy are achieved earlier in the sintering cycle, This effect may be-large
at short times of sintering but is expected to decrease in importénce with

sintering times approaching 12 hours,

(b) With better interparticle contact in the green pellet,-
discontinuous grain growth can initiate earlier in the sintering cycle and
proceed from more nuclei, Thus a grain size coarser than that achieved at
lower green densities but finer than the grain size attained after grain

coarsening has occured in the low green density bodies may occur,

(c) Pellet density may be higher at the pellet surface than at the
center at low green densities but the oppoéite at higher green density levels,
Thus grain size may reflect density variations in the green pellet, This
explanation is deemed inconsistent with the early attempts to measure green
pellet density variations reported in Ref, 2 which showed no consistent trends
or showed a density variation inconsistent with formation of a picture frame,
nor does it agree with the results of the experiment where grain growth was

detected along the surface of holes drilled into a pellet prior to sintering,
(d) With increasing green density, particles may be increasingly

fractured during compaqting and the grain growth pattern and trends with

increasing green density may reflect particle size variations in the green
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pellet, Available results reported in Ref, 2 show only.small -effects of

compacting or green density on particle size (or surface area),.

With increagingly fine ThO2 particles, grain growth is expected

to be affected in the follow1ng manner,

(a) At cons tant green denslty, 1nterpart1cle contacts are more‘
numerous and remnant v01ds smaller the smaller the partlcle 1ze TthA ‘
should result in more rapld 51nter1ng to levels of den81ty at Wthh graln
growth can occur unlmpeded by the presence of v01ds Thus a small 1mprove-"

ment in graln size is anticipated by this mechanlsm.

(b) The greater the number of interparticle: cuntacts the
sooner nuc1e1 for dlscontlnuOus grain growth can form and the greater the
number. Thus agein grain sizes will be intermediate between those of
inhibited and those of grain coarsened -compacts..

. (e) Substrnetures and sub-boundaries mey form as adjacent
partielesvcoalesce and‘grow. Such substructures, remnants of the original
particle structure, are expected‘to erhance self-diffusion rates and hence
improve grain boundary mobility as described i% Section II.A. - Alternatively
substructure boundaries may entrap inhibiting impurities and reduce the
concentration at migrating boundaries and thus reduce the impurity drag
effect, - These mechanisms are completely speculative and have not been
demonstrated experimentally; they are 'attractive however in that they are
the only ones, of all the preceding .speculations, .capable of predicting an
effect of. the original powder sizeh(surface area),and‘green density

persisting into the .very late stages of sintering,

It ie convenient to regard the ellects ot increasing greeén
density and of finer particle size (greater surface area) in.the same light. .
as that of increasing temperature on grain coarsening. It has been :shown in
steels that grain size is a nmaximum at .a temperature Jjust above that at ‘which
grain coarsening ‘initiates and decreases with increasing annealing tempera- -
ture as more nuclei become activated, Ref, 3, Similarly, the higher the.
green density and the finer the initial particle size (greater the surface
area) the .lower sintering temperature at which:pronounced grain coarsening

may be noted, It is apparent that much more experimentation and evaluation
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are required to sort out the effects of all these variables. 1In any case,
the sensitivity of grain size to these factors is in itself strong evidence
of the presénce of inhibiting impurities, since no mechanism for such sensi-

tivity has been devised for a very pure powder.

B. Effect of Powder Calcining on Grain Growth

As described in Section II.A.2 calcining of the ThOo powder was
proposed to remove what was originally considered to be the principal
contaminant, namely carbon. For this reason there was employed an
extended time of 48 hours in air at 1038°C, the highést. calcining tempera-
ture employed by the powder producer, National Lead ot Ohio (NLO), with a
thinner bed depth accompanied by rabbling to expose a maximum amount of
powder surface. As reported in Section VIII, Westinghouse Research Labora-
tory (WRL) found that in sintering compacts from these powders & marked im-
provement in pellet grain size rgsulte& és compared with compacts made from
uncalcined'powders, even though by this time carbon was beginning tb be

regardad zy unlikaly to contribute to grain growth inhibition.

in Jight of these promising results, additional.ThO, powder lots,
096 zud 136, were calcined in air at 1100°C for 48 hours in 2 kg batches.
Ni-Cr-Fe Alloy 600 boats were used in the hope that little additional con-.
tamination would arise from their use at a 60°C higher temperature; un-
fortunately considerable contamination 6ccurréd from oxidation produ..s of
the boéié;lalthough the grain size resulﬁs obtained are believed to be un-
affgcted since the méjor‘alloying elements in this material sre readily
reduced in sintering and are present, albeit to a lesser extent, in.the
original powder. As noted it became apparent that cafbon,which would most
réadily be removed by oxidation was not the.culprit element. Also as
evidenced by the formetion of normel grain.Size'picture frames on compact
surfaces, the impurity can be removed by heating in a hydrogen atmosphere.
Thérefore since production feasibility of caléining is enhanced by use of
hydrogen aiﬁdspherg facilities particuiarly if temperatures higher than
1100°C are required, a parallel set 6f powders was calcined at 1100°C for
48 hours in hydrogen. The avaiiable grain size results from these powders

are contained in Section VII.B.



WAPD-TM-131Y

Two different levels of Ca0 in Thég were used in this investigation.
Thoria powder lot 096 which was typically used for the production of Thoé
(no‘UOQ)‘ﬁellets contained 100 ppm CaO. The addition of the CaO was used as
a sintering aid for the thoria pellets by increasing the diffusion coefficient
of the thorium ion, rather than the usual method of inhibiting the mobility
of the. higher .energy grain boundaries (see Section IV.C). Since the
addition of UO, to ThO, acts as a sintering aid, the ThO, powder used in the
production of the ThOp-UOp pellets did not require a CaO addition (normal
trace -Ca0 is approximately 4 ppm). : : :

The pr1ncipa1 conc1u51ons are that with the powder contalnlng
100 ppm CaO, calcining both in air and hydrogen improved grain growth
relative to the as-received powder,'w1th the latter less effectlve than the
former. With the powder free of CsaO0, again calcining 1mproved grain growth
over the as-received powder, but here the hydrogen calc1n1ng was more
effective than air calclnlng. These results concerning the effect of Cao
are tentative since the surface aresas (and hence particle sizes) of the
various powders were not the same which made direct comparison difficult;

however, it was clear-:that celcining improved grain growth.

Since a'pictnre frame was still present in cross sections of the
calcined pellets, it is concluded that the impurity content was reduced,
but not however to a level sufficient to eliminate the discontinuous graln
growth ‘behavior of the pellet. To attempt to ensure the removal of the
impurity phase, CaO free powder was calcined at 1200°C for 8 and 24 hours
and at 1400°C for 3 and 9 hours. The resulting powders were subjected to
multi-pass micronization to normalize the very strong influence of the powder
surface area. The results of these tests showed that it was extremely diffi-
cult to mechenically reduce the particle size below about . The‘grain
growth results indicated that shorter calcining times at hiéher temperatures
-were effective 1n increasing the grain growth. However, the beneficial
effects of increasing the calcining temperature to promote additional
impurity removal were diminished by the increased diffusion distance re-
sulting from particle densification. It was therefore concluded that high
temperature calcining was not a practical method of impurity removal

because of the reduced powder surface area snd increased contamination from

10
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the calcining crucible. It is possible that long time calcining at low
temperatures, < 982°C, may be worthwhile, but further experimentation would

~

be required (See Section IX).

In an effort to overcome the influence of the reduced surface area
of the calcined powders on grain growth, calcined (lhOOOC - 3 hours) powder
was blended with as-received (calcine of 1038°C at vendor) powder. It was
considered that the pure, large coarse or higher density particles of the
‘calcined powders would act as nucleation sites and be able to grow at the
expense of the smaller or lower density impure particles. The grain growth
results obtained from these powder blends, Section VII. D, were different
than expected. Grain growth in the blended powder pellets was consistently
greater than that observed in either pellets fabriéated solely from the
calcined or as-received powder. This synergistic effect was explained in
terms of a high purity particle with low surface energy able to grow at the
expehse of an iphibited particle with high surface energy. :

III. ANALYTICAL METHODE AND FRODUCTION BROCEDURES
Since 3z wide varizsty of techriqu°* wers uS”é in Unls work as noted
throughout this report end, in many caces, more than one procedure wse
used tO measure & single ypsrameter; e hrief swumary of the variovs methods
with attention being focussed on the differences tetween methods is glven
helow. '
A. Powder Prepsration for Pressing
1. Liquid/Solids (L/S) Blending
All of the pellets studied in the section on grain growth

kinetics, Section V, and selected pellets fabricated from powder calcined at

1200 and 1400°C were produced in the thoria production facility by the
liguid/solids (L/S) btlending process. The powder was mixed in & vee-blender
while 2 solution of Oxylene and binder was spreyed into the blender.
Approximately 1.0 w/o Carbowex 6000 wes used 2as the binder for the kinetic
studies apd 1.5 w/o Carbowax 60065was used’for the calcineg&powdgrs. The
Carbowax/Oxylene mixture wes added at such s rate that the powder is
dampened only slightly (e.g., theAiowder shbuld never become wet). The
granules produced by this process were passed through a 16 mésh screen.

After screening, 0.2 w/oc Sterotex (- 100 mesh) lubricant was dry blended

11
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with the granules.
' 2. Slurry Agglomeration

The Carbowax/Oxylene solution was added to the ThO, powder in
large enough quantities to thoroughly wet the powder to the extent that the
mixture was almost fluid. Mixing was accomplished with @ bladed paddle.
When the mixture was sufficientiy dry that it was pliable and may be formed,
it was mechanically forced through a 24 mesh screen thus forming grenules.
In this study the granules made by this process contained 1l.75 w/o Carbowax.
Many of the calcined pellets were fabricated from slurry agglomerated
granules. Like the L/S blended granules 0.2 w/o Sterotex was dry blended

with the granules for die wall lubricetion during pressing.

3. Dry Pressing

The powder to be dry pressed was not processed into ‘granules.
No binder or lubricant was added directly to the powder. The die walls
and punch faces were merely wiped clean with a 2 v/o solution of Sterotex-
Oxylene prior to hand filling of the die with the dry, binderless thoria
powder. In those cases when the pellet broke upon ejection from the die, the
pieces were put back into the die and repressed. Most pressing included a 1
to 2 minute hold at the maximum load. Depending on the powder pressing
characteristic, the green dry pressed pellet had varying degrees of surface
defects. Geometric density determinations of the green dry pressed pellets
were less precise than the green pellets which contained & binder and lubri-

cant.

B. Presses

1. Baldwin Lima Hemilton (BLH) Press

The Baidwin Lima Hamilton (BLH) is a mechanical press that
achieves & dual pressing action of both top and bottom punch by a pneumatic
flotation of the die table. Ejection of the presséd pellet is accomplished
by raising the bottom punch. A wide variety of adjustments is possible with
the most desirable condition being where both top and bottom punches impart
equal loads to the pellet. All of the peliets fabricated from granules pro-
duced by the L/S process were pressed on the BLH Press.

12
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2, Stokes Press

The Stokes press is also a mechanical press which operates in
an identical fashion to the BLH except that the die i1s floated by die support
springe. Consequently the travel of the die is controlled by the die wall
friction forces, In spite of this feature, load distribution between top and
bottom punches was relatively equal, Pellets pressed from the same mix and to
the same green density on both the Stokes and BLH required about the same
load, The Stokes press was used for the production of all the pellets fabri-
cated from slurry agglomerated powder and the dry pressed powder,

C. Density Determinations

1, Geometric Density

The geometric densities were determined by dividing the dry
pellet weight by the calculated (measured height and diameter excluding:
0.0302 cc for both end dishes in the sintered pellet) pellet volume. :All of
the green densities were determined by this procedure as well as the sintered
pellets from the kinetic study and the pellets'fabricated frqm the slurry
agglomerated powder, The weight was measured to * 0,0001 gm“and the dimen-
sions to % 0,0005 cm. The density was therefore accurate to £ 0,0003 gm/cc.
However, small cracks or chips in the pellet surface would influence the pre-
cision of the measurement, The geometric density includes both open and

closed pores,

2, Immersion Density

‘ By determining the peliet weight dry, water saturated, and
saturated suspended, the density of the pellet both including and excluding
the open pores was calculated, The accuracy of this technique is not hampered
by surface imperfections and was therefore used td dgtermine the sintered
denislty of all the. dry pressed ﬁellets,A Occasionally ezehip*would be lost
from the pelleﬁ during the determination of the saturated weight, thereby
resulting in the density of the pellet excluding the open porosity to be less
than the density including the open porosity, Table 12, In those cases where
this happened, the results were flagged., This method is accurate to approxi-
mately * 0,0002 gm/cc.
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D, Pretreatment Furnaces

1. Laboratory Facility

Pellets pretreated in the laboratory furnaces were heated
(5OOC/hr) to temperature in a quartz container which was part of a closed
system, The carbon dioxide gas flow rate was 8-10.1/min, Inétrument‘grade
002 which contained only 10-15 ppm-oxygen as measured at the bottle and
approximately 10-25 ppm as measured in the furnace hot zone at -temperature

was used for every laboratory pretreatment run,

2, ‘'lhoria FProduction Facilily

The thorla pruducllun prelreatment equipment ic o Harper batch
type, bell furnace which uses,CO2 containing approximately 250 ppm oxygen as
an in-line contaminant, All of the calcined powder pellets fabricated from

L/S granules were pretreated in this furnace,

E, Sintering Furnaces

1, Laboratory Furnace

A small resistance wound hydrogen tube furnace capalle uf a
maximum temperature of 1900°C for a relatively short time period was used for
all of the kinetic. experiments, Section»V, and thoge peilets fgbricated f;om a
blend of pretreated calcined powder lot 136_and as-received powder lot 096.
Above 1000°C an optical pyrometer is used to determine the temperature by
sightihg on the samples, The temperature in this range is accurate to about
S 2500. Below 1000°C a chromel-alumel thermocouple is used which is accurate
to approximately * 5OC. The furnace dew point is difficult to control. Truly
dry hydrogen atmospheres were.not possible., The dew point as measured by
pumping a sample of'the gas into an Alnor Type 7000 Dew Pbint indicator showed -
that at the hydrogen bottle the dew pbint was approximately - 5190 (- 60°F);,.
however, in the hot zone of the furnace the measured dew point was 15°C (59°F).
The water content of the hydrogen increased from ~ 40 ppm to ~ 18,000 ppm.

This very large increase in dew point was probably the result of back stream-
ing from the flame curtain at the furnace tube exit. The furnace exit is only
about 24 inches away from the furnace hot zone, The "wet" hydrogen condition

was produced by passing the dry incoming hydrogen through a water bubbler,
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This method proved effective and the measured hot zone dew point of the

hydrogen was 25°C (77°F), 33,000 ppm H,0.

The operating procedure consisted of initially loading the
furnace hot zone.with pretreated 0,53 inch diameter pellets while the dew point
of the incoming hydrogen was established as either wet or dry, depending on
whether it was bubbled through a 25OC water bath or passed directly from the
bottle to the furnace, In both cases the entire hydrogen flow was treated
uniformly for the entire duration of the test, and the flow rate was generally
held to 2,6 t é'g 1/min, The pellets were heated at the rate of 1OOOC/hr'to
175000 or to thé prescribed sintering temperature. At the first desired time
and temperature setting, i.e, 1600°C - 0 hours, a pellet would be removed from
the furnace hot zone as soon as a hot zone temperature reading of 1600°C was
achieved, The rate at which the selected pellet was removed from the hot zone
of the furnace to a cold zone in the furnace determined the cooling rate, The
distance to the furnace cold . zone was previously calibrated so that a cooling
-rate of 150°C/hr could be achieved with the pellet being withdrawn while the
remainder of the pellets confinued to increase in temperature at the rate of
1OO°C/hr.A Once the maximum temperature was attained, usually 175000, pellets
were withdrawn from the fiurnace hot zone at selected time intervals (O, %, 1%,
5, 12 hours) according to the procedure described for the 1600°C sample, -

- For example, five hours @ 175000 means the pellet was heated from room
temperature to 175000 at theﬂrate of 1OOOC/hr, held at 175000 for 5 hours,
and withdrawn from the hot zone so that the cooliné rate was 150°C/hr from

175000 to room temperature,

L : .
2, Thoria Facility Development [urnace

The Hevi-Duty/Lindberg furnace #1 was used for all "dry"
hydrogen sintering runs excluding those of the kinetic studies, This includes
all of the runs with pellets made from calcined or blended powdars and those
runs made with slurry agglomerated and L/S blended powders, the one exception
péingfihe'oné;run made with blended powdef, pretreated, calcined 136/as-received

';096 which'kas sintered in thé small 1abdratory~furhace.
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"The’ temperature of this Turnace was controlled by a thermocouple
located in the furnace hot zone; however, the furnace thermal proflle ‘was
monitored with an optical pyrometer., The dew point of the inlet hydrogen from
the bulk storage facility was determined to be approximately - 47°C (- 52°F)
which contains 50 ppm HZO by volume, However, the dew point of the same
hydrogen in the hot zone a full six hours after the furnace attained a . -
temperature- of 1400°C was approximately 11,5QC (+ 53°F). This atmosphere .-

contains 13,000 ppm H.O by volume. The hot zone is approximately 6 feet from:

2
the furnace exit;- At a point 3 feet from the exit the dew point was 1800 A

(+ 65°F),. 21,500 ppm H,0, . .

"3, Thoria Production Furnace

P

This large Harper furnace was used for only a few pellets
fabricated from 1200 and 1400 C ca101ned L/S blended pellets, The dry
(- 60 F) hydrogen was ‘pas =ed through a 110° F bubbler and, w1thout coollng,v”_rr
piped into the furnace. Although. not measured in the furnace hot zone, the ’

water content at a dew p01nt of 110 F (47 C) would be ~ 86 OOO ppm H O

-4, Vacuum Furnace

An R. D, Brew vacuum furnace, Model #420, was used for the
vacuum 51nter1ng runs in Sectlon V C, ‘Kinetic Slnterlng Series, and in’
Section VI, Recrystalllzatlon Measurements. 'l'he sample is surrounded by &
tantalum resistance heatlng element which gettere‘the oxygen from the furhace
atmosphere so that the oxygen partlal presqure is very low, probably <10 -10

torr, even though the overall furnace pressure is ~ 107 torr, The tempelatule
of the pellet in the vacuum furnace was measured with an optlcal pyroweler by

sighting through a quartz w1ndow directly on the pellel, The reflectivity of
the pellet was compeneated by the absorption of the quartz w1ndow so that the
true temperature was read directly from the pyrometer. The temperature

readlng is accurate to + 10°C,

.F, .Powder Calcining

1. 110000 Air Calcine

The 1100°C air-calcined powder was heated in a resistance element

Glo-Bar box type furnace to 1100°C and held at temperature for 48 hours.
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Powder batches of approximately 2 kg were heated in Inconel crucibles and
rabbled‘with an Inconel rake every 30 minutes, Powder depth in the crucible
was approximately 2 inches and the heating rate to temperature was approxi-
mately EOOOC/hr. The tenperature was determined by a calibrated chromel-

alumel thermocouple. The temperature reading.is accurate to * 5OC.

2. 1100°C Hydrogen Calcine

The 1100°C hydrogen calcining took place in a resistance wound
tube furnace, The thoria powder lotq were calcined for 48 hours in a closed
furnace system at 1100 C in flow1ng dry (- 60°F dew point) hydrogen Tempera-
ture was controlled to * 2°C by a series of thermocoupleq located along the
length of the furnace hot zone, The effluents were monitored with a gas
chromatograph, Except for the initial release of adsorbed water,-the combined

2 _
in the quartz crucibles was 2 inches, Since it was a closed system, the sample

H_ O and O2 in the effluent gas was less than 15 ppm, The maximum powder depth

was not’ rabbled as was the air-calcined powder. The total powder charge per
boat was only 1100 gms and required two separate calcining runs per compoel—
“tion to produce the required amount of material, The two 1100 gn batches of
each compoeltion were mechanlcally blended prlor ‘to mlcronizatlon Subseuuent
mass-spectrographic analysis of this powder showed it to be of higher purity

than the tarting powder.

3, 1200 and 1400 °c Hydr;gen Calcine.

- The powder which was calcined at 1200°C for 8 and 24 hours and

the powder calcined at 1400 C for 3 and 9 hours was heated in the large
Hev1-Duty/L1ndberg furnace #2 normally used in production tor sintering of

100% ThO2 pellets, The line hydrogen used for this work had a dew point of

- 550F Molybdenum boatq were filled to a depth of approximately 2 1nche

Since this Llndberg is a continuous furnace and the lowect gear ratio would
esult in a hot zone exposure of only 12 hours, the 1200°C - 2& hour calcine

was achieved by =end1ng the powder through the furnace tw1ce

The heating rate.of all four calcining conditions was different
since the time spenthin the furnace hot zone was different. The heating'rates
for the 1200°C - 8 and 24 hour and the 1400°C - 3 and 9 hour calcines were
approximately 70°C/hr and 30°C/hr, 140°C/hr and 60°C/hx, respectively,
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Temperature control was achieved by a fixed optical pyrometer
and calibrated by sightings on a flag boat, The temperature was controlled
to T +40°C ‘

° % - 09"

G, Grain Size Measurements

The ASTM calibrated eyepiece was used for all of the grain size

" measurements except some of the measurements in Kinetic Study No. 1 where an
electron microscope was used in additien to the optical microscope to resolve
the very fine grains in‘fhe center of a few pellets, The ASTM calibrated eye-
piece yieids an avefage grain‘size by simultaneously comparing the majority
of the graiﬁs in a field of view with a calibrated field in the eyepiece of
the viewer, The results obtained by this technique are accurate to within one
ASTM number and may Be compared directly with values obtained by the line
intercept methed‘if,the ASTM numbers are converted to the number of‘grain per
unit area according to the equation n = ZN—l where n = number of grains/in.2
at 100X and N = ASTM grain size number. The number of grains per in.2 may Ee
used to calculate the average diameter by the equation 1004/2 = (nﬂ)_?. A |
.table with the diameter of the average grain in millimeters and inches as well
as the nominal grains per in.2 at 100X is given in Ref, 4. The values in this
report were obtained from the table for grain sizes between ASTM 00 and 14,

" ASTM grain size numbers greater than 16.were calculated.

Those grains which were finer than could be determined optically
with the ASTM eyepiece were, in a few cases, examined with the electron

microscope, Carbon replicas were extracted from the sample surface and

examined with the transmission electron microscope. In order to determine

the exact location of a specific grain formation, the replica had to extend
from the pellet surface since this was the point of reference for use of the
calibrated micrescope stage. While the ASTM calibrated eyepiece was used to
determine the average grain size directly in the optical determination, the
number of grains in a given area as determined by counting from a photographic
enlargement was used to determine the ASTM grain size for the electron micro-
scope examination, Considering the differences in technique, possible errors
in magnification and photographic enlargement, and yariations in grain size
as a function of location, the agreement between the optical and electron

microscope was considered reasonably good.
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H. Granular Segregation Rating System

The granular segregation rating system was devised at Bettis to
quantify this sintered pellet attribute. A re*ing of l:{epresents a structure free
from granular segregation. None of the original green powder grénulé morpholﬁgy
may be detected in the sample metallography. A rating of 7 represents the most
severe granular segregation. The entire perimeter of the origihal grahulefis
clearly delineated when viewing & metallographic section of the sintered
peliet. A series of photomicrographs which' typify these two conditions
and five intermediate degrees of granulsr segregétion“have been established
and designated one through seven. This series of photomicrogréphsArepresenting
the seven degrees of granular segregation have become the standard by/which

other microstructures are classified.

The- granular segregation rating of a sample is determined by
scanning with a microscope the lohgitudinal and transverse axes of metallo:
graphically prepared pellets and assigning the number of the standerd micré-
structure which most closely represents the»deéree of granular segregation'ob-
served in the sample. A granular segregetion rating of greater than three is
considered unacceptable..

I. Scanning Electron Microscope (SEM), Electron Microprobe (EMP), -
and Quantimet

-Samples examined with the SEM, EMP, and Quantimet were prepared
according to standard ceramographic techniques (polishing accomplished by
using a progressively finer grinding media); however, the samples were not
etched prior to examination when phase identification or pore distribution was

desired., Since the ThO, pellet is a poor electronic conductor and carbon was

an element of interest,za thin layer of aluminum or gold rather than carbon

was vapor deposited on the sample surface prior to analysis. The compositioﬁal
analyses were for the most part qualitative or semi-quantitative where the peak
height was compared to the peak height from a known standard. No adjustments

were made to the peak height to account for absorption and fluorescence,
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J. Pellet Description

The as-pressed thoria compact may be approximated by a 0.610 1in,
(1,55 cm) to 0.635 in. (1.6l cm) diameter by 0.75 in, (1.90 cm) high right

circular. cylinder., A dish and chamfer were pressed into each end such that

the as-sintered dish had a radius of 1,439 in, and the chamfer was
0,006 % 0,004 in, The as-sintered diameter was 0,52 in, (1,32 cm) to -

0.53 in., (1.35 cm) with an overall height of 0,615 in, (1,56 cm).
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IV,  SINTERING THEORY AS APPLIED TO ThO2 AND ThOZ—UO2

A, Introduction to Sintering and Grain Growth

Sintering and grain growth are two material properties which have
received extensive investigation, Refs, 5-22, Most studies of sintering on
an atomistic level are restricted to the "initial" stages since neck growth'
in spherical models, pure metal spheres or wires lends itself to a mathemati-
cal. analysis, During the initial sintering stage necks are formed at points
of contact between adjacent particles and grow until they begin to impinge on
each other., Approximately 3 to 5 % linear shrinkage occurs during the initial
sintering stage, Ref, 13, A majdr objeciion to these model experiments is
that the predominant mechanism 6f material transport changes as a funcfion of
pafticle size., The particles used in a powdér compact are not only orders of
mggnitude smaller than the spheres and wires used in the model studies, they
alsé have an irregﬁlar shape.“ Fiﬁally, in practice it is difficult to deter-

mine when initial stage sintering ceases and intermediate sintering begins,

"Intermediate" sintering kinetics are characterized by a pore
structure having interconnected channel porosity with pores lying primarily
along three grain edges, Ref, 14, The pore phase is continuous and the pores
are intersected by grain boundaries, During the intermediate sintering stage
the pores continue to shrink until a significant amount of closed porosity is
formed, During densification in this intermediate stage the average pore size
may increase as the result of grain-boundary migration and pore coalescenée;
however, the total porosity decreases, The mechanism of ﬁass transport would
-1ikely include vapor transport, volume, grain-boundary and surface.diffusion,
and, under very unusual circumstances, plastic deformation by dislocation
motion, The general reduced shrinkage with the occurrence of discontinuous
grain growth has been taken by Coble, Ref. 21, as phenomenological evidence
that a diffusional rather than plastic flow process takes place during
densif{cafion, The intermediate stage usually continues until approximately

only 5 to 7 % porosity remains, Ref, 13,

Final étage sintering is assumed to begin when the pore channels
change from continuous to discontinuous, The energetically favored structure

ie realized when the pores occupy four-grain corners rather than the
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intersection of three grain Boundaries as 1s the case in the intermediate
stage sintering. The pore configuration in final stage sintering can lead to
total pore elimination in a stable fashion. ‘The formation of discontinuous
porosity may also result in gas being trapped within the pores which may
prohibit their complete closure, Ref, 21, The "final" stage of sintering and
grain growth which may take place to some degree during all three sintering
stages in oxide ceramics is practically important but geometrically more com-
plex and not nearly as well understood as either the intermediate or initial

zintering stages,
g g

To complicate the picture even further, an alternate final stage of
sintering exists, This additional final sintering stage, variously called
exaggerated or discqntinuous growth or secondary recrystallization, occurs
before all the porosity is removed and is characterized by a relatively few
large grains growing very rapidly at the expense of the majority of the remain-
ing microstructure, The resultant structure has closed, épherical pores
located within the grains (infragranulaf porosity) not intersected by any gréin
boundaries, Continued heating at temperature after the recrystallization pro-
cess has proceeded to completion can lead to pore elimination only by diffusion
to the grain boundaries, leaving a pore-free region near the boundaries with
greater porosity concentration in the center of the grain (Ref, 23), or by the
migration of the boundaries in a direction toward the center of the grain
boundary curvature and the consequent sweeping out of pores, These mechanisms
are generally slow and the phenomenon of exaggerated grain growth is generally
density limiting. ExXaggerated grain growth occurs when the size and volume
traction of some dispersed second phase is capable of preventing the movement
of the matrixAgrains of uniform size, but is mobile enough to allow the migra-
tion of the more sharply curved grain boundaries of the large grains, The
presence of an impurity or pore phase 1s a necessary requirement for exaggerated

grain growth, Ref, 22,

B. Grain Growth Mechanism

The only driving force for grain growth in a sintered solid such as
a strain-free ThO2 péllet or in a well-annealed metal is the minimization of
the excess free energy tied up in grain boundaries, This energy is quite ‘

minute, Thus, in a ThO2 pellet 0,53 in, (1,345 cm) diameter x 0,6 in, (1.524 cm)
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height with a unlform grain size of ASTM #13 (grain dlameter u‘f““’

cm),
with a grain boundary energy of 1150 erg/cm , Ref, 24, and a specific heat at
1750 C of 0.076 cal/g c, Ref.*Zj, only sufficient energy would be released by
removal of all grain boundariee'and conversion of the pellet to a single
~crystal to raise its temperature less than O, 6°C'* Hence, it is quite under-

. standable that m1nute dev1at10n= in composition, porosity, 31nter1ng time
temperature, atmosphere, etc., are adequate to upset this dellcate balance

and cause apparent loss of grain size control,

1, Normal Grain Growth

Ideal grain growth is defined as grain diameter change with time
such that the driving force for minimization of grain boundary energy is limited
only by base material grain boundary or volume self diffusion rates; hence,

according to Burke, Ref, 22,

M =‘MO exp ?%r) .‘ (1)

where Q@b = is the activation energy for grain boundary diffusion
M = grain boundary mobility.,
Since grain growth also involves the progressive movement of grain boundaries,

the velocify of an individuallgrain boundary is given by
= MP ' (2)
where V = grain boundary velocity

M
P

grain boundary.mobility

force acting on the grain boundary,

The force.acting on a grain boundary causing the area to decrease by moving

toward the center of curvature is:

P=20 |-+ (3)
P1 P2
where . . 0 = the interfacial energy of the grain boundary

Py and pz principal radii of curvature,

Substituting equation 3 into 2 we have

= 2Mo

1 1) ' '
e (4)
L)

*An approximation originally derived by Dr. B. Lustman,

Bettis Atomic Power Laboratory 23?
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Making the following assumptionc Burke, Ref. 22, derived an expression for
the rate of grain growth rather than the ve1001ty of an individual graln
boundary ’

1,. TheAmobility is constant for all grains,.fegardless of grain '
size, \ ' | - . -

2, The surface energy of all grain boundaiies ie.constant,
regardlees of graln size, o

3. The shape of the graln size dlstrlbutlon curve 1q 1ndependent
of grain size,

4, ‘''he principal radii ot curvature (pi and pz) of a grain
‘boundary are proportional to.the average grain diameter,(D)u

5, Grain growth will continue indefinitely.

o \
Therefore V = dD/dt and (- + 1| - K, Ly,
b, Py, D
Substituting into equation 4 gives
dD/dt = K‘MC 1 or
Ki 2\ D
- S (5)-
K. Mo . .
=3 . , o

/dt 5
Integrating equation (5).we have the well khown equatioﬁf
D? - Do2 = KMot (6)

where D = grain diameter at zero time

0o
1}

grain diameter at time, t

=t
n

geometrical conatant
Extending equation (6) to include the effect of temperature we have "upon
substituting equation (1) into (6) B
2 2 _ | ~Qb |
P 0 e e | )

i
Equation (7) predicts that the grain diameter increases with - -
time to the 1/2 power and the activation energy of the process is equivalent
to that of grain boundary diffusion, These values can only be achieved in

crystalline solids of high purity and nearly theoretical density. In practice,
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as discussed in eubsequenf sectiens, this simple relatlon hlp is dleturbed by
a number of factors reculfing in an éxponent of the time Varlable of les
than 0,5 and the activation energy for growth greater than the actlvatlon

‘energy of graln boundary diffusion,

2, SecondaryﬁRecrystallization (Discontinuous Grain Growth)

Probably the single most insidious perturbation of the
relationship for uninhibited, normal grain growth.is the .effect.of impurities,
Until recently the impurity level in most ceramic systems was relatively high
and the intrinsic behavior of the host material was rarely observed, The’
impurity phase 'frequently was not homogeneously distributed, formed an
eutectic with the host mater1a1 or other impurities, and altered the sinter-
ing kinetics by pinning grain boundaries, forming gas-filled pores, or low
temperature melting liquid phases, Over the past 10-12 years relatively high
purity ceramic powders have been manufactured .and the phenomenon of secondary
recrystallization has been detected in Al 03, MgO, ThOz, MgAlZOu, Ferrites,
UOZ'

many fine particle oxide powders as well as in many metal systems, Whether

etc. What once was a rather rare occurrence has now become common in

final sintering is controlied by uninhibited grain boundary surface tension
forces or exhibits secondary recrystallization is not readily predictable’

from the material parameters.

Initial densification and grain growth depends almost entirely )
on-volume diffusion with almost no contribution from grain boundary diffu31on,
Ref. 26. The presénce oi a grain growth inhibitor has little effect on -
grain growth until sufficient porosity is removed to allow annihilation’
of pores and- the beginning of final stage sintering because the impurity
or additive segregates to the grain boundary (it may or may not precipitate
‘as a separate phaee) and does not influence ﬁhe volume diffusion. During
finalfstage sintering, densifieation increases only slightly and '"normal"
grain growth is relatively slow. Pore shrinkage and grain growth are con-
trolled mainly by grain boundary diffusion, Ref. 26. In spite of the
presence of numerous impurities grain growth may still proceed by uninhibited
graln boundary diffusion since the transfer rate from the source to the sink
is so slow that the impedlment caused by the impurlties is not enOugh to

influence the normal rate of grain growth, Ref. 27. Consequently it is
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pessib%e to make»en oxide ceramic from impure powder and experience normal,
i.e. t? - t“,grain growth kinetics, Increased impurity quantities or differ-
ent impurity tjpes may inhibit the material transfer down to the point that
grain boundary movement 1s stopped, Impurities may, because of atomic size
differences or other factors, tend to concentrate at grain boundaries in quanti-
ties out of all proportion to their bulk concentration, Hence grain boundary
mobility rather than occurring by local transfer of like atoms across the

- boundary requires, on a microscopic scale, the movement of rather gross amounts
ot the segregated material. ~In ionic-bonded ceramic materials such as ThO2

the charge difference between an impurity element dissolved in the oxide and
the thorium or oxygen ions is an additional factor leading to segregation of
the impurity at grain boundaries which is not present in metallic systems,

Ref. 28. = An example of this grain boundary segregation in a ceramic oxide
system was recently reported by Taylor, Coad, and Brook (Ref. 29) who found

in A1203‘containing an MgO additive, a calcium content of 0.6 % at the grain
boundaries, even though the bulk content of Ca was only 0,001-0,0015 %.
Similarly, it can be estimated that the grain boundary surface of a ThO2

pellet with a grain size of ASTM #13 can be completely covered with a two-
dimensional network of Na+ - 0 ions at a sodium content of 25 ppm, Under
these circumstances, grain growth will be controlled by what is known as the

"impirity drag" effect,

) If the impurity is present, not in solution, but. precipitated as
a dispersed phese, inhibition of grain'growth may also occur; in fact, grain
growth may be completely stopped by the presence of a dispersed phase and the
surtace tension forces between the phase and the intersecting grain boundary,

A "limiting" grain size, Um, may be reached and equation (6) thus modified to

@:K(l_i

at D Tml Ref, 22, . (8)

The amount and size of dispersed phase leading to such inhibition was analyzed

by Zener (Ref, 30) who derived the expression
o . : :
Dm = 2= . . (9)

where r is the radius of the dispersed phase particles (assumed immobile in

the material) and f its volume fraction, If~pure1y for the purpose of
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illustration, since =od1um will undoubtedly be soluble in ThO at such levels
the 25 ppm of sodium prev1ou ly discussed to be preeent in ThO2 were precent
precipitated as Na 0 with a density of 2.27 gm/cc and hence a volume fraction

fof 1,1°10 4, the diameter of NaZO partlcles required to limit the grain

size of ThO, to ASTM #10 (D ¥ 10'10_u cm) would be about 1.6'10_7 cm, a value
approaching the limit of resolution of even the best transmission electron

microscopy,

Equatien (9) does provide a good explanation for the fact that
coarse porosity, such as that introduced by Sterotex additions, does not
affect grain size, Assuming voids due to Sterotex additions are present to a
volume fraction of about 0.01 and their diameter to be 0,01 cm;'the limiting
grain diameter is of the order of 2 cm; i.e., voids of such gfossness have no
practical effect on grain growth in agreement with observation,. For all
‘practical purposes these large voids are not removed by extended itime at

temperature,

Graln boundary Qegregated 1mpur1ty phases which may not be

" present in sufficient quantlty to inhibit initial graln growth when the grains
are small and there are numerous grain boundaries or when the impurity is not
of an adequate size to anchor a grain boundary, mey be swept along by the
grain boundary movement during grain growth.A Boundary movement may therefore
concentrate the impurity so that greater energy is required for continued
grain boundary movement. In addition, as grains grow the number of grain
boundaries decreases and fhe number of impurity anchors necessary to stop
grain growth also decreases, Consequently normal grain growth may proceed

for a period of time prior to being inhibited,

Since different impurity types, size, number and location have
different capacities to inhibit grain growth, and since the grain boundaries
in a typical ceramic compact are, contrary to the eimplifying assumptions of
Section IV,B above, not all the same size and energy, it is almost the rule:
rather than the exception that ceftain size grains with similar grain boundary
energies will be inhibited, stopped completely or the boundary mobility
reduced to some degree, while other grains within the same compact with higher
energy grain boundaries will not be inhibited at all, This situation can

directly result in secondary recrystallization. The few grains which have -
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sufficient energy to overcome the inhibiting influence of the impurity grow
extremely raplidly because they may consume the inhibited grains and do not
have to compete with bordering grains, This entire process dépends on the
presence of grain growth inhibitors (there is no reason why more than one

inhibitor could not be operating simultaneously);

That discontinuous grain growth has been noted in ThO2 pellets
is of importance not only in that grain sizes may be thus achieved which
exceed maximum grain size specification values but élso that the phenomenon
points to the presence of grain growth inhibitjon under normal circumstances

which may result also in failure to meet minimum grain size sperification,

Boocauec deneifiocation csosentially ccaoco after exaggerated grain
growth, since the pores are trapped inside the individual grains after the
grain boundaries sweep past them, several investigators (Refs, 31, 12, and 32)
have experimentally shown that exaggerated grain growth in sintered ThO2
compacts can be actually eliminated by the addition of significant quantities,
0,5 to 10 m/o, of sintering additives, e.g. CaO or Y203 to ThOz.
ing additive or dopant acts as a grain growth inhibitor by segregating to the

The sinter-

grain boundaries where it may remain in solution and reduce the rate of graih
boundary migration by exerting a drag on the grain boundary motion and/or
precipitates as a second phase and pins the grain boundary., The éxplosive
growth of isolated grains associated with the phenomenon of secondary recrystal-
lization is restricted due to the presence of the inhibitor. Grain growth may
still continue; however, the rate of grain boundary movement would be quite
slow compared to the rapid movement aséociated with secondary-recrystallization,
The presence of trace amounts of impurities which inhibit normal grain boundary
mobility is the cause of secondary recrystallization, The deliberate addition
of larger quantities of specific additives which inhibit the rapid movement

of the higher energy grain boundaries:is a possible cure for secondary recrys-
tallization, (Obviously the best cure would be to produce a starting powder -
without any grain growth inhibiting impurities.) The addition of a dopant to
eliminate the possibiliiy of secondary recrystallization may also act as a
sintering aid, Since the grain boundary movement is retarded, the distance

for vacancy diffusion from the remaining pores to the grain boundary is short

and therefore the vacancy flux from the pores to the grain boundaries
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and consequently densification .are maintained at a high level., Whether the
impurity addition actually accelerates the-diffusion of the vacancies, thereby
also inéreasinggthe sintering rate, is not entirely clear, Investigétors in
the field of sintering kinetics are not in agreement whether the sintering
Rinetics are actually increased or the reduced grain boundary mobility results
in a’pSeudo—increase resulting from the restricted diffusion distances, It
appears that dﬁring the éarly stage of sintering when the amount of porosity
is significant, imﬁurity additions which remain in solution fetard'densifica—:
tion by reducing the surface energy and the bulk diffusion coefficient of the
rate coﬁtrolling species, In the later stéges of sintering an increase in the
sintering rate may be realized because of the reduced grain size of ‘the doped
sample relative to the undoped sample which results in shorter diffusion paths
‘for the vacanciesA(Ref. 11), 1In addition,-the vacancy concentration gradient

formed during the initial stages would act as a driving force,

In summary, for pressed and sintered powdered oxide pellgps, grain
growth inhibition must result either frOm.Bn element in solid solution which
retards grain growth by the impurity dragleffect or from an immobile dispersed
phase or gas-filled pore, ﬁg}ikely as the latter is to be immobile throughout’

the entire sintering process.
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Another factor which may also cause deviations from the normal "’
grain growth kinetics but which is of little importance for ThO2 (0.53 inch

diameter) pellets is interference with external surfaces of the specimens,

3. Pore-Controlled Grain Growth

A special case of grain growth inhibition by dispersed phases is:
afforded by the presence of pores in sintered,ceramic or metallic bodies,
Nichols (Ref. 33) has analyzed the kinetics of grain growth wﬁere grain bound-
ary mobility is limited by pore mobility; the kinetics of grain growth are
then a function of the processes for pore migration, Equation (7) then takes

the following t'orms,

D4 - DOLL = Kt for volume diffusion or vapor (10a)
transport when pressure within pores
is constant
D - DO5 = Kt for surface diffusion ‘ (1ob)
D - DO3 = Kt for vapor transport where pore (10¢)

size and gas pressure arée controlled

by surface tension

where K = kexp - Q/RT; Q being the activation energy for volume, surface or

vapor transport, respectively,

It was the conclusion of this work that the cubic rate law
best explained the experimental evidence observed for UO2 and Alzoj, n a
subsequent paper Nichols (Ref, 34) examined the effect of pores on grain
boundary mobility and concluded that some scatter about a cublc growth law
gshould be expected but that cubic kinetics provided-a good model for "average"
behavior., Cohen (Ref, 35) found for ThO, pellets with a D of ~ L p (ASTM #6)
grain growth to follow equation (10a) with a temperature dependence of X

consistent with volume diffusion,
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That porosity affé?ts the grain growth kinetics of ThO2 pellets
is unquestionable and is vividly-illustrated by the "necklace" porosity
sporadically present in ThO2 péilets fabricated without binder additions,
regardless of degassing prior to sintering, as well as in ThO2 and binary.
pellets fabricated with binders up to 1.75 w/o organic binder.

This porosity is characteristically strung along grain boundaries,
particularly at triple point junctions between grains. The larger

the grain size, the coarser the .pores and the greater the fraction located
along grain boundaries or triple points, Since the pellet density reﬁained
constant or increased slightly, this implies that the pores have grown as they
migrated along with the grain boundary by sweeping up pores which were encoun-
tered during migration, The stability of pores at grain boundaries implies

. that they are filled with a gas having limited solubility in the pellet;
otherwise the pores would collapse by normal densification as vacahcies escape
to the grain boundaries, The pore size-limiting grain size-volume fraction
relationship Dm = 8r/3f derived by. Zener appeared to reasonably predict the
limiting grain size in the few cases where this effect was examined, Section VII,D,
. The establishment of a possible relationship between pore size, density, and
limiting grain size would be-benefiqial_even though the observation of "necklace"
porosity indicates that the gas-filled pores are.not immobile., Burke, Ref. 22,
among othere, has indicated that pores are capable of inhibiting grain growth
and may even result in exaggerated grain growth.or secondary recrystallization I
when the volume fraction of the dispersed phase is sufficient to prevent oxr
retard movement. of the relatively flat boundaries between grains of uniform size,
but insufficient to prevent the migration of strongly curved boundaries of the
large grains, Hoge and Pask (Ref., 17) also indicate, based on a thermodynamic
analysis, that the presence of a lenﬁicular'pofe with any dihedrai angle on a
planar grain boundary will always pin the grain boundary or. the pore will move
with the boundary. A curved grain boundary can move away from a pore if the
curvature is ahove a critical value, Experiments with ThOQ pellets have shown
that the curvature and therefore the mobility of grain bou;daries'are influenced

by powder purity and sintering time, Section VII.D,

A pore phase may also be capable of retarding or inhibiting grain
growth during the intermediate and part of the final stages of sintering;

however, the growth inhibiting-pores may disappear by -a combination of diffusion
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of the trapped gases and subsequent vacancy diftusion, Under these circumstances
pore-free regions may -appear that allow select grains to grow, . If these select
grains have the required number of sides and the required grain boundary curva-
ture for movement past the inhibiting pores, discontinuous or exaggerated V

grain growth may result,

The presence of ‘carbon in-the form of trapped CO 'gas could possibly
limit grain growth as defined by the Zener equation (9) if the pores were -
immobile o reduce grain boundary mobility to the extent that growth of grains
of a given size is retarded. Using equation (9),.and assuming further that the -
pressure of LU in pores (assumed present to-a volume fraction of 0.02) is con-.-
trolled by surface tension by the equation P = 2Y/r, where Y is the surface :
tension (1150 dyne/cm), r, the gas pore radius, and P, the pressure, the carbon’
content of a pellet required to limit grain size to ASTM #10 (10 w grain diame-
ter) is about 45 ppm C and the pore radius about 1500 A. U, -Of course if pores
are swept up and are collected at grain boundaries the pore sizes may be greater
than those calculated above, the pressure within the porés will be lower than
that dictated by surface tension restraint, the number of pores required to be
vigible on metailographic'examination‘will be less, and the carbon contents
required for the appearance of grain boundary porosity may be much lower than
the levels estimated above for immobile pores, Since, as evidenced by the
formation of necklace porosity, gas~-filled pdéres are not immobile, and, hence,
may reduce but not stop grain growth, it was concluded that the carbon'con- -
tamination hypothesis as discussed later was of secondary importance and that
carbon in the pellets at the normal production levels (< 100 ppm) wag capable

ot retarding but not of stopping grain growth,

4, Grain Growth in the Presence of a Liquid Phase

A special case of discontinuous grain growth is afforded by the
observation of the formation in ThO2 (0.53 inch diameter) pellets of coarse
idiomorphic grains, Such structures, although very unusual, have been noted
previously in ceramics sintered ostensibly in the solid state, W, Kingery.
(Ref, 36) included in his text book a photograph of a ceramic microstructure :
containing 1dlomorphlc grain boundarles he there 1nterpreted thelir formatlon
as requiring a crltlcal concentration of a grain boundary contamlnant

Subsequently, Dr. Kingery, and Dr. R. Coble, have indlcated a refinemqpt.
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of this poetulate to require the presence of a liquid phase in order to form
idiomorphic boundaries rather than the non=- crystallographlc grain boundaries
ustomarily produced by normal grain growth processes “Jorgeneenrand'We tbrook
(Ref. 11) have proposed an alternate explanation to:the requirement of a liquid
phase to‘satisfy the energy requirements of idiomorphic crystallineJmicro-
etructure. The preferentlal adsorptlon or <olute,\e1ther 1mpur1ty or dopant,

on’ eelected boundary type< or orlentatlone could poss1b1y encourage growth in-.

'a partlcular d1rectlon and/or 1nh1b1t growth in other d1rectlons. BT

The 1dent1flcatlon of a thorium sulfide or oxys ulflde phaee

(Sectlon V.B) which probably formQ an eutectic with ThO2 durlng =1nter1ng,

Ref, 37, indicates that-liquid phase postulate is the applicable

mechanism in Th02—baee fuel pellets with trace quantltleq of sulfur 50= 100 ppm.
Thevsulflde results from sulfate impurities in oxallc acid and is not removed
durrng normal ca101n1ng operatlons Even elevated temperature calcinations
(1200 C) in hydrogen or air were not adequate to completely remove all of the

sulfur phase, Section v.C,

Tdiomorphic grain formation is believed related'to'thevdiecontinuou<*a~

‘grain growth in ThO2 pelletsin the follow1ng manner, When d1'=cont1nuouq grain

growth occurs in ThO2 pelletq upon prolonged =1nter1ng, “the advan01ng graln
boundaries sweep up isolated pools of ThOS- thO2 eutectic, Theue pread along
the advancing grain boundary. As a result of theé high grain boundary mobility
conferred by the rapid diffusion in the 1iquid phase as well as satiefaction of
surface tension forces afforded by its presence, low energy crystallographic
faces can develup on the growlng grains, resulting in the appearance of idio-
morphic grain:etructures in the sintered compact.. Where two grains with
idiomorphic boundaries intersect, the resulting grain boundary is free of the
sulphide phase and is non-crystallographic in shape, further confirming the

postulated mechanism,

Based on the preceding analysis of the mechaniem'required for
the production of idiomorphic grains, as well as ubeequent experlmental evi-
dence, it has been concluded that the sulfur 1mpur1ty does not 51gnlilcant1y
inhibit grain growth, nor is it the. cause of exaggerated grain growth, It has
been concluded that sulfur does form a liquid eutectio'phase which under

specific conditions promotes idiomorphic crystalline growth, The ‘exact role
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of sulfur as well as other common contaminants, C, Fe, Ni, Cr, etc,, on
densification and grain growth was not pursued; such work may be worthy

of additional investigation.

C, Atmosphere and Additives

Much -has been written about the variable valence of UO2 and the
possible defect structures resulting from the sintering atmospheres and
various. additives, Refs, 38, 39; and 27, Thoria, on the other hand, has been
considered very stable, thereby prompting little interest into the investiga-
~ tion of possible defect structures, 'This changed once R, L, Coble made known
< his results on the effects of adding small quantities of MgO to A%ZOB, Ref, 9.

Soon others investigated ﬁhe.effect of adding YZQ and Ca0 to ThO,, and the

_ . , 3
ensuing thoria defect structures, Refs, 12, 32, 40, and 41, Based on a few
of these observations and other more general information, a defect structure
caused by the atmdsphere'is hypothesized. The pertinent observations in Refs,

42, 43, and 32 which bear on the proposed lattice structure are the following,

1., Oxygen-deficient fluorite structure crystals (such as
ZrOZ_X) produced by heating in very dry hydrogen or in
contact with zirconium metal are black in color and .
become white as they are oxidized. On the other hand,
.oxygen—deficient fluorite crystals éuch as ThO2 or '
ZrO2 produced by alloying with Ca0 retain the white

coloration,

2, P-type electrical conductivify (i.e. electron hole
conductivity) is predominant in ThO2 equilibrated at
high oxygen pressures, n-type (electron conductivity)
is inferred (although never actually measured) at low
oxygen prescurec, Ionic eleotrical conductivity (due
to oxygen ion conduction) would be observed at
intermediate 6xygen pressures, is probably very

o but is enhanced by CaO additions,

3. At high oxygen pressure, electrical conductivity of

linited in pure ThO

pure ThO, increases with increasing partial pressure

2
of oxygen.
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Putting these observations together, the defect structures of

Figure 1 are postulated, Figure la shows the lattice structure postulated for
"stoichiometric” ThOZ, i.e., equilibrated with an oxygen pressure = 10-1O at.
at 1850°C, The lattice is hypothesized to show a small concentration of
"Schottky" defects, i,e, compeneating concentrations of Th and O ion sub-
lattice Vacancies. Becauee of the charge equallzatlon, no color change is
antlclpated and =elf d1ffu=1v1ty 'of both Th'and O is greatly enhanced by the
presencemgf‘the lattice vacancies, A "stoichiometric"” oxide containing Ca0 is
not shown, but would demonstrate a defect complex similar to that shown on the
left of Figure 1d where the Ca ion on the lattice site is charge-compensated
by a vacancy in the oxygen sub-lattice, In the stoichiometric lattice, the
presence of Ca0 will greatly enhance oxygen ion diffusion rateQ but would not
be predicted to have much of an influence on the thorium ion diffus ion rate,
Since the rate of all atom transport which involves the movement of boundaries
is controlled by the sloner—moring species, and the thorium ion is the'elower_A
moving species by many orders of magnitude, the increase in oxygen ion'vacan—'
cles by itself would not increase the grain boundary mobility, However, it is
_possible that the thorium ion diffusion coefficient increases as the res ult of
the CaO addition in a manner similar to the increase in U-ion d1ffus1on ratee.
when the UO2+ is equilibrated with an oxidizing atmosphere, Ref. 39. +Addi-
tions of Ca0 to ThO, over the range of 0.2 w/o to 8.8 w/o'showed a reduction
in the resulting gr;in size, Ref, 41, 1In a vacuum or an atmosnhere with a
Qery low partial pressure of oxygen, it is hypothesized that the thorium oxide
becomes sub-stoichiometric in oxygen content by filling of thorium lattice
vacancies, thus greatly reducing self-diffusivity of thorium. Because of the
charge imbalance, free electrone are associated with this sfructure, leading
to the clack coloration due to free electron/light interactions, As indicated .
in Figure 14, it would appear reasonable that Ca ions would tend to associate
with these defect ,.cau=1ng a reduction in the free electron concentratlon-
such a complex defect may lead to even further reduced self- dlffuclon ratee
and subsequent graln boundary mobility. Upon wet-hydrogen treatment, an oxygen
enriched structure is hypothesized to form by increase in thorium ion lattice
vacancy concentration, The charge imbalance is compensated by the formation of

electron holes, which empirically are not observed to absorb visible light,
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The increase in Th and O sub-lattice vacéncy concentrations leads to the
observed increases in self-diffusivity. The Cal lattice defects probably

would not associate with these postulated defects as shown in Figure le

because of the increased resulting charge imbalance and in the low concentrétions
used in this report (100 ppm) the Ca0 would have no detectable influence on
graln growth,

This sequence of defect structures is postulated rather than firmly
supported and is presented primarily to reconcile observations in part III on

grain growth as affected by atmosphere and Ca0 content,

D. Surface Area

"Probably thé most éonfusing aspect ot grain growth is the role ot the
starting particle size or surface area. As shown in Section IV.B, the driving
force for grain growth is the minimization of the excess free energy tied up
in grain boundaries, Consequently, the smaller the starting particle size,
and hence the smaller the initial grain size, the greater the energy available
for graih growth, In practiceé it is observed that the finer the particle size,
the more rapid the initial densification and initial grain growth (a bulk
diffusion modei_predicts the rate of éintering should be inversely proportional
to the third poﬁer of the diameter).' In practice, it is also frequently »
observed that the compact with the smaller initial pérticle sige and/or greatest
surface area results in the compact with the largest sintered grain size. This
is a difficult observation to understand based on simple surface considerations,
Kingery, Ref, 36, suggests that secondary recrystallization is the only mechan-
iem by which this could oécur. It is also reasonable that seédndary recrystal-
lization would occur more frequentiy in compacté with finer particles since
the particle size distribution of the very fine particles would probably be
wider than the coarser particles (particles 0,01 u to 1 u have a 100/1 spreéd
whereas partibles 5-25 p only have a 5/1 spread), The wider the particle size
distribution, the greater the probability of secondary recrystallization

providing an inhibiting phase is present,

The sintering kinetics of active powders, < 0.5 i diameter, surface
area > 1,2 mz/gm, are currently recelving considerable attention throughout the
ceramic industry, It is anticipated that the literature will soon reflect the

increased activity in this area,
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V. KINETIC SINTERING SERIES

A. Introduction

Observations of graiﬁ size development in production or development

ThO, pellets have usually been confined to examination after the normal 12
hour at 1750 C 51ntering cycle when graln 51zes yere less than specification
levels, the pellets would be re- examlned after each repetltlon of the
standerd cycle. This practice was based on production practicality end also
on the asspmptioh that the normel graiq g;oyth mechenisms def;ned in
"Section IV of this report operaied andAthat'the 12 ﬁcﬁrv(crvsucsequent 24 hour)
structures were, in fact, only extensions of the structures which would be
. Observed at shorter time as predicted from (time)l/2'l/§ relationships.
Occasional observations were made of greins much larger than specification

in the center of pellets whose grain size was otherwise "normal.” Further,:
it was noted that resintering resulted often in grain sizes far coarser.than
could be explained by extrapoletion of '"normal" grain growth kinetics. These
facts motivated a more careful and detailed study of structure development in
Th02 pellg&s as,amfunctlon of sintering time; temperature, atmosphere, powder

compaction, etc.

B, ©Sintering Kinetics

1, Laboratory Pretreatment and Sintering Procedures

The,iniﬁially established pretreatment and sintering schedules for
the production of ThO, and ThO,/UO,, 0.53 inch diemeter, pellets are shown in.
Tables 1 and 2, respectively. The procedures are significantly differentv
with tﬁe sintering‘time and temperature being the only parameters constant
to both procedures, The inlet dew.point of the. "wet" hydrogen used during
the sintering of ThO, pellets is approximately 45°C (~ 110°F), while the
inlet dew point ‘of the "dry" hydrogen used with the binary pellets was
approximately - 480C (- 55OF). The respectiye waterlcontents.of the atmos—
pheres are 70,000 and 50 ppm, respectively, Because of the nature of the
equipment, it was difficult to duplicate these atmospheric conditions in the
laboratory. " For example, the larger size of -the productlon sintering furnace
perm1t< a more effectlve purging of water back diffusing from the flame’

curtains at the charging and exit ends,” The wet and dry hydrogen used

37



WAPD-TM-1311

during the laboratory sintering runs had dew points in the hot zone of the
furnace of approximately 2500 (77OF) and 15°C (590F), respectively, 33,000 ppm

and 17,000 ppm H,O. Consequently the atmosphere was relatively wet even when

a "dry" hydrogenzrun was attempted.

Heating rates and maximum temperatures were closely duplicated in -
the laboratory However, samples which were pretreated in the laboratory
generally resulted in higher residual carbon contents than those pretreated
in the thoria or binary facilities., Caution must be exercised in comparing -
carbon contents in ThO,-base pellets since thoria powder readily adsorbs '
carbon from the atmosp;ere in the form of COQ. The carbon content of a
given sample may vary by 150 to 300 ppm depending on the exposure to the
atmosphere and the surface area of the sample, Nevertheless, the differences
in carbon contehts between the laboratory and production pretreated pellets
were of such a magnitude that simple adsorption of CO2 could not readily
account for the difference detected. Typical residual carbon after the
42500-3 hour pretreatment in the thoria facility varies between 1200 ppm and
3000 ppm; The 2800 ppm value observed in the laboratory experiments is high
but still within range. The binary facility 92500—3 hour pretreatment typi-
cally results in residual pellet carbon contents of 150 ppm, The 464 ppm-
925 ppm observed from the laboratory experiments is well above this range.
Since the laboratory experiments were performed under relatively stringent
conditions with new furngce nuffles, instrument grade CO2 (15 ppm or less
oxygen), and an air-tight batch furnace, it was concluded that the lack of
impurity oxygen in the system may have been partially responsible for the
high residual carbon., The Binary facility typically has contamination at
levels sufficiently high to oxidize the UOZ' Typical O/U values are 2,15 to
2.5. In addition to oxidiziné the UO,, %he oxygen impurity also oxidizes
the carbon, forming CO gas. The 0xyg;n is a more efficient reagent for remov-
ing carbon than the COZ' The lack of oxygen in the pretreating atmosphere is

reflected in higher residual carbon contents,

2, Results of Laboratory Kinetic Studies

Nine 0.53 inch diameter pellets fabricated from powder lot 088
(~ 100 ppm Ca0), liquid/solids agglomerated with 1.0 w/o Carbowax 6000 and
0.2 w/o Sterotex, pressed to a green density of 55 %, .and pretreated at 42500
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for 3 hours, were obtained from the ThO2 facility, These pellets were

sintered in the laboratory furnace according to the schedule shown in

Table 3, The density versus temperature and time plot, Figure 2, shows only
nominal densification up to 1000°C after which densification proceeds rapidly
up to 175000. Extended time at<1750°C increased the density only an addi-
tional 0.4 % absolute. The flat ihitial portion of the curve (below 1200°C)
represents the . initial sintering stage, while the rapidly changing portion
between 12000Q,and 17509C represents the latter stages of the initial sinter-
ing kinetics and intermediate stage sintering .kinetics, . Final stage sintering.
begins at some point after the rapid densification typical of the intermediate
stage moderates, Final stage sintering kinetics are typified by the small
increase in-density observed. in. Figure 2, with increasing time at'175OOC. It
is difficult to delineate each sintering stage, especially since they overlap
and ﬁore than one mechanism might be operating at any given time, Nevertheless,

Figure 2 represents what might be termed a typical densification curve,

The metallography of the individual pellets shows that the sintering
process was not nearly as ciassical és the density versus time curve indicated.
Examination of the 1000°C sintered pellet showed that,although it was .'ihitially
completely black afterApretréatment because of its high carbon content (see
Table.B) it#ﬁow.had a whife‘exterior. A section through the center of the
pellet showed that the center was still black; however, the pellet cracked
through the center during sintering and the pellet was white on each side of
the cfack, even in the middle portion of the peilet. This indicates that the
wet hydrogen atmosphere which was effective in removing carbon from the exter-
ior of‘the pellet also removéd carbdn—from the material on each side of the
crack, At 1400°C the pellets were completely white, intérior and exterior.
The grain size of these two pellets was extremely fine, < ASTM #14, and could
not be measured by oﬁtical metallography, At 1600°C" the pellet shéwed visible
darkening on the exterior surfaces, formiﬁg a faint picture frame when viewed
from the mid-plane section, This picture frame darkened and became larger
" (the dark color proceeded inward) as the temperature and time at temperature
increased, Metallographic examination of these samples showed that grain
growth initially took place at the pellet surface and proceeded toward the

interior in a pattern similar to the dark picture-frame effect, The grain size
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was measured as & function of the distance from the pellet surface for-
several of the conditions investigated, Figure 3. It becomes. apparent from
Figure 3 that a fine-grained pellet center may exist even though & relatively
high density has been achieved which is not significantly changing with
increasing time at temperature. The center grain size of the samples
sintered for 1/2, 1-1/2, and 12 hours at 1750°C was considerably finer than
could be determined optically with the ASTM eyepiece. Replicas were
extracted from these two samples and examined with the electron microscope
and are included in Figure 3 for comparison. A difference‘of approxi-
mately one to two ASTM numbers exists between the grain size number as
determined by the electron and optical microscopes. This difference may
arise from the fact that the: grain size was determined.by the two methods.

at slightly different locations on the same sample and the grain size did
vary as a function of position, In addition, an ASTM calibrated eyepiece was
used to determine the average grain size in the optical determination while - .
the number of grains in a given area as dete;mined}by counting from a photo-
graphic enlargment was used to determine the ASTM graiﬁ size number for the
electron microscopy examination, Finally the magnification of the electroﬂ
microscope is known with less certainty than the optical microscOpe, In ahy .
case, these results show that.even though the center grain sizé of the pellef
was considerably finer than the exterior portion, the grains did show growth
with increasing time at temperature, Since the heating and coollng ratec of
these samples were not as closely controlled as desirable, the pellets fre—‘
quently were cracked. Those cracks whlch occurred during the initial portlon
of the sintering experiment showed a darkenlng and grain growth on either q1de
of the crack, even if the crack extended through the center of the_pellet,
Since this type of behavior is indicative of diffusion-related phenomené,(the
distance from the pellet surface at which the,graiﬁ size could be readily
measured (ASTM #14) was plotted as a function of fime oh a loé—lbgvplot,
Figure 4., A straight line provided an excellent fit for the data., Substi-
tuting for the variables in the equation, the following relationship was

derived:
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where K = constant of 8,1 (dependent on the units of the variables)

m = 0,45
t = time in seconds
d = diffusion distance from the pellet surface in centimeters,

Figure 5 is a plot of the actual grain diameter in microns. as a function:of
time for four different locations in the pellet, At the -pellet surface the
grain growth is "well behaved" in that it grows as the square root of time
indicating grain growth control by uninhibited grain boundary surface tension
forces, The grain growth toward the interior of the pellet .departs from the
classical time relationship and actually shows the presence-of discontinuous
grain growth, m > 1, implying grain boundary mobility is initially limited by
pinning obstacles and then breaks away. At a dlctance of O 20 inch from the
pellet exterlor, the log grain d1ameter versus log time plot is no longer a
straight line, indicating the simplified equation D = Kt is no longer a good
approx1mat10n of the data. This lack of fit was ant1c1pated gince the condi-
tion of the approximation for the equation of Figure 5 was that the final
grain diameter, D, is conclderably larger than D , the initial grain diameter,
Using the equation D2 D = Kt so that ‘the res ultq will be corrected for the
1n1t1al grain 1ze and a value for D = 0, 5 by the average dlameter of the
1n1t1al powder partlcle, Ref, 44, a plot (Flgure 6) is obtalned which shows‘
that,‘even maklng this correction, the exponent of t is stlll not one,
corresponding to normal graln growth, buﬁ faﬁher;l.8h wpich‘ls close to two,

indicative of discontinuous grain growth.

These results indicate that grain. growth at the pellet “edge grows
as the square root of time, indicating growth by uninhibited surface tension
forces whereas, as the center is approached, a different mode of grain growth
controls, Since the heating rate is relatively_élow (~ 1QOOC/hr) and the - .
thermal conductivity of even a partially dense ThO2 compact ie relatively.
high (0.5 Btu/hp—ft—oF), the temperature differential between the pellet
interior and exterior vould be only = 2°c, It appears that the delayed
center grain growth ls not the result of a temperature differential.or lag.
The temperature differential from the ekterior to the interior of the pellet
is quickly eliminated (~ 5 min) at the steady state temperature of 175090;
however, the grain size duplex structure remains for.extended times at

+
temperature (~ 12 hrs ). The step-wise function of the grain growth coupled
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with the increasing.zone of .normal grain growth at the surface are good
indications that some contaminant phase or impurity segregation in the pellet

interior resulted in the abnormal or discontinuous grain growth,

The pretreatment and sintering schedules of Kinetic Study #1
closely parallel the standard conditions of the thoria facility. Kinetic
Study #2 was an attempt to duplicate the pretreatment and sintering schedules
used in the binary facility (see Table h). It should be noted, however, that

no U235 addition was made to the ThO2 powder and the ThO, powder contained

. 2
100 ppm Ca0, a characteristic of the powder usually used in the ThO, facility
rather than the binary facility. Since grain size problems were common to
both - facilities, these differences were not considered significant to the

success of these initial sintering studies.

The pellets of Kinetic‘Study #2 were initially pretreated at
45000 in flowing 002 and then at 925°C in flowing COZ' The carbon content
after the 45OOC“pretreatment was 2000 to 3000 ppm with radial and axial
shrinkages of approximately 0.3 and 0,03 %, respeétively. The total shrinkage
after the 92500 pretreatment in the radial and axial directions was approxi-
mately 1.4 and 1,12 %, respectively (actual pellet values in Table 4), with
a carbon content of 800 ppm. The shriﬁkage after pretreatment was relatively
greater than-that which could be compensated for by the weight loss of the
Carbowax, The density of the pretreatéd pellet is approximately 1.7 % greater
than that of the green pellet and may indicate that initial sintering may be
in process, Densification during sintering is practically complete when the

maximum temperature of 175000 is reached, Figure 7,

Examination of the sintered bellets showed ‘that a darkening took
place at the surface and proceeded toward the pellet interior, However, at a
given time at temperature the darkening was considerably more extensive than
was observed in the first kinetic study. In fact, at the end of five hours,
the pellet was completely gray. The grain growth again proceeded from the
exterior inward, Figure 8, - Samples examined at the end of 0, %, 1%, and 5%
hours at temperature had relatively coarse grains at the surface and fine-
grained interiors, The sample sintered for 13 hours at 175OOC had a unique
microstructure. Selected grains in the pellet interior grew extremely large,

Figure 8, 1In addition, selected grains near the very center of the pellet
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were idiomorphic in external shape, Figure 9. - Figures 10 through 16 are
higher magnification photomicrographs showing the structure at various loca-

tions in the sectioned pellet of Figure 9.

Figures 10, 11, and 16 (areas 1, 2, and 7 along the pellet surface)
show normal size and shdaped grains, Figures 12 and 15 (areas 3 and 6) show a
transition from normal grain growth to exaggerated grain growth., Extensive
exaggerated grain growth is shown in area 4, Figure 13. Almost at the center
of the pellet there are large idiomorphic grains, Figure 14 (area’5) which are

bordering on very fine 1d10morphle.gra1ne, Figure 17 (area 8).

Exaggerated grain growth is an indication thet the normal grain
boundary mobility was inhibited to some degree. The exact inhibiting media,
e.g. porosity, secondary phase: solid solution segregation, etc., may be ‘
Opeh for discussion; however its presence is not. Exaggerated g;ain growth
is considered to be the direct result of grain boundary inhibition and is
not attributed to variations in temperature, pressing stresses, or density.
The presence of>idiomorphic grain growth is an ingication‘of a liquid phase
existing at the grain boundaries. The exaggerated grain growth and the
idiomorphic grain growth may be atfributed‘to the same mechanism, but they
could both co-exist as & result of separate mechanisme, e.g. liquid phase and

y

solid solution segregation.

~ Since the presence of a second phase con51st1ng of a pec1flc
quantlty of a 11qu1d phaee, generally located along the graln boundarle is
requlred for the formatlon of 1d10morphlc gralns, the qample shown in Figure 9
4 A -t B .

! Yy oL

was 1nve<t1ga£ea in more detall both optlcally and w1th the s eanhing electron -
mlcroscope and the electron probe Examination of the unetched sample showed
what appeared to be three separate phases in the thoria matrix. All three

were present in the area where the idiomorphic grains were detected, but only

one of the phases was dispersed throughout the entire sample,

A highly reflective phase which was common to both the regular
and idiomorphic structure was identified as a transition metal sulfide.
Chromium was most frequently .associated with the sulfur; however, Fe and Ni
were also detected, . This phase was previously detected by SEM techniques

in thoria microstructures at which time it was concluded that it had no

influence on grein growth.
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A A light gray phase which frequently had one or more straight sides
was determined to be composed of Th, 5, and possibly 02, Figures 18 and 19,
The presence of Cr, Fe, Ni, or Co was not detected, The reflectivity of this
phase was considerably less than the previously detected Cr-S phase, The
morphology of the two sulfur-containing phases also differed, The Th-S phase
was almost always longer than it was thick and at least one side was straight.
The Cr-S or transition metal sulfide was generally bulkier and less idio-

morphic in appearance,

Although the thorlum sulfide phase was detected in the area where
idiomorphic grains were present and both the idiomorphic grains and the Th-S
phase have straight sides, the Th-S phase did not exist exclusively aﬁ the
grain boundaries, In fact, there appeared to be as many Th-S areas within
the idiomorphic grains as there were along the grain boundaries, It is thus
apparent that, while the thorium sulfide phase was associated with the forma-
tion of idiomorphic grains (since this phase could be detected only in pellet
areas showing idiomorphic grains), they were not a permanent barrier to grain
growth since grain boundaries could grow around them., In addition, this phase
was assoclated only with the formation of idiomorphic grains and was not
detected where the grain growth was inhibited or where exaggerated grain
growth took place,

The third phase in this sample was;also present where idiomorphic
grain growth had resulted and its morphology was:very, similar to the Th-S
phase, except the reflectivity was still less and it appeared, somewhat darker,
Figure 20, The same quantitative electron microprobe analysis of this phase
showed it to also be composed of Th and S with a slightly higher oxygen con-
tent than the previous Th-S phase, Figure 21, It was concluded that the
difference between the two Th-S phases was probably only the degree of

exsolution from the host phase,

Kinetic Study #3 (Table 5) was similar to #2 except that the
maximum sintering temperature was 1800°C .+ In-this case, idiomorphic grains
were detected after only 1% hours at 18OOOC:éH&Lexaggerated grain growth
began after 6 hours at temperature, Figure 22, After 12 hours &t 1800°C the
large idiomorphic graihs had impinged on éach other and then appeared only

as grains typilcal of ekaggerated grain growth. Only a few very small areas

Lk
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of idiomorphic grains remained, ‘The occurrence of idiomorphic grains
independently of exaggerated grain growth strengthened the hypothesis that
the sulfur content influenced the formation of idiomorphié grains, but
when uniformly dispersed in quantities typically found in the starting powder,
< 120 ppm, did not inhibit grain growth and was not responsible for the .
picture-frame structure.: Subsequent calcining.experiments further étrengthened
this belief (Section VIIX It was therefore concluded that as a consequence of
the rapid growth of the large grains resulfing from sécondary recrystalliza-
tion the sulfur was swept toward the pellet center. A critical concentration
of a liquid phase, presumably a eutectic of Th(O{S)2 with Th02, led to the
formation of idiomorphic grain structure, The Th(O,S)2 phase, however, was
not the grain growth inhibiting phase which resulted in the initial secondary

= Do L Soow. U

rec¢rystallizatyon,

The structure nonuniformity frequently described as picturé
framing which reéults in grains of siée normally in the range of ASTM»#E té
#8 in a band approximately 0,050 to 0.100 inch around the periphery of the
pellet with the remainder of thé grains ASTM #10 or finer has been reproduced
in these initial experiments, A comparison of theAgrain size data of Kiﬁetic
Studies #1 and #2 shows that increasing the green density of the pellet from
55 to almost 64 %, respectively, has little effect on the grain size of the
periphery (it should also be noted that Kinetic Studies #1 énd #2 use pellets
from different powder lots); however, the thickness of the "normal" grain
growth region increases for a given time at temperature as well as the grain

size 1n the pellet interior,

As a result‘of the preceding kinetic'studies it was shown that the
thickness of this border of normal grain growth is dependent on time as well
as pellet green density, In fact, the periphery of normal.grain growth appears
to be a diffusion-related phenomenon with a square root of time dependeﬁce of
its thickness, Again the borders of cracks which are formed in green peliets
prior to sintering have the gra{n size characteristic of the periphery even
when they extend to the pellet ceﬁter. Based on this information it was
postulated that an impurity element or phase waé aéting as a grain gfowth
inhibitor during sintering, To determine if the noimal grain growth at the
pellet exterior was the result of residual strain imparted during the pressing

operation (the added enérgy in the form of residual strain being enough

ks
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to overcome the retarding effects of the impurity phase) or the result of
reduced impurity levels due to impurity removal resulting from a reaction
with the pretreatment or sintering atmosphere, 1/8 inch diameter holes were
drilled 1/4 inch deep into the ends of six 0.53 inch diameter pellets,
088-1-11, Three of thé‘pellets were drilled after they were pretreated in
002 at 92500 for 3 hours; the remaining three pellets were drilled in the
as-pressed condition and were pretreated- in COZ;atu925OCAfor 3 hours.. - €on-
_sequently, before sintering, both sets of pellets were subjected to identical
pretreatments;‘however; one set of pellets was drilled. before pretreatment

and the other set after pretreatment,

The pellets were sintered at 1655OC in nominally "dry" hydrogen,
The actual dew point was not measured., The measured dew point of the incom-
ing hydrogen was - 60° F; however, the dew point in the furnace hot zone was
considerably higher and is estimated from subsequent measurements under
gimilar conditions to be approximately + 60°F (1500). One of each set of
pellets was removed from the furnace after 1%, 9, and 16 hours, respectively.
The pellets from both sets were sectloned longitudinally through the mid-plane
of the pellet and drilled end holes,

Normal grain growth was detected along the pellet section closest
to the walls of the drilled hole as well as along the exterior portion of
the pelleti:surface, Figure 23, Both sets of pellets showed normal grain :
growth along the walls of the drilled holes, and the extent of grain growth
appeared to be dependent on the time at temperatgfe rather than whether the
pellets were drilled before or after pretreatment The grain growth data
for the two sets of pellets are remarkably 51m11ar and show that the impurity
element or phase which inhibits grain growth is not removed at the low tempera-
tures typical of the pretreatment process. Further, this experiment
demonstrates that it 1q unlikely that strain energy or density variations
resulting from the pressing operatlon are the causes of the duplex microstruc-
ture, This experiment also clearly showed that the hydrogen atmosphere promotes
normal grain growth by reacting with the impurity phase. The pellets were placed
in the furnace on end, thus'reducing the access of the hydrogen atmosphere
(ana possibly the associated water vapor) with the bottom surface of the
pellet and the bottom drilled hole, In all cases the extent of normal grain
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growth was less on the pellet bottom than on the top. It was also observed
that for times at temperature in excess of 9 hours the grain growth of . the
free surface was somewhat greater than in the drilled hole, Figure 23.
This may be due to the ease with which the atmosphere at the pellet surface
can-be recycled, whereas in the drilled hole movement of the atmosphere is
more restricted. Higher flow rates in the sintering furnace with turbulent
rather than laminar flow may be helpful to reduce localized buildup of |
effluents. These data correlate very well with the previous observations
that normal grain growth occurred in the areas bordering cracks which

formed prior or during the sintering cycle, and- that the picture frame on
small (0.25 inch) diamefer pellets is of the same ord?r of thickness as that
on the larger (0.53 inch) diameter pellets. The previous experiment clearly
demonstrates that the unique feature of the structural nonuniformity was not,

in fact, the picture frame, but rather access of the pellet to the atmosphere.

' To further demonstrate that the pellet microstructural nonuniformity
" was the result of effusion of a grain growth inhibiting impurity from the pellet
surface during heating of the pellet to sintering temperatures prior to densi-
fication to an extent that release of the. impurity stoppea (1ess probable that
an impurity could diffuse into the pellet(frdm the sintering atmosphere which
can change the grain growth characteristics of £he picture frame), an experi-
ment incorporating.an initial hold time at a reduced tempefature was per-
formed, Kinetic Study #4, By holding the pellets for a long time period at

a temperature in the sintering atmosphere below that at which almost.complete
densification takes place, the thickness of the picture frame (area of "normal"
growth) should be‘increased. Therefore, Kinetic Study #4 included a 1300°C--
48 hour hold time, The hold time of 1300°C~was selected because it was
determined from the previous studies, Kinetic Study #1, that densification
extensive enough to limit severely access of the sintering atmosphere to the
pellet intefior by reduction of open porosity would‘not take placé at this
temperaturé. Also at this tempefature, reaction of C with even dry hydrogen
occurs at an appreciable rate, The 48 hour exposure time was estimated from
the réte of thickeniné of the normal grain growth rim shown in Figure 4, DNote,
however, that the powder used in Kinetic Study #1, lot C88,'was different from
that uecd in Kinetic Study #4, lot 097, and”theicompact green density of the
former'was 55 %, of the latter 62 %, The pellets were given a U4 hour, 450°C
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pretreat in COZ' The pellets were then heated to 13000C in wel H2 for .
48 hours., At the end of 48 hours the pellet density was approximately
8.83 gm/cc, Table 6, All pellets were heated to 1750°C and sampled as a
function of time (see Figure 24), A control sample was included which did
not receive the 48 hour, 1300°C hold time. While the rim' showing normal grain-
growth was not as extensive as was predicted from Kinetic Study #1,.a& compari-
son of the pellets sintered at 1750 °c for 12 hour= with-and w1thout the 1300 G-
48 hour hold time shows that the hold time appreciably increases the d1 tance
into the pellet where normal grain growth occurs from 0,042 inch -(at ASIM G,S
#12) to 0,096 inch, Nevertheless, the 1300°C hold time, while promoting grain
uniformity, was insufficient to promote grain size uniformity all across the-
pellet,

Even though Kinetic Study #4 3id nol provide a réady process for
the production of 0.53 inéh.diameter péilets with uniférm“grain size, rt‘
did provide additional evidence for the hypothesis that an impurity could be

removed to some degree by free communication with a hydrogen atmosphere,

Tt was also learncd from Kinetic Study #4 that the removal of the
grain growth inhibiting impurity wa.s very slow when the powder was heat-
treated in the compacted pellet, Coﬁéequently higﬁer temperature, longer
time pretrea{mentéudid not t4ppear to be-a fruitful course for future experi-
ments, Calcination of the fine powder (~ 0.5 u diameter), on thé other hand,
where the diffusion distances were very short, appeared to be a promising

area and several calcihing experiments were initiated (Section VII),

In view of tne data indicating the nresence of & grain growin
inhibiting impurity peing responsivie for part, if rnot 8il of the grain

Wy

growth problems {inhivited grein growt and/or exaggerated grain growtn), e
kinetic study gmploying a rapid heaLl%é rate to temperature vigs conducted;
Although 8 repid heaging: rate would not be & precticel production tecnnigue,
it was considered tnat at the eleVatea tempersyures tne impurity pnase would
possioly react witn the aUMOSphere vefore extensive densificetion srnd a
closure of the open pores cculd limit the iree communication of the atmosphere
with the pellet interior. Kinetic 3tudy #6 consisted of neating five pellets
(produced from 088 powder pressed to 55% green density and pretreated at

925°C for 3 hours) at an accelerated heating rate of hOO“C/hour from room‘
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Tennerature Lo l?SOOCL Samplee‘were removed 8t tne end ‘of ?. 1/2 1-17/2. 5,
ard ‘L2 hours at‘teboerature.' '

The results of this experlment were difficult to evaluate q1nce .
the pellet° fractured exten°1ve1y during the rapld heatup, as a reqult no
density measurements could be obtained, From the graln growth results
Figure 25, it was not clear whether the open por0Q1ty at the pellet surface
remained open at the h1gh temperatureq to allow for 1ncrea<ed 1mpur1ty- »
atmosphere contact or the fractured pellete produced an 1ncrea<ed surface
area and therefore "normal" grain growth was llghtly more extensive. The

normal” grain growth at the surface of the pelletQ examlned after O, é, 1;,
and 5 hour= exposure at 1750 °c could be approx1mated by an equation with the
square root of time dependence. The grain growth at the interior of thes
pellets was inhibited in much the same way as the pelletq in Kinetic Study #1.
The 1ncrea<ed heating rate did not ngnlflcantly influence the grain growth
in these cample _The sample whlch was at temperature for 12 hours had ‘such
large increases in surface.area due to thermal fracture of the pellet that
all of the pleces exhibited =1gn1flcant graln growth across the reduced cross
section, Because of the increased exposure to the atmosphere at temperature,
the reduced differential in grain size between the pellet exterior and inter-
ior was felt ' to be nonrepresentative of a 12 hour, 175OOC sinter, Figure 25,
It was therefore concluded that the rapid-heating’rate did not increase the
grain growth rate or result in increased communication of the atmosphere with

the pellet interior by'maintaining a higher amountvof open porosityA'

. To determine the 1nf1uence of m01sture in the hydrogen atmo phere
on grain growth and to replicate a’klnetlc tudy ag a measure of reproduc1—
bility, Kinetic Studies #7 and #9 (Tables 7 and 8) were run in ”dry" and ”wet"
hydrogen, res pectlvely. Although the dew points of the inlet hydrogen ga<
for these two runs were - 60 F ( 51 C) and t 77 °F (+ 25 C) respectlvely,
the dew p01ntq in the hot zone of the furnace were approx1mate1y + 59 F (15 C)
and 77 F (25 C) re°peot1vely The 1arge increase in the dew point of the
dry hydrogen is most probably the result of back Qtreamlng from the flame

curtain at the exit end of the furnaoe.
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Kinetic Study #7 used 0,53 inch diameter pellets produced in the
thoria facility from powder lot 088 (55 % green density) which were pretreated in
flowing instrument grade CO2 at 92500. The carbon content of these pellets
as determined by chemical analysis was approximately 860 ppm, This is a
value considerably higher than reported for pellets pretreated in CO2 iﬁ the
binary facility production furnace. An identical pretreatment (92500,
resulting in 890 ppm C) and sintering schedule (dry hydrogen--dew point
~ 15°C) were used for Kinetic Study #2 which resulted in the. formation-of an
idiomorphic microstructure. The pellets were removed from the hot zone
according to the schedule shown in Tahle 7 which also lists the green and
sintered densities., The cﬁange in density as a function of time and tempera-
ture is shown in'Figure 26. The pellet density incregsed rapidly from the
initial 5.6 gm/cc to 9.16 gm/cc as soon as the sintering temperature of 175OOC
was attained, Additional time at temperature resulted in a maximum density
of 9.38 gm/cc at the end of 5 hours and only 9.30 gm/cc at the end of 20 hours,
The sintering kinetics, density’versue time and temperature for Kihetic
Studies #7 and #1 were similar in spite of the differences in pretreatment

times and temperatures and the dew point of the sintefing'atmosphere.

. _ Grain size as a function of pellet cross section for Kinetic
Study #7 is shown in Figure 27. The rate of grain growth up to a maximum
grain size of approximately 90 u (ASTM #4) near the pellet surface and the
rate .of growth from the pellet surface toward the pellet center out to a
distance of approximately 100 mils (2540 w) could be approximated by a func-
tion of the square root of time, Grain growth in this area is therefore most
likely controlled by uninhibited grain boundary surface tension forbec Simi-
lar to previous teets, the pellet center consisted of very fine grains the
growth of which is considered to be inhibited by an impurity phase. However,
unlike previoué‘kinetic studies, the pellet center was porous (Figure 28a-d)
and soft, based on Knoop hardness measurements. Pellets 11-7 through 8-?
with sintering times at 1750°C of O to 5 hours had soft centers. Pellet 8-7,
5 hours at 17500C, had & grain structure unresolvable with the optical micro-
scope,’ Figure 28c, and a Knoop Hardness No. of 60. The exterior surface of
this same pellet showed normel hardness levels, Knoop No. 900, and the
average grain size at the surface was ASTM #5 (~ 60 u), Figure 28b.

This sample also showed the presence of exaggerated grain growth very
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near the fine-grained pellet center, Figures 27 and 28d. Since

the densities of the pellets having the soft centers were

comparable with those of the pellets which showed a more normal, uniform
densification, and since the volume of the soft portion of the pellet was a
significant fraction of the total pellet volume, it became obvious that
although soft and granular, the pellet centers were not significantly. less
“dense than the harder, peripheral material, It has been previously demon-
strated, Ref, 44, that the as-received thoria powder is porous, -The porosity
in each individual particle may be removed or reduced by thermal treatment
yilelding a powder with the same particle size but with a reduced surface area.
It is therefore considered that the individual powder particles in the center
of the pellet are densifying, but densification and growth between particles
in this area are not taking place., In fact, even the initial stage of
sintering, neck formation between particles, is severely retarded, The
reason for this is not entirely clear. It may be postulated that during the
heat-treating process the exterior portion of the pellet leads the peliet
center in the densification process. As a result, the exterior initially
shrinks more than the interior and ppts the center in compression and £he
surface in tension, The hot pressing action is probably small comparedito
the normal surfaceftension induced densification and in most cases is not :
separable experimentally, Once the exterlor portion of the pellet has;
densified and the shrinkage has stopped, densification of the center portion,
which is lagging behind, continues, The center material is therefore sub-
Jected to hydrostatic tensile stresses, The surface tension forces of the
pellet interior are quite small while the compressive strength of the _
sintered pellet exterior is quite large, even at temperature; therefore
shrinkage as a result of neck formation and densification between particles »
is inhibited, With extended time at temperature the driving force for densi—
fication may be adequate to cause actual physical separation éf the pellet
interior from the exterior shéll aé shown in Figure 29, 1In additi§n to the
larger infergranular separation between the inﬁerior and exterior, extremely
large grain boundary separations have formed to further alleviate the stress
resulting from the dilfferential shrinkage, Figures 29a and b, The preceding
explanation of the soft pellet centers and intergranular separations is an

11lustratlion that the purlfication of the external portion of the pellet
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by impurity volatilization or impurity—atmosphere interaction, not onlj
normalizes grain growth but also promotes denclflcatlon vis-a-vis portlonq

of the pellet which are not thus purlfled

To recapitulate, it is postulated that the phenomenon of
secondary grain growth dictates the presence of an inhibliting species,
Normal grain growth at the pellet surface indicates that the inhibiting
“impurity. was either removed completely or:reduced below a threshold value. -
Since there was either no impurity phase to inhibit grain gfowth or secondary
reérystallization took place wheﬁvthe grains‘were still quite small, grain
growth proceeded in a normal fashion, 1.e. at a rate decreasing with time,
At a somewhat greater impurity concentration selected grains were able to
grow at the-éxpense of the other grains in the immediate area, Exaggerated
grain growth resulted when the growth of all but a few grains were retarded.
Closer to the pellet center the impurity concentration was high enough that

the growth of all the particles was inhibited.

The pellet sintered at‘175000'for 12 hours shows a distinct
columnar structure with the longitudinal axis of the large grains extending
radially out from the pellet center, In addition, what appeared to be a
second phase was distributed as very thin equaliy spaced plates within
several of the large columnar grains, Based on previous work it was at
first tentatively assumed that the secondary phase contained sulfur; however,
the regular morphology of the secondary phase observed is unique to this
study, From an examination of the microstructure, Figure 29c¢, it was sus-
pected that the plate-like phase may not be a separate phase but a different
orientation of the séme phase which could result as stress induced twins;
Subsequent energy-dispersive analysis in ihe scanning electron microscope
(SEM) of this sample confirmed that no foreign elements were present in
quantities sufficient to account for the formation of the plate-like phase
in. Figure 29c and that it was indeed a twin, This would tend to support the
specﬁlation discussed above of the presence of tensile stresses between the
core and the outside of the pellet and may also help explain the formation

of columnar grains,
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Kinetic Study #9 was undertaken to evaluate the effect of
sintering atmosphere dew point. Therefore, unlike the other sintering kinetic
studies, the pellet pretreatment and sintering were different from the pro-
cedures used by either the thoria or binary facilities, consisting of a
combination of the 92500 binary facility pretreatment and the thoria facility
wet hydrogen sintering, 'In addition, it should be noted that while
the inlet dew points of the wet and dry hydrogen were 770F (2500)»and - 60°F
(- 5190), respectively, the same dew point values in the hot zone of the
gintering furnace were‘ZSoC and 150C. Consequently, both atmospheres were
relatively wet with somewhat similar dew points, Therefore it is not sur-
prising that the density of these pellets; Table 8 (2500 dew point), are
similar to those in Table 7 (1500 dew point). Nevertheles§, after 12 hours
at temperature the density of wet hydrogen sintered pellet, 6-9, was measured
at 9.453 gm/cc and the density of the "not so wet" hydrogen sintered pellet
was 9,35 gm/cc. The axial and radial shrinkages are also somewhat larger
for the pellets sintered in the hydrogen with the higher dew point. What was
surprising was the grain growth of the pellets in this study.

The grain growth data of Kinetic Study #9 is shown in Figure 30,
Grain growth was initiated at the pellet surface and proceeded to increase in
diameter and in total penetration toward the pellet center as observed in
earlier studies., Close comparison of the grain sizes as a function of time
during the first 5 hours at temperature and in the exterior 160 mils,
Figures 27 and 30, shows little difference, implying that‘remoﬁél of the
inhibiting impurities differs little as would be expected bétween hot zone
dew points of 15 and 2500. At some time in excess of 5 hours at 175000 the
center grains overcame the inhibiting effects of thé secondary phase and
underwent significant growth, The growth was extensive enough to result in
a relatively uniform grain size, ASTM #3.5 to #6 across the entire cross
section. of the pellet at the end of 12 hours at 175OOC. It is highly sig-
nificant that no additional grain growth resulted after 20 hours at tempera-
ture, If the initial results at 5 hours and less had been unavailable, the
secondary recrystallization phenomenon would not have been detectéd from
Jjust the 12 or 20 hour results, Pellets from the same blend sintered in "dry"
hydrogen (1500 hot zone dew point) showed exaggerated grain growth after

12 and 20 hours, These results indicate that the grain boundary diffusion in
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a wet (2500), or more properly, wetter hydrogen atmosphere, 1is greater or

more efficient than in a drier hydrogen atmosphere., The wet hydrogen increased
the mobility of* the grain boundaries so that after 5 hours at temperature the
boundaries of even the relatively small grains were able to move beyond the
inhibiting phase or had sufficient energy to drag the inhibiting phase, Con-
seduently all of the grains were able to grow in a normal fashion. On’the
other hand, the more inhibited grain growth in the drier hydrogen atmospheré,
‘Figﬁre 27, allbwedvdiséontinUOus grain growth, wheré,onlyAa.féw grain bouhdar-
les had sufficient energy to méve appréciably, thereby resulting in a few véry

. large center grains.'

‘ A comparison of Kinetic Studies #1 and #9 is in order since these
experiments differed only in the maximum pretreatment temperafures used, 425
and 9250C, respectively; the results indicate that the higher pretreatment
temperature may be beneficial. Secondary récrystallizatioh was observed in
both studies; however, in Kinetic Study #9 (92500 pretreat) the center grain
boundaries were able to overcome the inhibiting impurity sometime between
5 and 12 hours at 175000, whereas in Kinetic Study #1 (42500 pretreatment)
center grain boundary mobility became sufficient to migrate past thé inhibit-
ing impurity oﬁly after 12 to 20 hours. Since the carbon contents of the
425 and 925°C pretreated pellets are approximately 3000 ppm and 860 ppm,
re;@ectively, the possibility that carbon in large amounts may act as a

grain growth inhibiting phase was given greater emphasis,

v

As a consequence of the results obtained from the precediﬁg two
kinetic studies, it was concluded that the sintering atmosphere had a major
influence on grain growth and warranted further investigation, Less clear
cut is the effect of the prefreatment and residual carbon on subsequent
grain growth, The higher carbon content (3000 ppm) of the 4250C pretreatment
versus the 860 ppm content of the 925°C pretreatment may have resulted in
more gas-filled pores in the pellets used in Kinetic Study #1 as compared
to Kinetic Study #9, However their effectiveness as a grain growth inhibitor
has not been proven (see Section V), 1In anj case, as discussed in Section IV

above, the higher carbon levels delayed rather than prevented grain growth,

5k



. WAPD-TM-1311

C. Effects of Sintering Atmosphere and Solarization of Sintered

ThOz Pellets

These two toplcs are not normally companions; however, in the. course
of testing the postulate which suggests that gas-filled pores inhibited
pellet grain growth, information was obtained simultaneously on the effect

of the sintering atmosphere on grain growth,

Incorrect functioning and mal-operation of the pretreatment furnaces
in the production facility, as well as some initial indications that carbon
may not be feadily eliminated By powder calcination, Section VII, caused
suspicion to be directed toward carbon or its réaction products.qith ThO2
as being responsible for structural nonuniformities, The analyzed carbon
content of-the as-féceived powders was 100 fo 500 ppm and iarge amounts
(2-3 w/o which is'equivalent to 4 to 5 times as much v/o) of carbonaceoﬁs
materials are added as binders and 1ﬁbricanté 6r by erosion of the rubber
liners in the microniéiné equipment., Not all of this carbon was eliminated
in the pretreatment and sintering steps since pellets pretreated in the
laboratory in high purity CO, gas at 925°C for 3 hours analyzed 460-900 ppm
carbon and pellets sintered in the laboratory oxr production facility analyzed
50-100 ppm carbon, Based on information in the literature, Ref. 45, which
attributed "necklace" porpsity‘iﬁ U02>similar to that often observed in the
thoria fuel pellets to the reactlon of residual carbon to form insoluble
gases in fhe matrix as well aslon the relatively high carbon analyses reported
for as-sintered pellets, it was reasonable to suspect carbon in the form of
CO gas trapped in pores as being the major grain growth inhibitor. This
postulate lost credibility since it was shown that the carbon analyses, both
from Bettis and NLO laboratories, were misleading-and that the bulk of the
carbon detected in the incoming powder, pretreated pellets, and sintered -
pellets was chemically adsorbed as CO2 from the air atmosphere onto the
powder surface, Since the technique employed the crushing in -air of the
pretreated and sintered pellets, even those samples with initially low sur-
face area could indicate abnormally high carbon results, This adsorbed carbon
dioxide was loosely held and .could be removed hy a QOOOC calcine, Ref, 44,
Using a refined analytical technique where the pellets were ground in an

inert atmosphere and not exposed to the air atmosphere prior to analysis,
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less than 10 ppm carbon was retained in the sintered pellet. The COZQ
adsorbed on the pretreated pellet prior to sintering would therefore be

driven off at very low temperatures and could contribute little to the
structure development in the ThO2 pellets, That which did remain was at

such a low level that it could no longer be considered a primary effect
responsible for grain growth inhibition.,. On the other hand, in pellets
pretreaﬁed-at.425?C with residual carbon contents greater than 1700 ppm

(Teble 3), much of the carbon is probably pfesent as elemental carbon. or .
incompletely pyrolyzed hydrocarbons and could well lead to the.presence uf _
insoiuble carbonaceeus gases in pores, particularly when sintered in e

truly dry hydrogen atmosphere. In fact, residual carbides can be formed
during sintering under such conditions, Thus it 1s credible that graln
boundary porosity in the sintered pellets resulting from pore stabilization
via a gas phase is detected by metallographic obqervatlon and most probably
consists of carbonaceous gases, It was therefore still deemed important to
establleh the presence of gas—fllled pores by determining if densityidecreaseev
occurred in the sintered peilets after prolonged times at high temperetures
caused by the coalescence and growth of gas-filled pores. In UOZ’ as well az
in some other ceramics known to contain large amounts of gas-filled pores

these thermal treatments (eo called solarization exper1ment=) have been hown

to result in density decreases due to the pressure of the gas in the pores,
Refs, 46-48,

Initially as-sintered (12 hours at 1750°C, wet 110°F (~ 70,000 ppm

HZO) hydrogen) pellets (from ThO2 lot 088 which showed a variation in grain
size from ASTM #4 at the surface to about #9 at the center) were resintered
for 12 hours in wet 7?OF (33,OOO:ppm'H20) hydrogen at 1800°C., Two of the
_three pellets tested decreased in density - 0.717 % and - 1,05 %; the third
increased + 0,35 %, the change in each case being small, Table 9, . This
experiment was repeated with three additional pellets from the same lot,
except using a vacuum atmosphere, 4 x 16_6 torr at temperature, to preclude
any possibility for gas formation by reaction with the atmosphere and a
temperature of 1850°C_for 12 hours, The results are ghown in Table 10, - The
maximum geometric increase in density was 0,346 %, while the maximum increase

in density as measured by immersion techniques was found to be only 0.153 %
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(interestingly the density change for the same pellet as deterhined. by
geometric measurements was only 0,030 7) The fact that a density increase
was recorded for each pellet, rather than the anticipated decreese,if the
gas—filledApores we?e_growing,-does not completely exclude the possibility
that solarization is, 1in faet, occurring sincelsome,densifieatien’w0u1d<beﬁ;
expected as a result of sintering of nongas—fdlledvpores_which would be -
counteracted by bloating due to swelling.ef-the gas-filled pores. Lacking
quantitative informationvon the relative distribution of the several types
of porosity, the results obtained to date ‘do not rule out the presence of

gas-filled pores, I . o T

Some interesting observations were made of the. microstrictures
obtained in these two experiments, The pellets &intered at 1800°C' in wet:
hydrogen showed the gronth of very large grains, > ASTM #2, Figure 31, which,
during their growth, collected and precipitated large collections of second
phases and pores, presumably gas-filled, Figure 32, Analysis by SEM of the
phase shown in Figure.32 has shown the presence of a. strong peak identified
as aluminum, An approximafe composition of the impurity phase was-estimated
at 0,7 w/o Cr, 7 w/o Al and the remainder,ThOZ. Since the starting ThO2
powder was low in Al, it is assumed that the Al was adsorbed during sintering at
1800°C in the AlZO,3 muffle furnace., The dirty grey color and the picture- "
frame microstructure were more or less similar to that of the original pellet.,.

. The. samples sintered at 1850°C in a vacuum were almost jet-black upon
removal from the furnace, showed the same black coloration throughout the
pellet cross section, and demonstrated almost rio grain size increase from-
that of the original pellet, The as-received pellet, sintered at 175OOC in
.wet hydrogen, was ASTM #8 at the surface and ASTM #9.5 at the pellet center,
The grain size after resintering in vacuum at 1850QC at the same two locations
was identical, ASTM #8 and #9,5,

It is postulated that the wet hydfogen'expoenfe at 18OOOC coireeponding
to a partial pressure of oxygen of about 10 -10 at., produces a defect lattlce
with enhanced graln boundary moblllty (arlelng from 1ncreased'self dlffuelon
rates of both Th and O 1on°) the moblllty is sufflclently enhanced to over- ;
come the anchoring effect of the impurity phase at the center of the pellet,

While the partial pressure of oxygen at the nominal pressure of the vacuum
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treatment, ~'10_8 at., appears higher than that in the wet hydrogen treatment,
it is probably many orders of mégnitude lower because of the gettering of
oxygen by the tantalum heating element and the niobium crucible in which the
vacuum-sintered pellet was contained, Thus the vacuum-sintered pellet is
believed to Have been exposed to a partial pressure of oxygen less than

10_10 at, A defect structure has been postulated (Section IV,C) to form
which reduces the volume and grain boundary self-diffusion rates (and hence
grain boundary mobility) of the Th or O ions to a level such that not only is
‘no grain size increase observed at the pellet center where an inhibiting '
impurity is believed to be present, but also no change is appafent at the -
surface where the impurity is believed to be_gpsent. The diffu;}on rate
change due to the defect iattiée change thus is more than adequéte to over-
come the normal increase in diffusion rate by a factor of 3 to 4 due to ele-
vation in temperature from 175OOC to 1850°C,. Furthermore, the black colora-
tion of the vacuum sintered pellet also indicates a change in defect lattice
configuration, The 6bser9ation that the coloration is uniform through the
pellet indicates that the defect lattice probably arises by a readily diffusible

species, the oxygen ion.

A practicél application 1s suggested by these hypotheses, The

.~ critical oxygen pressure at which a change occurs from high to low self-
diffusion rates corresponds to a dew point in the hydrogen atmosphere of 2500
or less, The inlet hydrogen dew point initially utilized in the binary pro-
duction facility was far lower and, uncontaminated, may yield oxygen partial.
pressures in the low diffusion-rate defect structure range. Normally, sufficient
reaction will occur with impurities in the brickwork or back-streaming from
the flames at the entrance or exit ends to establish an adequately high oxygen
level; however it is conceivable that with variation in age of the brickwork,
furnace temperature in the approved range, or mode of door operation, uncon-
trolled variations in water content level will occuf, leading to changes in
pellet defect structure and hence variability in grain size from this source
alone, Thu; it was concluded that soﬁe minimum dew point, e.g. 25°C, be
established for the inlet hydrogen to remove this potential source of grain

size variability.
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Since all of the pellets used for the solarization and atmosphere
studies had been sintered previously, a green pellet was sintered in a
vacuum atmosphere, Unfortunately the pellet selected for this study was
not fabricated from the same powder lot or to the same green density as
the pellets used in the preyioﬁé study. The powder lot was 097 and the
green density was 6,245 gm/cc (the increaéed green déneify of this pellet
would have a ‘tendency to result in an increase in the final-grain <1ze)
Nevertheless, the grain growth results as a function of pellet cros section,
Figure 33, are still quite 1nformat1ve.. The maximum grain size observed
across the mid-plane diameter of a longitudinal section was ASTM #10 (11.2 ),
a value slightly smaller than the ASTM #9-#9.5 (15, 9 13 4 w) which was
observed as a center value for the pellets sintered in wet hydrogen and then
sintered in vacuum, More 1nformat;ve, however, 1is the lack of grain growth’
at the pellet surface. The pellet initially sintered in wet hydrégeﬁ had a
, surféce grain size of ASTM #8 (22{4 L), Figure 31, whereas thé peile?\sintered
only in a vacuum Had a sgrface grain‘size of ASTM #12 (5.6 u). Thése,resuits
again indicate .that the initial exposure to oxygen in the form of wet'hydro—
gen promoted grain growth in the former case while the absence and possible
creation of an oxygen deficient structure at the surface in the latter case

inhibited grain growth.

D, Interpretations

1, Secondary Recrystallization

It has been demonstrated that sintering and grain groﬁth are
kinetic processes, The.confuging nature of the grainvsize observations taken
in the production facility resulted from observations being made only at
fixed times. The kinetic experiments showed that inferences about grain
growth being a monotonic function of time were incorrect and that the pro-
duction daté‘was readily explainable within the framework of secondary recrys-
tallization grain growth kineiics. The observed exaggerated grain growfh
resulting from the phenomené of secondary recrystéllization is considefed
conclusive proof of the presence of a grain growth inhibitor. This impurity
is removed from the pellet exterior duriﬁg‘sihtering resulting'inaa "picture
frame" of normal grain growth on the outside of the pellet. On the inside
of the pellet the impurity inhibits normal grain growth and results in dis-

continuous grain growth which, depending on sintering time, temperature, and
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oxidation potential of the atmosphere, leads either to a very fine grain
size below specification limits or to a very coarse grain size exceeding the

upper grain size limits.

2, Hold Time, Cracks, and Mechanically Exposed Surfaces

Extended exposure tlme tohthe hydrogen =zintering atmosphere at
temperatures (~ 130000) where a significant amount of porosity remained open,
increased the thickness of the picture frame of normal grain growth when the
pellet was subsequently sintered at 175OOC fér 12 hours, Exposing the pellet
interior to the hydrogen sintering atmosphere either by thermally-formed
cracks or mechanically-formed holes resulled in norﬁal grain grokth in tho
adjoining material, These results havé been interpreted as supportive of
the impurity inhibition conclusion and negate the possibility tha£ the sur-
face structure was the result of residual pressing stresses, Finaliy these
results also suggested the possibility of calcining the powder so that exposure

to the atmosphere is maximized and diffusion distances are minimized,

3, Green Density and Powder Type

Only a limited amount of data was collected onthese
parameters, An increase in green density provides more particle-to-particle
contact and therefore densification and grain growth appear to occur sooner
in the sintering cycle than would a less dense compact, Afler a given time
at temperature this usually results ‘¥n-4 larger grain size for the pellet
with the greater green density. HJwevér, thetfinal grain size is most
strongly dependent on the inhibiting effect of the impurlty and Llhe very

rapid growth associated with secondary recrystallization,

Only thotria powder which contained approximately 100 ppm CaO was
investigated in this part of the evaluation. The effect of the different calcia
containing thoria powder lots on grain growth, if any, waz confounded by
variations in the pellet green density. Small variations in the thickness
of the picture frame of normal grain growth as a result of powder lot varia-
tions in the production facility have been atﬁributed to slight differences

in impurity content,
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4, Sintering Time and Temperature

Increasing the sintering femperature‘from 1750 to 1800°C decreased
the exponent derived for the time variable in the equation-D = Kt" at the
pellet surface from O.55Ato'0.13. This would tend to indicate that the growth
mechanism changed from uninhibited grain boundary diffusion to something akin
to surface diffneion Section IV, A meaningful actlvatlon energy can only
be calculated when the time exponent in the above equatlon is constant. Con—
sequently a value of 0.5 was Qelected based on the graln growth observations
at 1750 C in the area where the inhibiting impurity was removed by vaporiza-
tion, U51ng the measured grain diameter after one hour at 1750 C, constants
of 14,1 and ¥ were calculated for K at 1750°C ‘and 1800°C, respectively.
Substituting into the equation below and solving for'Q an activation energy
| K1) _q 1

In |7 -7 \ 1} | y | .

of 185 kcal/mole was calculated, This value is larger than the 142 kcal/mole
reported, Ref., 50, for the activation energy of surface diffusion in ThO2 and
. even larger than the 168 kcal/mole reported, Ref., 35, for the heat of'vapori—

zation in ThO The variability in grain size measurements, the limiting

effect of a fiee surface and most importantly the presence of impurities could
all have a large effect on the calculated activation energy, Nevertheleee,
the activation energy for grain growth in pure tnoria is significantly greater
than the 85-124 kcal/more, Refs, 39 and 33, for grain growtn and the 138

kcal/mole, Ref, 33, for the heat of vaporization in uo,.

5. Idiomorphio*Grains

The observation of idiomorphic grain growth and the detection of
a thorinm oxysulfideveutectic phase which would be liquid at the sintering
temperature of 175000 satisfied manv of the requirements dictated by the
results of the kinetic studies, However, the thorium oxysulfide phase could
be fonnd'only in the regions of idiomorphic growth and never in areas of
normal or exaggerated growth indicating that the sulfur impurity was responsi-
ble for the special case of idiomorphic grain growth but not for the general

grain growth inhibition,
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6. Atmosphere and Additives

It was shown that grain growth in thoria like that in UOp,
Ref, 39, is influenced by the oxidation potential of the sintering atmosphere.
Grain growthlis faster in an oxidizing atmosphere and slower in 8 reducing
atmosphere. Tbe grain boundary mobility was reduced to such an extent that
a fine grained Cv ASTM‘%12) pellet originally sintered in hydrogen at 175006
for 12 hours did not show any additional growth when resintered at 1850°C
in a vacuum for the same length of time. The actual oxygen potential
(~ < 10710 at,) in the vacuum was considered to be much below the nominal
vacuum level of 10'64torr because of the gettering of residual oxygen by the
tantalum resistance heating element surrounding the specimen. Thésé results
confirm the hypothesis that grain growth in ThO, cannot’oenly be ithibiited ‘by
the presence of an impurity but can also be increased or decreased by
changing the intrinsic grain boundary mobiiity which is a function of the
equiiibrium defect structure of the oxide as modified by the atmosphere with
which the pellet is equilibrated or by additives such as CaO.

VI, RECRYSTALLIZATION MEASUREMENTS

As an additional demonstration of the presence of graln growth inhibition
in the sintered Th02 pellets, an experiment was devised to plastically deform,
by Knoop and/or Diamond Pyramid indentation hardness measurements, the sur-
face ot a polished pellet section, After indentation the pellets would be
annealed at temperatures above and below those used in the original pellet
sintering, It was anticipated that the driving force for recrystallization
and grain growth, which was estimated to be as great as 490 dyne-cm in the
plastic zone around the hardness indentations (as compéred with the grain
boundary energy of about.O.l dyne-cm available from grain boundary energy
alone) would be adequate to cause grain growth. in regions of the pellet free
of grain growth inhibition (the pellet surface). On.the other hand, at the

pellet centers where the presence of grain growth inhibition isvsuspected,

62



WAPD-TM-1311 .

even the additional energy available from plastic deformation may be
inadequate to cause recxrystallization or, if it occurs, should be sharply

reduced,

The initial experiments consisted of making indentations (both 1 kg
Knoop ard 1 kg Diamond Pyramid) at fixed intervals across the center diameter
of longitudinally sectioned and polished thoria 0,53 inch diameter pellets
(powder lot 087, R/C 74-3256A), The samples were heated for one hour at e
17OOOC, 175000;-and 18000C, respectively, repolished and re-etched, and
examined for evidence of recrystallization in the plastic zone around each

hardness indentation., The results are shown in Table 11,

At'l?OOOC and 175000 no recrystallization was observed at the centers
of pellets where grain éizes were less than 14 p (about ASTM #9); however,
in the impurity free area near the pellet exterior, recrystallization and
grain growth in the plastic zone around the indentation was obvious, Figure 34,
At 18OOOC, where grain boundary mobility has been shown to be adequateito —
achieve graln growth upon sintering even.in the presence of grain growth
inhibitors, recrystallization is, in fact, noted in the finer grain center
region, albeit to a lesser extent than at the outside, These results con-
firmed in all .respects the anticipated results which weré based on the
initial premise that the grain growth at the pellet center was inhibited by

some species or phase,

A ‘second indentation experiment was devised to determine if, with the
driving force of plastic deformation energy at the hardness indentation in
addition to grain boundary energy, new grains could be made to grow around "
the indeﬁtations in spite of the presence of grain growth inhibitors, 1In
thie way it was hoped tﬂat differences between various ThO2 powder lots with
respect to amount and distribution of grain growth inhibitors could.be evalu-
ated and new- light shed on the mechanism of grain growth as a function of
green pellet denéity. The pellets listed in .-Table 12 were selected for this
examinétion. Polished and etched:transverse metallographic sections were
indented with one row of 1 kg load Knoop»hardness indentations adross one
diameter and another row of 1 kg Vickérs Diamond impressions across the
‘orthogonal diameter, The'indentétions were spaced approximately 0,020 inch

apart, Both Vickers and Knoop impressions were used to ensure that
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reproducible results were obtained independent of indentation shape or

depth, In all cases the results with both indenters were identical, and
thus no distinction is made in Table 12 between the observations with each
set, The samples were then heat treated in a vacuum of ~ 10_6 torr at 1?5OOC
for 1 hour to cause recrystallization around the indentation, This thermal
treatment was chosen as being adequate to secure recrystallizatlon with no
change in pellet grain size from that measured prioxr tq,the ;ecrystallization
treatment, However in one case, as shown in Table 12, the pellet grain size
after the recrystallization treatment differed ifrom that measured in the

as-sintered (12 hours at 1750°C) condition..

It can. be concluded, from inspection of Table 12, that grain growth
around hardness indentations is, without exception, completely consistent
with the measured grain size; i.e., deformation-energy induced recrys%alliza—
tion is observed after 1 hour at 175000 when the grain size is ASTM #8.5 or

coarser, and is not obtained at.finer grain sizes,

- It may further be inferred that the grain growth inhibitors interfering
with normal grain growth when the grain size is finer than ASTM #8.5 are '
swept up by the moving grain boundaries as grain growfh proceeds such that
the matrix, now reduced in inhibitor content, can freely grow new grains -
around the hardness impressions, This is proposed in explanation for the c
observation that with increasing green density, both grain size and recrystal-
lization propensity increase, Note that it is not unreasonable that grain
growth inhibitors should be swept away by advancing grain boundaries, For
example, on growing from a grain size of ASTM #13 (grain diameter - 4 p) to
#3,5 (grain diameter - 20 u), the average grain volume will increase by a
factor of 125 and, if grain growth is idealigzed as a process of successive
absorptions of adjacent pairs ot grains, an éverage grain will be swept by
a grain boundary about seven times, thus affording ample opportunity for

ridd{ng the grains of the responsible contaminant,
T O

. The recrygtallization'results observed do not unequivocally point to
dissblved elements or precipitated phases as being responsible for grain
growth inhibition rather than porosity, Note, however, that similar porosity

distributions should be obtained at the same green density levels, For this
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reason, one set of pellets in Table 12 ﬁas selected for examination which
was pressed at a EOn stant green deneity of abbut'éO %. Note that widely
varylng grain sizes were obtélned at the pellet centers, a result difficult
to recon01le with poroslty d1 tribution as an explanatlon for grain growthi

inhibition, but consletent with the contamlnant hypotheslQ

:

© 4 op incidental ‘intérest is- thé observation thet the hardness of ThOp

/ o
pellets (760 Knoop, 1 kg; 782 DPH, 1 kg) 'is apprecisbly higher, then that of

UOp (666 = 14 KHN), not unexpected in lighf of the higher melting poipt of
the former. No trend of hardness varlatlon across a pellet diameter was
noted, 1rrespect1ve of the grain size for those samples used in the
recrystallizatlon exnerlments, indicating that 1mpur1t1es respon51ble for
grain growth 1nh1b1t10n are present 1n too small an amount to affect’ plastic '

oroperties.

VIT, EFFECT OoF CALCINATION AND POWDER SURFACE AREA ON GRAIN GROWTH IN
SINTERED COMPACTS

Based on the results. ~obtained from the sintering kinetic studies ,.it
was concluded that a grain growth Inhibiting 1mpur1ty (or 1mpur1t1e<) was
present in the starting ThOZ powder In an effort to test this hypothe51~,

a series of experiments was outllned with the intént of demons trating that

the impurity element could be removed by calcining the starting powder,

thus volatilizing or reacting the impurity in air or hydrogen, and with the
hope that 0.53 .inch diameter pellets. fabricated from such powder would exhibit
normal grain growth, To obtain information on .the effect of calcining,
without being complicated by the - -efflect of particle size, a number of differ-
ent micronizations were attempted, -especially for the powder which was cal-

cined at- the higher ‘temperatures, ~ The intent was to produce calcined powder

with 'a particle size equivalent to the as-manufactured powder received from
the vendor. This goal was riot achieved because of the nature of the particle:
size reduction equipmenf'available and the property changes of the powder
itself as a result of recalcinafien which made it difficult to secure miechani-.
cal particle size reduction below about 2 u (Ref,” 44), The ‘micronization
procedures did result in the production of as-received and calcined powders

at a variety of particle sizes, Although a direct comparison between
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as-recelved and calcined material at a specific particle size was in most
cases not possible, the effect of calcining time and temperature as well as

of particle size on grain-growth was thoroughly explored, The powder selected
for these experiments, the calcining times and temperatures, as well as sur-
face area of the processed powders, and their chemistries are given in

Tables 13 and 14,

" A, Air-Calcined Powder - 1100°C

Thorié _powder iots 096 (powder typically used for the production of
100 % ThO2 pellets. which contains approximately 100 ppm Ca) and 136 (powder
typlcally used in the productlon of ThO UO2 pellets which contains approxi-
mately 4 ppm Ua) were calcined at 1100° L in air for 48 hours Inconel hoats
were filled with the powder to a depth of approx1mate1y 2 inches, The powder
was rabbled with an Inconel rake every half hour. Four different powder
variations--calcined, micronized—calcined, as-received, and micronized-aé;.
received (micronized in this éase actually means a double micronization con-
sisting of initially passing the powder through the micronizef at the rate
of 150 gm/min and a second time at 50 gm/min)--of each powder lot were used

to fabricate‘pellets which were sintered at 175000.

1,.>Dry Pressing Procedure

Ungranulated powder lots 096 and 136, with and without the
1100°C air calcine and/or double micronization were'dry pressed into 0.53
inch diameter pellets using neither Carbowax binder nor Sterotex lubricant
in the powder, -Sterotex was applied to-the.die and punch prior to pressing .
each ungranulated powder pellet. Some difficulty was experienced in pressing
the  ungranulated powder, particularly the micronized-calcined lots. A 60-

I

second dwell was utilized and, in some cases, repressing was required, The
green density of the*repressed pellets was not very uniform., Occasionally
cracks and areas of high pore concentration were observed at the pellét sur-
face. The target green density of the pellets pressed from thé ungranuiated
powder was 60 %; however, the actual values-varied more widely than usual,

The individual geometric values are tabulated in Table 13,
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These pellets were subsequently sintered at 175OOC in dry
hydrogen (- 60°F tank dew point but + 53 F hot zone dew point) for 1% and-
12 hours, Because these pellets did not have any deliberate carbonaceous

additions, the samples were not pretreated prior to sintering,

',12--_ ' Dry Press Re Ll].t': to ., . . . . "t

After =1nter1ng, the pellet= were examined w1th the unalded eye

for grosq differences, The color of the pellets sintered at 1750 C for 1—
hours varled dependlng on the powder lot and powder proce531ng The as-
received and- as-ca1c1ned samples of both powder lots were generally white
with pellets produced from powder lot 136 having the whitest, most uniform
color, Pellets which were fabricated from double micronized powder appearéd
mottled black and white or grey and white, Since the rubber liner inAthe ‘
powder micronizer was a possible source of carbon contamination (and possibly
sulfur), a review of the powder chemistry was nécessary. Examining the car-

bon analyses and the powder surface areas, shown below, it was clear that -

Surface Area and Carbon Contents of Starting Powders Used to
Evaluate the Effects of 1100°C-48 Hr Air Calc1ne

Carbon Content

’ : : - Sziizce Carbon  Surface Area
Powder . L 5 Content.  (gm C/mZThog)
Lot Powder Treatment (n“/gn) _(ppm) x 106
096  As-Received 8.24 554 67.3
" AQ-Recelved + Double Mlcronlzed © 10,28 790 ¢ 76.7
" 1100°C Air Calcine - . 3.52 240 60.2
- 1100°C Air Calcine + Double Micronized 5,29 508 96,0
136  As-Received - 5.55 462 83.0
" Ae—Recelved + Double Mlcronlzed A 8.10 624 77.0
" 1100°¢C Air Calcine : 2,82 . 188 . - 71.8
""" 1100°C Air Calcine + Double Micronized 5.27 360 ' 68.3

' the dark color observed in some of the sintered pellets was not the result
of carbon contamination. . The ratio of the analyzed carbon content (total
carbon released at 1400° ) to the surface area of the same powder is

relatlvely constant for all the powders and,condltlons. The 096 double
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micronized as-recelved and calcined powders have a slightly higher ratio of
carbon per square meter of powder surface area 76.7 x 10"6 and 96,0 x 10_6
than the respective nonmicronized powders at 67.3 and 68.2-10—6 gms/mz;

however, an opposite effect is observed with microniéed and nonmicronized‘
136 powder, Variations in the carbon and surface area measurements could

well account for the slight scatter in the ratio of carbon to surface area,

In addition to the fact that the cefbon content veried as a
function of the surface area, it was shown, Ref. 44, that the carbon was only
weakly held and the majority of the carbon was released et temperatureq
below 400°C It was therefore concluded that the dark color which was
typical of pellets made from mlcronlzed powder was not a functlon of the . R

carbon content

The samples which were sintered for 12 hoursiat 1750°C
generally appeared to be a more uniform color throughout the entire pellet;
however, the color of the pellets ranged from almost pure black to very
white. The whitest sample was the pellet produced from as-received 136
powder and the blackest pellet was produced from 096 calcined-double

mleronlzed powder,

, " The density after sintering was determined by the water
immersion technique and is listed in Table 13, That portlon of Table 13

pertlnent to the samples in Figures 35 and 36 is shown below

ASTM Center Grain Size Results for Pellets Fabricated

From 096 Air Calcined and As-Received Powder ASTM
Yinler- 3int. Dens. (gn/ce) Center
Pel- ‘ ing  Surface Inc. - Exel.  Grain
let Fig., Time Area Open - Open Size
1D Powder Treatment No. _(hrs) (m%/gn) Porosity Porosity _ No,
3T As-Rec'd. 35 1% 8.24 9,56 9.60 < 14
15p " " , Dbl, Micro., " " 10,28 9.79 9.85 <14
7M  1100°C Air Calc, " " 3.52 9.82 9.82 91
LKk o " " Dbl., Micro, " " 5.29 9,84 9,92 . "5
LA A° Rec d. 36 12 ‘8.24 9.72 9,81 12
137 " ", Dbl, Micro. " " 10,28 9,85 9,91 10
3¢ 1100°C Air Calc. A 3.52  9.90 9.91 b
1B oo " , Dbl, Micro, " " 5.29 9.81 9.93 6
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A comparison of the sintered densities and the surface area of the starting
powder indicates only a small sensitivity to surface area after 1% hours at
temperature, and even less of a correlation between the two variables after
12 hoﬁrs at temperature. ‘With few exceptions, a sintered density in excess
of 9.5 gm/cc was achieved after 1%hhours with little or no increase in
dendity Wlth‘lncreased:tlme‘to 12 hours, Part of the reason for these high
dens1ty 1lévels is the absence of ‘the dry Sterotex lubrlcant The densities
" are therefore approx1mately 1 7 hlgher than those of pellets fabrlcated
according to production procedures which contain voids resultlng from the
burnouf of the Sterotex The insensitivity of denslty to sintering time

was also observed in the kinetic slnterlng experlment

A pellet from each condltlon was mounted longltudlnally,
polished, and the grain size determined as e‘functlon of distance from the
pellet sorface. _Figure 35 shows the variation in grain size from the pellet
surface for the 096, 0,53-inch diameter, pellets fabricated from as-received,
micronized-as-received, calcined, and micronized-calcined powder., Limited
grain growth was recorded along-the outer surface of the pellets fabricated
from the as-received and micronized—as-received-bowder. The finer initial
particle size of the micronized-as-received powder resulted in a more exten-
sive rim of normal grain growth, However, the grein size observed in the
‘center portion of both of thése pellets was less than 2.8 & and could not
be resolved with the optlcal microscope, As prev1ously described 1n
Section v, it was concluded that an 1mpur1ty in the as-received material
inhibits normal grain grnwfh At the pellet surface the concentratlon of
this impurity is reduced below some critical level by reactlng with the
sintering atmosphere, Therefore, at the pellet surface the grain growth
proceeded in a normal fashion becau e the inhibiting phase was below the

critical level for grain growth 1nh1b1tlon

As previously discussed, it was believed .that the inhibiting
impurity elemeﬁt concentration can oe reduced by the 1100°C air calcine,
Therefore, grain growth across the entire pellet cross section was antici-
pated in samples made from calcined powder and the results of the grain
size measurements, Figure 35, confirm that predlctlon The pellets produced

from the calcined powder, 4K and 7M, exhibited grain growth across the
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entire pellet cross section which was, in all cases, greater than that
observed in pellets prodﬁéed from material which was not calcinéd. The
péllet which was fabricated from powdei which was both calcined and
micrénized, LK, initially grew gréins faster and possibly somewhat more
uniformly. ‘It has been recorded in the literatﬁre that coarseAparticleé
in the sintering powder do not res ult in as uniform a graln structure as
do fine powders with the coarse partlcles removed. The extensive grain
growth in the center portion of the pellet fabricated.from the micronized-
calcined powder was greater than antlclpated and may 1ndlcate that the
impurity still® resulted in some early graln 1nh1b1t10n Jt may also be
observed that the grain growth at the surface of all the pollotc, rcgard-
less of the powder treatment, was similar. This indicates that, irréspec-
tive ot initial treatment, grain growth at the pellet surface is controlled
by the same type of reaction between the'pellet and the sintering atmos-
phere, This is hardly surprising since purification by recalcination is
limited to that which can occur at 1100°C whereas the pellet surface can

eliminate contaminants at all temperatures up to 175000.

Grain growth as a function of radial position for pellets
fabricated from 096 powder and sintered at 175OOC for 12 hours is shown
in Figufe 36, The grain growtﬁ recorded in the pellets fabricated from
the calcined and micronized-calcined powder, 13C and 1B, is again consider-
ably more extensive than that of the pellets fabricated from eithor of the
as-received powders, The grain size in the center of the pellets fabricated
from the calciﬁed powder is as large or larger than thé graihs observed
at the pellet surface, The grain size in the center of the pellets which
were produced from ae-recelved or micronized-as-received powder is, in all
cases, finer than the graln size at the pellet surface, It is not clear '
why the pellet produced from the calcined powder, 3C, had larger grains
lhan the pellet produced from the micronized—caicined powder, 1B, or wﬁy
the pellet produced from the miCronized;calcined powder had larger grains
at the end of 1% hours than was recorded for a similar pellet sintered for

12 hours; however, some pellet-to-pellet variation should be anticipated,

The results presented in Figures 35 and 36 show that the
grain growth at the pellet surface is very uniform, In the pellets made
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‘from the calcined powders it is postulated that the impurity element has
been reduced. This assumption is strengthened by the fact that the pellets
produced from the calcined and micronized-calcined powders consistently
showed more extensiveAgréin growth in spite of the significant difference
in the surface area of the starting powders, The surface energy per gram
of calcined and calcined-micronized powder is 4{1-107 and 6.1'107‘ergs/gm,
respectively, The same values for the as-received and as-réceived-micronized
- powders are-9'.5'107 and 11,8'107 ergé/gm.‘ These are the'driving forces both
for densification during sintering stages I to III (Section V) and for gfain
growth during sintering stage III, By far the.greatest fraction of this
energy is consumed in densification in’stages I and II. For example, even
with a grain size of ASTM #14 which is barely resolvable by optical micros-
copy and may-be the typical grain size at the beginning of stage III; the
grain boundary energy is only about 10° ergs/gm, about one percent of the

. starting particle surface energy, Obviously there are many factors which
migh£ change the relative energies of the.different powders before initia-
tion of étage III sintering. For purpeses of this discussion, it .is
assumed that the energy available for grain growth-at the beginning of the
stage III is proportional to the initial particle surface energy. Thus,
the driving force for grain growth in the pellets made from the calcined
powder was,<&ue to the coarser initial particle size or denser initial
particle, only about one-half that of the as-received powder; however, ‘the
grain growth .of the pellets fabricated from the calcined powder was greater
becanse the grain boundaries encountered less resistance to movement, In
all probability the inhibiting impurity was not completely removed since
the center grain growth did exceed, pellets 3C and 4K, the surface growth;
however, the 11000C calcine was sufficient to decrease the energy require-
. ments for grain boundary movement by about 50 %, The reduced impurity
content resulting from calcining presumably allowed more grains to break .
away; therefore, more grains were capable of growing and they could begin
growth at a lower tempéﬁafure or earlier in the sinteriné cycle, As a
résulfibf the larger number of nuplei,lihé ultimate grain size was only

slightly greatef than the nofmal grain growth on the pellet surface,
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Another possible explanation for the observed grain growth
in the pellets made from calcined powder is that the calcining was highly
effective in removing all of the grain growth inhibiting phase, The
grain ‘growth in the center portion of the peilets fabricated from the cal-
cined powder would thep:be normal and the lack Qf grain growth in the
pellets fabricated from the as-received powders, the result of an impurity
in the starting powder. The relatively uniform but somewhat smaller grain
growth on'the surface of all the pellets may then be the net result of
removal of a very effective grain growth inhibitor'from the powder at the
pellet surface by a volatilization counteracted to a limited extent by
contamination with a somewhat less effgétively inhibiting impurity from
the sintering atmosphere which diffused back into the pellet, The latter
hypothesis appears to be unnecessarily involved; the former theory is .
supported by the presence of exaggerated grain growth in calcined powders

reported in a subsequent experiment,

- Examination of the microstructure shown in Figure 37a, b,
and ¢ for pellets.BC, 1B, and 13F, respectively, indicates that the grains
in pellet 3C contain the most intragranular porosity. (It appears to be
more prominent because it is coarser, A grain with an equal volume of
very fine porosity may not appear to contain as much because of the diffi-
culty of fine pore resolution, ) Quite apparently the grain boundaries ]
had sufficient mobility to pass these pores without significant inhibition,
Figure 37b has a moderate amount of intragranular porosity. THis-pellet,
1B, had equal-center and edge grain size, Figure 37c shows the center ™~
grain gize for pellet 13F, as-received-micronized, The porosity is very
fine and difficull to resolve. The grain houndaries are not nearly -as
well defined as the previous two sampleg, with many grains having less '~
than six boundaries, hinting their mobility was restrained hy effects

other than normal surface tension;,

The effect of calcining theﬂstarting powdef is not neariy as'
obvious in the thoria poﬁder wﬁich does not have the 100 ppm caidié additioh.
Grain growth as a function of distancé from the pellet surface for pelleﬁs
fabricated from powder lbf 136 is shown in Figure 38 and Figure\39 for
pellets sintered for 1% and 12 hours, respectively in dry hydrogen (539F
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measured dew point in the furnace hot zone). A brief.summary of sintered

pellet data is shown below. At thefcompletion‘of«1% hours'at-175OQC the

ASTM Center Grain Size Results for Pellets: Fabricated-
from 136 Calcined and As-Received Powdexr

" Sintered

- Densit - ASTM

: - e . . __ﬁgmlggﬁ;_ Center

Pel- ' ' ' ' Sintering Surface In¢, Excl. Grain
let : : . S - Time "Area’ Open Open. Size
ID . Powder Treatment, . No. (hrs) (n?/gm) Pores Pores No,
55  As-Rec'd.- - 38 1% 5,55. 9,36 9,36 <14
5N " ", Dbl, Micro, " C% o ..8,10. 9.33 9.4 133
L1, 1100°C Air Cale. ‘ o 2,82 8,73 9.74 <1k
273 - " © " ,'Dbl, Micro, ~" " 7 .. 5127 -9.58 9,58 <14
2G  As-Rec'd, , , .39 12 5,55 . 9,65 9.65 . 14
9E w v 0 Dpbl, Micro. =~ " " 8.10 ~ 9,92 9,91% 10
2D 1100°C Air Calc, o " 2,82 9,56 9,57+ 13%
54 .., .. " ,.Dbl. Micro. K " .. " 5.27  9.80 9.86 . 8%

*Material lost during blotting

pellets fabricated from micronized-as-received powder actually showed larger
grains-at the pellet center thén thé pellet fabricated‘ffom micronized-
calcined powder; even though.the 1grgest.grains‘recorded_in‘any of‘the 1%v
 hour, lotﬁ136 pcllets was observed in the pellets fabricated wifh the
micronized—caicinéd powder app;oximate1y 30-4O X 10—3 inches from the
pellet surface. Since the as—receivéd—micronized powder had a greater
surface aroa (8.1Q,m2/gm) than either the micronized-calcined (5.27 mZ/gm)
or the calcined (2.82 mz/gm) powder, the respective surface energies -avail-.
able for densification and subsequent grain growth are 9.3'107, 6.0,'107,i
and 3.2°107
it becomes obvious that the only meaningful way to determine the effect of

ergs/gm. In view of the respective powder surface energies,

calcining is to compare pellets fabricated from powders of similar surface
area and therefore similar surféﬁé eﬁergy{’iAs'shown‘in Figure 38, the
pellet fabricated from the as-received powder, 55, with a“surface energy
of 6.38'107 ergs/gm, shHould be compared with the calcined, micronized

7

sample, 2J, with a surface energy of 6,05'10' ergs/gm, to clearly show

the beneficial effect of calcining, -
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Figure 39 shows the change in grain size as a functioniof
pelliet cross section for pellets.sintgred at 175OOC for 12 hours, As.
shown above and by comparison of Figures 38 and 39 the effect of powder
calcining on pellet grain growth became more significant and the influence
of the initial particle size becomes less significant as the time at temper-
ature is increaéed from 1% to 12 hours at 175OOC. At the end of 12 hours
at 1750°C the pellets fabricated from calcined 136 powder exhibited greater
grain growth than the bellets fabricated from as-received powder and the
grain growth ot thé micronized-calcined was greater than the micronized-
as-received, The beneficial effects of the 1100°C purification calcination
are even greater when pellets made from powders with similar surface areas
are compared, Pellet 5A fabricated from micronized—calcingd powder had an
initial powder surface area of '5.27 mz/gm and pellet 2G fabricated from
as-received powder had an initial powder surface area of 5.55 mz/gm. The
pellets fabricated from the micronized-calcined 136 powder exhibited the
greatest overall grain growth, which was also greater than the pellet

fabricated from the micronized-as-received powder,

Figures 38 and 39 show that the effect of calcining 136 ThO2
powder at 1100°C in air may not be as large as previously observed with 096
ThO2 powder. The reason for this difference may be that the impurity is
nore easlly removed from Th02 powder which has a higher Cap content, Another
reason may be that the inhibiting impurity phase in both powder lots was
reduced by approximately the same amount by the 1100°C air calcine; however,
the observed difference may be due strictly to the differences in initial
partlicle surface area since the surface energy for grain growth is derived
from this initial energy. If the calcia-free powder, 136, was calcined
at 982°C rather than 1032°C, it may have resnlted in grain growth similar

to that observed for the 096 Th(, powder with the 100 ppm CaO.

3. Slurry Agglomeration Procedure

In an effort to simulate by laboratory procedures on small
quantities of powder a fabrication procedure which uges carbonaceous addi-
tives similar to the production facility, as well as to produce pellets

with a wider range of green densities, 0,53 inch diameter. pellets from

Th
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lots 096 'and 136 (as-received, as-received-double micronized, 1100°C air
calcined, and 1100°C air calcined, double micronized) were produced by a -
elurry agglomeration procedure, The various powders were wet mixed with
Oxylene and 1,75 w/o_Carbowax 6000 and then granulated through a 24 mesh
screen, Sterotex;“O;Z w/o, was added to the'grenules and dry'blended
prior to pressing. A series of green densities between 55 and 65 % T.D.
were pressed on the Stokes press, The geometric density of the green
pellets is included“in Table 13. ‘Almost consistently the actual measured

green density is somewhat greater than the target denelty.

. The pressed pellets'were pretreated at 925_0 for 3 hours in
a flowing CO2 atmosphere, The CO, gas was a high purity instrument grade
with less than 15 ppm oxygen. The carbon content of the resultant pellets
analyzed 425+ 0 -.150 ppm. (Adsorbed CO from the atmosphere frequently
approximated. 150 ppm depending on length of exposure, ) Again the high
purity 002 used to. pretreat these pellets seemed to .remove-less carbon -
than the less pure (~ 200 ppm. oxygen contamination) 002 used in the produc-
tion facility. The pellets were sintered at 1750°C for 0, 4, 1%, 5, 12,
and, 1in some cases, 22 hours in."dry" (530F measured furnace hot zone dew .

point) hydrogen.

L, Slurry Agglomerated Pellet Results

The effect of 51nter1ng time at 1750 °c on 0,53 inch dlameter
pellets fabricated by the slurry mix process from mlcronlzed—ae—recelved
and micronized 1100°C air-calclned 096 and 136 powderq were confounded by
extreme levels of granular qegregatlon Exampleq of the exten ive granuiar
qegregatlon are shown in Figure 40a-d. The sintering within the granule=
was so extensive in pellet 3-15 (1100 C-48 hour alr calcine-double mlcronlzed.
lot 096, 6.1 gm/cc green den51ty), Figure 40d that physical qeparatlon had
takcn plaoe between the granules, Almost all of the samples made from the
096 calcined-double micronized powder had a maximum segregation rating of

7, Table 13,

The reason why such extensive granular segregation resulted

in the slurry-agglomerated powder is not completely .clear. Shown below

1
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are crush loads for the slurry-agglomerated granules and the granular
segregation rating for the pellets fabricated from the respective

powders. There eppears to be a weak correlation between

Slurry Agglomerated Granuie and Pellet Properties

Pcllet Segregatlou
Rating at 1750 C &

Granule Crush 61 % Green Density
Load (gms) 1% Hours 12 Hours

‘Powder _ Ave. Range Edge Center Edge Center
096 As-Rec'd,, Dbl ‘Micro. 17,6  9.,8-22.0 4 o2 1 )
136 " " " 16,2 11.,8-19,7 7. 5 3 3
096 1100°C Air Calc. -Dbl Miero, 31,6 16,7-65.0 67" 6 e 6
136 " o " 29,1  9,7-46.0 2 2 4 3

crush strength and granular segregation; however, it certainly is not clear
cut, especially at. the 1% hour sintering time, The strongest granules
(096 calcined, 31.6~grams) resulted in the greatest granular segregation
in the sintered pellet., The second strongest granules (136 calcined,
29,1 grams) also showed segregation when sintered, but it was not always
grealer than that observed with some of the weaker granules, Since the
rauge ol crush léads tor each powder type were very wide, it is possible
that the very strong and very weak granules may influence the granular
segregation more than the simple average. If the integrily ol the hard
granules produced by this treatment were maintained during pressing better
than g;énuleg prepared byvconventibnal liquid/solids blending, a reduced
granulé-to—grgnule}contagt may result. Ae a consequence of such reduced
contact, densificafion occurs primarily within each granulc, resulliug ln
granules shrinking apart and reducing their oontact stlll further, If
the slurry-agglomerated granule is strong and dense, the press 1oad and
sprlngback for a given green compact density would d;;%paep from the
levels for weaker, less dense granules, BEven the eJecthn load might
decrease if for'no other reason than the pellets were pressed to a lower
ultimate density. However, pressing dats shown below do not provide @
dé%initive piéture;f Pressing load, springback, and ejection load are the
lowest for the pelléts fabricated from the O96,-llOO°C air-calcined

granules and the granule segregastion is the greatest as predicted from the
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Press Load, Springback, and Ejection Load for
0.53 Inch Diameter Pellets Fabricated From
Slurry Agglomerated 096 and 136 Double Micronized,
Air Calcined and As-Received Powder

' : . Ejection
Powder v Press Load Sprlngback .Load
Lot Powder Treatment (psi) (%) - (psi)
096 Micronized-As-Received , 25,000 0.85 320
136 ' " oo ‘ 26,000 0.82 225
096 1100°C-Air Calcined-Micronized 22,500 0.75 - 150
136 " " " " 35,000 0,81 . 180

above. However the relationship between press load end granule segregation
seems to break down with the other samples. ‘The 136, 1100°C sir-calcined
granules with a press losd of 35,000 psi clearly do not show significantly

less.igranular segregatlon‘than the other powders.

Regardless of the cause of the granular segregation, it-did - -

appear to influence the resulting pellet grain growth, To explain the
observation that pellets fabricated from the slurry agglomerated, micronized-
as-recelved showed greater grain growth than the Same powder without blnder
and lubricant addltlon, it is proposed that the void around the granules
visible in Figure 40 allowed permeation of the pellet with sintering atmos—
phereAaround each granule; and thus facilltated the removal of the grain
growth inhibitor which normally 1q removed only at the pellet surface.

The removal of the 1nh1b1tor thus promoted graln growth within the gran-
uleq The radlus of the granule (~ 0,014 1nch) is much smaller than the
thickness of the band of normal grain growth observed around the exterior
of a typical duplex structure pellet; thuq effusion of the inhibitor during
sintering is relatively unimpeded, In the case of the calcined powder,
access of the atmosphere in the void between granules is less important
since the grain growth inhibitor has already been reduced in level, The.
density and grain size data for these slurry agglomerated samples have
been included in. Table.13. The figures showing grain size as a function
;_of pellet cross section .and green density have been included in Appendix A,
bue to the atypical nature of these samples, comparisons of the data may

be misleading, They are included for cautious reference only,
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B. Hydrogen-Calcined Powder -1100°C

It was previously demonstrated with the use of 1100°C-air-calcined
powder that the powder history has a significant influence on grain growth
kinetics., To study the effecf of calcining atmosphere and to determine if
the grain growth inhibiting impurity phase could be removed more effectively
by calcining the starting thoria in dry hydrogen rather than in an air atmos-
phere, powder lots 096 and 136 were calcined for 48 hours in a closed furnace’
system at 1100°C in flowing dry (- 60°F dew point) hydrogen, The maximum
powder depth in the quarfz crucibles was 2 inches, The sample was not rabbled
as was the air-calcined powder, An analysis of the calcined powder is given
in Table 14, along with the resulting surface area. The ‘silicon content of
one of the hydrogen-célcinedipowders'(096) was significantly greater than that
of the air-calcined powder or the as-received powder, possibly as a conse-
quence of the quartz crucible, The fact that the 136 powder showed no real

change in Si content tends to cast doubt on the deviant analysis,

1, Dry Pressing Procedure

Similar to the experiment with the air-calcined powder, a number

of pellets were pressed without binder from the calcined and double micronized-

calcined powder at approximately 60 % compacted density. 'Processing pellets
without the standard addition of Carbowax and the agglomeration of the powder
into granules resulted in somé pressing'difficuifies; however, at least two
pellets were available for each variable._ As before, these dry pressed
binderless samples were not pretreated. ?he'geqpetgic green. density for each
pellet sintered is included in Table 13. ~The pellets were sintered at 175000
in a dry (furnace hot zone dew point SBOF) hydrogen atmosphere.‘

- 2, Dry Press Results

" After sintering, the pellets were examined with -the unaided eye
for gross differences, It was previously determined for pellets made from
air-calcined powder that the darker colored pellets generally had larger grains
than the lighter colored péllets. The darker pellets were generally those
which were fabricated from calcined and/or calcined-micronized powder, The -
same color trends were again observed with the pellets fabricated from the

hydrogen-calcined powder and sintered for 1% and 12 hours at‘i?jOoC. The
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.only dlfference was that the pellets fabricated from hydrogen- calcined powders
were generally llghter 1n color than ‘the equlvalent alr—ca101ned powder
pellet, - '

| . After the den51ty of the 51ntered pellets was determined by the
water 1mmer31on technlque, Table 13, a pellet from each condition was mounted
longitudinally, polished, etched, and.the grain size determined as a function
of distance fr6@7the pellet surfaca. The variation in grain size as a function
of'cfoss =ectioawfor 096 0,53~ inch diameter pellets (~ 100 . ppm. Ca0) fabricated
from ca1c1ned and mlcronlzed calcined powder sintered at 1750 C for 1% ;and .12

hours‘l hown in Figure 41,

These results are to.be compared with 'those shown in Figures 35
and 36 for 1% and 12 hours sintering at 175OOC, respectively, to evaluate
the effects of hydrogen calcining as well as to compare bétween the two cal--
.cining atmospheres, Comparing-first with the as-received powder, it is
apparent from:-the data in the table below that hydrogen calcining increased

sintered grain size at the pellet center both after 1% hours and 12 hours.

ASTM Center Grain Sige Results for Pellets Fabricated
From 096 Hydrogen-Calcined and As-Received Powder

Sintered
Densit . ASTM
- : Sinter- (gm/ccg Center
Pel - o ing Surface Inc, :Excl, Grain
let U ' Fig, Time Open Open Sige
ID Powder Conditions No. (hrs) (m /gm) Pores Pores'  No:-
3T~ As-Rec'd.’ ' 35 1% 8,24 Y56 Y60 < 14
isp - " o, Dbl, Migtro, = S " 10,28 979 "9.85 <14
2FE  1100° C H, Calc, Y L1 " k77 9.63  9.62% 13—
SFp " ", Dbl, Micro, ." " 5,82 9.68 9,70
4H  As-Rec'd, - , 36 . 12 8.24 9,72 9,81 12
13F " ", Dbl. Micro, oo 10,28 9.85 9.9 10
LAA  1100°C H, Calc. 41 " L.77  9.78 9.78 8-0
6BR " < ", Dbl, Micro, " "o, 5.82 9,82 9,79* 9

*Material lost during blotting

Thus, as previously shown for air-calcined 096 powder, dry hydrogen calcination
at 1100 C for 48 hours improves pellet grain growth characterl t10= in spite of

a reducecd gurface energy resulting from a reduced sulfauc alua.,
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The‘efficacy of dry hydrogen calcihing of 096 powder for 48 hours
at 1100°C is confused by the formation, as indicated in Figure W and o
Figure 42a-d for pellet 4AA (12 hours at 1750°C) of large idiomorphic giginé'.
in the as-calcined powder. The large idiomorphiC'éréins'were in a field of
finer grains, As shown in the kinetic studies, the formation of ‘large idid—'
morphic grains can be attributed to the presence of a liquid phase at the
idiémorphiC'grain boundaries, probably an eutectic between ThO2 and a thorium
oxysulfide phase., The presence of microstructural constituents similar to
those previously identified as thorium sulfides was detected in séﬁﬁie LAA of "
Figures 41 and 42, The sulfur content of the hydrogen-calcined 096 powder
was determlned by mass spectrographlc .analysis to be 45 ppm, which is greater
than that of the hydrogen-calcined 136 powder or either the 096 or 136 air-.
calcined powders whose sulfur contents were 18, 37, and 23, respectively,
However, the as-received 096 powder had an analyzed sulfur content of -67 ppm,
It is possible that the powder picked up small additional quantities of sulfur
from the rubber liner of the micronizer (leés than 1 % sulfur in rubber liner);
however, it is clear that the presence of sulfur alone does not determine if
idiomorphic grains are formed, The sulfur must be reacted-witthhO2 to form
Th(O,S)Z; sulfur contamination from rubber, unless first reacted with ThO,,
would probably not be effective., The process appears intricate, requiring

critical quantities of the liquid phase. The formation of idiomorphic grains

is a rarity. Idiomorphic grains have been observed ih initial production
pellets‘onlyuwhen the thoria powder~contained the calcis addition (100 ppm) .-
and the hydrogen stmosphere was relatively dry. The gross idiomorphic grain.
growth shown in Figure L2 for sample 4AA, 12 hour-1750°C sinter .of the pellet
fabricated from hydrogen-calcined powder, is attributed to the presence .of
sulfur; the true grain size prior to growth of the idlomorphic grains is
estimated to be ASTM #8 from the size of the matrix grains.
With this assumption, it would appear from the comparison of

air-vs, hydrogen-calcined 096 powders sintered at 1750 °C for 1% hours, below,

ASTM Center Figure
Powder Treatment Grain Size No. No.
Air Calcined 9% 35
Hydrogen Calcined ‘ 135 L1
Air Calcined, Double Micronized ‘5 35
Hydrogen Calcined, Dbl, Micro. 9 L1
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that both hydrogen and air calcining for 48 hours at 1100°C" favor grain
growth, but that the former is less effective than the latter for 096 powder, -
A similar trend is observed below for 096 powder air- and hydrogen-calcined

and sintered for 12 hours: at 175000. A somewhat different picture is

ASTM Center - = Figure
Powder Treatment Grain Sige No. No.
Air Calcined : 4 . 36
Hydrogen Calcined B 8-0 oW
Air Calcined, Double Micronized 6 36
Hydrogen Calcined, Dbl, Micro, -9 41

presented by the lot.136 powder (which contains approximately 4 ppm Ca).

Lot 136 Powder

Grain Figure

Powder Treatment Sintering Condition Size .. -~ No.
As-Received o 1% hrs @ 1750°C, Dry H2 <14 - 38
As-Received + Micronized " " 13-14° "
H,-Calcined " " <14 L3
HZ-Calcined + Micronized " o 6-6.,5 "
AS-Received . 12 hrs L C 0 13-14 39
As-Received + Micronized " "L . 9.5-10.5 "
H,-Calcined " " , 13-13.5 . 43
H2—Caléined + Micronized noe S ‘ 4,5-5 "

" Calcining the initial powder results in a definite increase in
the center grain size of the sintered pellet,”in spite of -the fact that - the
powder surface area and therefore the surface energy of the calcined ﬁowder
is less than.?75 % of that of the as-received powder, It is probable,that the
beneficial effects .of calcination (air op.hydrogen).on grain growtﬁ would Be |
even more pronounced if the calcined and as-received powders were compared af
the same particle size (or surface energy), Thus the pellets méde from |
calcined-micronized 096 and 136 powder, surface area 5.82 and 5,91 mz/ém,”
respectively, -should be compared with the pellets fabricated from the
as-received 096 and 136 powder, .surface area 8,24 and 5.55 m?/gm, respectiveiy.
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After 1% hours at temperature the center grain size of the 096 and 136
calcined-micronized was 9 and 6-6.5, reépectivély; however, the same Qalues
for the as-received material were < 14 and < 14, After 12 hours at'175OOC
the same comparison shows ASTM gréin sizes of 83-9 and 4,5;5 forbfhe_ A ‘
micronized-calcined powder pellets andvonly 12 and 14, respectively,-for the‘l

as-received powder pellets,

‘The ASTM grain size results for hydrogen=calcination are

compared below.with those for air-calcination, Thus for lot 136 powder, both

Lot 136 Powder

ASTM
' : : ‘Grain - Figure

Powder Treatment Sintering Condition Size __No,
Hydrogen-Calcined 1+ hrs @ 17500C, dxy H2 13 43
Hydrogen-Calc, + Micro. ) " 6-6.5 oo
Air-Calcined " " <14 38
Alr-Calcined + Micro, " " <14 "
Hydrogen~Calcined . 12 hrs " 13-13,5 43
Hydrogen-Cale, + Micro, o "o ’ L, 5-5 .o
Air-Calcined "o o 13-14 39
Air-Calcined + Micro. " " 6.5-10 "

air and hydrogen calcining at 1100°C for 48 hours are effective inlihcreasihg
grain growth over that noted with as-received poﬁder, whereas:hydrogén calcin-
ing appears to be somewhat more effective than air calcining for powder lot
136, These results made it clear that more attention must be given to the V
surface area of the powder since it determines the amount of surface energy

available for densification and grain growth,

Examination -of Figures 41 and 43 and Figures 35, 36 and 38, 39
reveals that, although hydrogén and air.calcining have improved grain growth .
characteristics of as-recelved ThOZ'and binary powder samples, neither treat-
ment has eliminated completely the grain size nonuniformity which is believed
to demonstrate the effect of the presence of a grain growth inhibitor. Hence,
whatever the identity or nature of the inhibitor, it has dnlj been reduced. in
level, but not-eliminated, by 1100°C calcining, For -this .reason the experi- .-
ments at higher calcining temperatures and those with multiple micronizations

have been performed.
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Some incidental observations were made'in the course of
examination of the pellets of Figurés 41 and 43 which help to elucidate the
relative roles of various factors which might affect sintered pellet grain
size., It is apparent from earlier work that the carbon contents of the
powders have increased upon doublg micronization, While undoubtedly most of -
this increase is attributable to the increased particle surface area forCO2
adsorption, part of the increase, up to 100-150 ppm C, may be attributable to
the inclusion in the powder of rubber from the micronizer liner, particularly
since slow feed rates of 150 and 50 gm/min were used, It was noted upon
examination of the micronized samples of Figures 41 and 43 that the centers
of the pellets showed '"necklace porosity", i.e, gas-filled pores at the grain
boundaries, Figure 44, A thin rim (~ 0.010-0,020 inch thick) at the pellet
exterior and on the surface of pellet cracks was free of this type of porosity.
It is believed that during heating of the pellets to sintering temperatures,
the included carbonaceous gases from the rubber contaminant are released from.
a thin surface layer which sinters sufficiently to prevent the release of
the rubber decomposition products from the reméinder of the pellet, The
entrapped rubber decomposes at sintering temperatﬁre and is concentréféd at
graiﬁ boundaries as gas-filled porosity as the advanding boundaries sweep up
the pores, Note that this obsefvation implies that gas—filled pores offer
little 6bstac1e‘to grain growth, Also observe in Figures 44a and c¢ that the
grain size in the areas with and without the porosity are the same, This
further shows the negligible resiéfance offered bj the gas-filled pores to .

grain growth,

3. Slurry Agglomerated Procedure

Thé brocedure for fabricating the slurry'agglomerated 0.53 inch
diameter pellets from hydrogen-calcined 096 (100 ppm Ca) and 136 (4 ppm.Ca)
thoria powder was identical to the procedure used for' the slurry agglomerated
air-calcined powder. As a check on the reproducibility of the sintering
cycle, duplicate pellets fabricated from the air-calcined powder -were also
included in the sintering boats, " All pellets were evaluated in a similar

fashion,
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L, Slurry Agglomerated Results

The green and sintered geometric densities of the slurry
agglomerated. pellets are shown in Table 13, . The sintered densities of the
pellets fabricated from the hydrogen-calcined powder are greater than that
observed for an air-calcined sample under equivalent conditions. The obvious
.reason for the density difference was the almost total absence of granular
segregation in the pellets fabricated from the hydrogen-calcined powder, The
greatest segregation reading on the scale of 1-7 was 1, The most character-
istic microstructural feature of these samples was the presence of '"necklace"

porogity,

The sulfur content for the 096 and 136 powder was 45 ppm and
18 ppm, respectively, which is very similar to that recorded for the air-
calcined pellets 37 and 23 ppm and shows that sulfur is not readily removed
at 1100°C in either a hydrogen or air atmosphere, Table 14,

The effect of sintering time on grain gfowth in 0.53 inch
diameter pellets faBricated from'hydfogen—calcined (1100°C—48 hours) powder
may be observed in Flgureq 45 48, As with the air-calcined powder, the sur-
face area of the mlcronlzed hydrogen-calcined powder is conclderably lower
than that determined for the micronized-as-received powder, The surface areas
of the mlcronlzed—as—recelved and mlcronlzed hydrogen -calcined 096 powder are
10,28 and 5. 82 m /gm, respectlvely.' The same numbers for the 136 powder are
8.1 and 5,91 m /gm. These dlfferenceé coupled with the granular segregation A
and possible exposure of the interior of the as-received pellets to the
sintering‘atqospheré make a direct comparison between the calcined and as-
received pelléts (Figures 45 and A-1, 46 and A-3, 47 and A-5, 48 and A-7)
very difficult, Nevertheless, at the higher green densities the grain sizes.
of the pellets prepared from the calcined powders compare rather favorably,
even though the particle surface energy is between 2/3 and 1/2 that available.
in the pellets pressed from the as-received-micronized 136 and 096 powders,
Pellets fabricated from micronized H, calcined 096 and 136 powder with surface
areas-of 5,82 and 5,91 mz/gm respectively, pressed to 61 % green density
had a center ASTM grain size of 8 and 5% after 12 hours at 175OOC. The simi-
lar values for the micronized-as-received pellets were only 83 and 9 although

their surface areas were much greater; 10,28 and 8.1 mz/gm respectively,
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Due to the particle size difference (surface area), the data
obtained from tﬁe agglomerated powder, Figures 46 and 48; were compared to the
pellets made from the binderless as-received powder, Figurés 35, 36 and 38
and 39. The consistenéy of results was better than preQiously observed for
the ailr-calcined powder aithough some differenceslwere observed. The pellets
made from the slurry-agglomerated micronized Hz-calqihed 136 powder had an
. ASTM grain size of only 13.5 after 1% hours at 17500C; however the binderless
pellets made from the same material and sintered for the same length of time
had an ASTM grain size of 6.5. After 12 hours at temperatﬁre the respective
grain sizes were 5,5 and 5, fespectively, and is considered excellent
agreement, The grain size of the pellets made from 096 powder generally were
in good agreement regardless of the time at temperature or whéther‘or’not a
binder was used in the fabrication process, In all cases except where idio~
morphic grains were detected, the pellets made from micronized-calcined powder
showed ‘greater grain growth than those made directly from as-calcined powder,
In addition, the grain growth observed in the pellets fabricated from the:
hydrogen-calcined powders, 096 and 136, ‘had, in all cases, greater grain growth
than the pellets fabricated from as-received or micronized-as-received powder,
as shown below, . ' -

Comparison of Grain Growth in Dry Pressed Pellets Fabricated

From As-Received 096-and 136 Powder With Slurry-Agglomerated
Pellets Fabricated From Hydrogen Calcined 096 and 136 Powder

Density  ASTM

Sinter- (gn/cc) Center
ing Surface Inc,: Grain
Pellet Powder . - Fig. Time Area Open = . 3ize
ID Lot Powder Treatment No, (hrs) (m?/gm) Pores No,
3T 096 As-Rec'd,, Dry Press, 35 1% 8,24 9.56 <14
8-61 096 Micronized-Hydrogen 46 13 5,82 9, 64 9
’ Calcined, Slurry Agg. , . :
55 136-  As-Rec'd., Dry Press, 38 1-%— 5,35 9,36 <14
5-61 136 Micronized-Hydrogen L8 15 5,91 9, 64 131
Calcined, Slurry Agg. : :
LH 096 As-Rec'd,, Dry Press, 36 12 8.24 9,72 12
10-61 096 - Micronized=-Hydrogen L6 12 - 5,82 9.68 8
" Calcined, Slurry Agg. '
2G 136 As-Rec'd., Dry Press, 39 12 5.55 9.65 14
2=61 - 136  Micronized-Hydrogen 48 12 5,82 9.70 5.5

Calcined, Slurry Agg.
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. The granular segregation in the hydrogen-calcined, slurry-
agglomerated peliets was much lower than that previously observed for the air-
calcined, slurry-agglomerated pellets, Therefore, the confusion in the former
. caused by atmospheric interactions at the granule bbundaiies is avoided in the
latter. As a consequence, the agreement between the results of pellets with

and without binders is much better for the hydrogen-calcined material.

All things being equal, it is difficult to determine which
calcining atmosphere is the most effective with all powders, The air—calciﬁéd
appeared more effective with the 096 powder; however, the hydrogen-calcined
powder wag possibly more effective in promoting grain growth in the 136 powder.
Variations in green pellet properties, as well as variations in powder surface
area, mask the slight differences between pellets promoted by the calcining

atmosphere,

Like the pellets fabricated from air-calcined powder, the time
dependency of grain growth did not follow any mathematical expression which
modeled a specific mechanism. Generally the center grain size of the pellet
increased with increasing-time at temperature. In addition, the observed
fluctuation in grain size between the pellet center and the exterior was similar
to that previously noted for the air-calcined pellet samples, This effect,
which is attributed to impurity removal by reaction with the atmosphere at the
pellet surface, or possibly the additional grain boundary mobility provided by
the sintering atmosphere, is consistent with the conclusion of existence of an
impurity phase,- The effect is greatest for the lower greeﬁ density and the
shorter sintering times, Unlike the dry pressed pellet fabricated from 096
powder, hydrogen calcined, pressed to approximately 6.0 gm/cc and sintered at
1750°C tor 12 hours, the slurry agglomerated equivaleﬁt did not show any
idiomorphic grains. '

The eftfect of compacted green density on grain growth in pellets

dry)

2 calcined-micronized

fabricated from'slurryQagglomerated 1100°C-48 hour-H
powder is shown in Figures 49 and 50,

‘The data presented in Figure 49 for thoria powder lot 096
(micronized) does not lead to any congistent trend between compaction density

and grain growth, The ASTM center grain size of the pellets compacted to the
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‘four lowest green densities, 5,60, 5.71, 5.95, and 6,18 gm/cc, was 13,5, 12,

8.5, and 8, respectively, These results show the same trend observed with the
pellets fabricated from the air-calcined powder in that the grain size increased
regularly with increased density, What is not consistent with previous results
is that the ASTM'center grain size of the pellets compacted to a green density
of 6,34 and 6.63 gm/cc decreased to 10 (11 p diameter) and 11 (8 u diameter),
respectively. The antered densities of these samples also do not follow any
consistent trend with grain size, In order of decreasing graln size the
éedmetric densities were measured as 9.678, 9.71L, 9,635, 9.519, 9,694, and
9.638 gn/cc, o ‘ '

Sintered in the same ‘boat at the same time as the previous
pellets were blanket pellets pressed from micronized 136 powder which had been
calcined at 110QOC-@8 hours in Hz(dry), Figure 50, Although somewhat irregular,
the grain size increases with green density, The grain size increased from
< ASTM #14 (2,8 u) to ASTM #5 (6 ) as the green density increased from 5.58
gn/cc to 6,64 gm/cc., With the exception of the sample compacted at 6,64 gm/cc

which had a longltudlnal crack that decreased the geometrlc density but did

‘not have a significant effect on the grain growth in the center of the pellet,

the fired den=1ty of theqe Qamplee alqo 1ncrea<ed from 9, 512 to 9. 743 gm/cc,

w1th increased grain size,

As a check on £he reproducibility of the sintering cycle“a limited
number of pellets fabricated from powder lots 096 and 136 micronized-air calcined
and micronized-as-received were sintered along with the pellets fabricated from
the hydrogen-calcined powder, Table 13, .The grain size as a function of pellet
cross section was plotted for the replica pellets fabricated from micronized-
as-received 096 powder, Figure 51. The grain size data of Figure 51 was compared
with the data obtained from identical pellets sintered with the micronized-air-
calcined powder pellets, Figure A-9;, In Figure 51 the pellets with green densi-
ties of 5.98, 6.38, 6.52, and 5.67 gm/cc had sintered center ASTM grain sizes
of 11, 10; 9.5, and 8, respectively, In Figure A-9 pellets of similar green
densities had grain sizes of 11, 9, 8%, and 7, respectively., The agreement is
relatively good and the trends in grain size as a function of green density are

almost idéntical, indicating the sintering cycles were very similar,
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‘Based on the grain size results obtained from pellets fabriéated

from 1100°C-48 hour air or dry hydiogén-calqined powders, the foiléwing

relationships were drawn:
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1)

3)

Calcining the.T_hO2 prior to pellet fabricétion improved grain
growth, The method by which calcining improved .the grain growth
was postulated to be the result of the removal -(most probably by :
volatilization) of a grain growth inhibiting impurity. Theé
removal of ali or part of the impurity phase eliminated or -
reduced secondary grain growth, thereby promoting a uniflurm
grain structure less susceptible to variations resulting from

esmall changes in =1nter1ng time or temperature,

The surface area of the starting powder had a large effect on
the grain growth in the final pellet. The greater the surface
area of the powder, the greater the surface energy of the

powder,

The beneficial effect of calcining on grain growth was difficult
to measure quantitatively since the calcining process decreased
the surface area of the starting powder; the micronizsztion prdcess

(lbu— gm/minj being used was not effective in increasi ing the calcined

\I

SUrTECe 2reg sii The wey DECK LS tne stsrviang size.. -

Crzn u&a*jor {slurry mix proces:s with 1.75 w/0 Carbowaxh60ﬁéﬁ
afifected tne grein growtn Kinetics and the Delleu mlcrOauructare of
eir-calcined powders. The gruin gxuwtn cbserved in pellets DProccs E
from the air-celicined svar 1n5 povder with the zddition of 1.75 w/o.
Carbowax,‘gra“ulc-ioa, unq £y pretreetment has resulted in ﬁellets
vlth signif ; 32 ' ; :
éizeﬁ.were usuelly cogrser for the fofmer procesé but scmetines were.
finer. Granuler segregsticn‘resultiJg from'intragrenular slrteriﬁg 4
'.f ine peilets { feoricated from granule ‘ted

11007°C-2ir calcined powder, but not with pell-ns fabricaced from the

ssme powGer wanlcn nald not deen ST"PVLdCeG. The granulsr segregeaiion
was s0 extensive tast The poliiet densificetion wes reduced znd there-
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5)° Normal kinetic expressions for.pore-limited4grain growth,
volume {or grein‘boundery} diffusion limited grein griowth, :znd
impurity limited grain growth were inadequate to explain the

pellet center grain growth characteristics,

6) The effects of the calcining atmosphere and the powder Cal -
content were sécondary to those of surface area, green .density

-and - exposure to calcinatioen,

7) With the exceptlon of those pellete w1th extenelve granular
segregation and open poroclty, the pellet center graln size

generally 1ncrea=ed with 1ncrea°1ng green denelty

. 8) The air ca101ne may have been more effectlve in remov1ng the
grain growth impurities from 096 powder (conta1n° approx1-:_
mately 100 ppm CaO), while the hydrogen calcine wag more
effective in removing the inniblting lmpuritieé,frgm the l}é
powder (approximately 2=4 ppm CaQ) as‘determineé by grain eige

measurements on the sintered pellet,

C. Hydrogen-Calcined Powder"emlggg'and 1400°C

Tt was observed in pellets prepared from both 1100°C air- and
hydrogen-calcined powder that the center grain size was initially smaller and,
with time, became largér than those graing near the:pellet surface where
. reaction with the sintering atmosphere agllowed growth to proceéd without .”
impurity inhibition, - It was therefore cencluded that the 1100°C calcine was -
inadequate to remove all of the inhibiting impurity. The inadequacy or lack' of
complete removal of the inhibiting impurities is not altogether surprising in
view of the fact that the 096 and 136 powders were qubJected to a purification
calcination, only 118°C “ang 48° c, recpectlvely, above ‘the calcination tempera—
ture (982 and 1032 C) of the ae—recelved powder at the vendor Ca1c1nat10n
temperatureq of 1200 C and 1400°C were therefore eValueted on the basis that
the highér temperature= mlgnt volatlllze more of the 1nh1b1t1ng 1mpur1t1e=
The times of 8 and 24 hour° for the 1200°C calc1ne and 3 and 9 hours for the
1400°C calcine were selected based on the capacity of the productlon furnace'
and ‘on the resultant powder surface area. Powder lot 136 was chosen so that

the results of the calcination would not be confounded by the presence ' of the
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100 ppm CaO, Partial chemical.analyses of the -calcined powder, Ref.. 44,

indicated that even the sulfur content was reduced to 10 ppm oxr less,

In an effort to normalize the surface area effect, the calcined
powder (surface area after calcining for 12000C—8, 12000CL24, 140000—3, and
1400°C-9 hours was 3.4, 2.9, 2.5, and 2.0 mz/gm, respectively ) was subjected
to ‘multi-micronizations. DBased on the earlier results, an expression,

s = a10¥/T
T, was used to predict that‘5 and 6 passes through the.micronizer would

be required for the 1200°C (8 and 24 hours) and 1400°C (3 and 9 hours) calcine,
respectively, The resultant surface areas of the 136 powder 12OOOC, 8 and 24

, relating surface area, S, and absolute calcining temperature,

hour calcine after 5-pass micronization was 5.2 and 4, 3‘m2/gm,“re<pective1y
The resultant surface area of the 136 powder 1400° C, 3 'and 9 hour calcine after
6-~pass micronization was 4.4 and 3.3 m /gm, respectively, It became
" obvious that the previous equation did not accurately'predict the effect of
micronization, The surface area increased vefy little as a result of the addi-
tional passes through the micronizer, The effect of decreased surface area upon
calcining was not neutralized by the additional micronization, The additional
micronization did increase the carbon impurity levels from less than 50 ppm
after calcination to almost iOO ppm {this excludes carbon adsorbed asVCOZ),
Ref, 44,

The calcined powder was used_without any binder additions to press
blanket size pellets as described previously. As a control, pellets fabri-
cated from double micronized, as-received 136 powder, surface ares 8.1;m2/gm

were also sintered with the pellets fabricated from the calcined powders.

1, ‘Dry Pressed ReSults - 1200 and 1400°C

The green and elntered deneltlee of the pcllct~ fabricated from ﬂ
the 1200 and 1400°¢ ca101ned powder are tabulated in Table 13, Since no dry
Sterotex lubricant was uced the den<1ty values are approx1mate1y 1% higher
than would have been obtalned by typical productlon processing. Nevertheless,
the den=1t1e= were qulte hlgh and were representative of a good high denelty B

micros tructure

The grain growth results of the longitudinally sectioned samples

are shown in Figures 52 and 53. The center grain size of all the pellets
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sintered at 175000 for 1% hours, Figure 52, regardless of calcining treatment,
was smaller than that at the pellet surface., The center ASTM grain size -of  the
pellet fabriEated from the double micronized, as-recelved powder, surface area =
8.1 mz/gm, and the pellet fabricated from the 1200°C-8 hour- H2 calcined 5- pass
powder, surface area = 5,1 m /gm, was approximately the same at 13, All of the
other pellets had center grain sizes of ASTM #l4 or smaller, The grain size
results of the as-received pellet. agreed very well with the ASTM #13,5 grain
size obtained from a similar pellet sintered for the same time and temperature,
Figure 37, showing that the sintering process is reproducible. The similarity
in initial grain growth between the 1200°C-8 hour calcined powder pellet and the
micronized-as-received powder pellet in spite of their respective powder sur-
face areas indicated that calcining at 1ZOOOC-8‘hours may have removed more

impurities,

The grain size as a function of pellet cross section fof.pellets
fabricated from the same binderless, multimicronized powders and sintered at
1750 C for 12 hours in dry hydrogen is shown in Figure 53, The center ASTM
grain size of the pellet along with the powder treatment and the fesulting

surface area is shown below.

Grain Size of Pellets Dry Pressed From
Calcined Multipass Micronized Powder Lot 136

Sintered
" Densit ASTM
Surface (gm/ccg Center
‘ . Area Inc, Excl, Grain
Pellet ' . Opcn Open - Sige
ID Powder Treatment (m /gm) Pores Pores No,

3210 #2 H, calc, -1200 °0-8 hrs-5 pass micro,
3211 #4 H, calc, 1200 C-24 hrs-5 pass micro,
T 3212 #6 H, calc.-ihOO C-3 hrs-6 pass micro,
3213 #8 H calc,~1400° C-9 hrs-6 pass micro,
467608 #7 AB-recceived - 2 paco micro,

9.92 9.9 10
9.80 9,81 11
9.85 9.87 11-3/4
9.72  9.73 13-1/2
10,01 10,01 10-1/2

oW & i
=L B

Even more clearly than was observed in Figure 52, the center grain
size does not vary directly with the surface area. The pellet fabricated from -
the 1200°C~8 hour calcined had a center grain size of 10 (11.2 u dia.). The

surface area of the micronized, calcined powder was only 5,2 mz/gm. The
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surface area of the micronized, as-received powder was 8.1‘m2/gm, approximately
1.6 times greater, but the center grain size of the pellet fabricated from this
powder was only 10,5 (9.4 w), a value which agrees very well with previous

results, ASTM #10, Figure 39.

These rezults show. that.peremeters cther then the surfsce area of
e rowder and conseguently the surfsace energy necessery [or densificetion
infiuence grein grewth. The penslty sccompsnying the higher temperzture

purification celcinetion is z reduced surface eres which is not readily

increzsed by sdditional micronizations.

Because of the counteracting effects of celcining on decreasing
particle surtece srea, which reduces grzin growth, sznd cn impurity rehoval,
which increases grain grcwtn, the effects of calcining tempersture aand time
2t temperature ere nct strzightforwerd. Thus the effect cf incressed
celeining time &i these elevsted temperatures ics considered toc nsve reduced
grsin size.in the sintered pellef becsuse of psrticle densificstiocon resulting
in reduced surface sres, sven thouga more effective impurity removel would bé

expected. On the cther hand, the effect of impurity removali is considered to

2]

A
b

heve predominsted upon rzizing the temperzture to 1L00%C for three hours,

compered to the caslcinztion st 1200%C for twenty-four hours.

2. Dry Pressed and Pretreated Results - 1200 and 1400°C

Since.necklacevporosity was obsé}ved in some of the pellets
produced from 1100°C-48 hour calcined powder, Figure 44, as well as in the
previous calcined saﬁples, a number of the pellets fabricated from the 1200 and
1400°C calcined powder were pretreated at 92500 in 002 prior to sintering, even
though the pellet was fabricated without the additioh of binder and lubricént
in an effort.to remove any possible gas forming impurities, Pellets dry pressed
to 60% green. density from the four different calcined powders (1200°C-8 and 24
hours and 140000—3 and 9 hours) as well as pellets’fabricated from as-received
double micronized 136 powder were preheated in flowing 002 for 3 hours, After
pretreatment the pellets were sintered at 17500C in dry (53OF dew point)
hydrogen for 14 and 12 hours. The green and sintered densities are tabulated

in Table 13, It was anticipated that the pretreatment would remove the cause
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of the necklace porosity thereby increasing the density. However, many of
the sintered pretreated pellets were of a slightly lower final density than
the identical pellets without the pretreatment. The difference may have been
the result of a slight variation in the maximum temperature because the control
sample for the pretreated batch .of pellets is also less dense than an identical

control sample in the nonpretreated pellets as shown below,

Density Variations in.Pretrgated and Nonpretreated Pellets
Fabricated From 1200 and 1400°C Micronized-Calcined 136 Powder

Siﬁtered Density (gm/cc)

Not
Pretreated . Pretreated
Pellets Pellets

Sintering Inc. Excl. Inc, Excl,

Time  Open Open Open Open

Powder Treatment ‘ (hrs) Pores Pores Pores Pores

H, calc. 1200°C/8 hrs + 5 pass micro, 1.5 9.69 9.70  9.77° 9.78
"o 12 9.88 9.91 9.92 9.%

H, calc, 1200°C/24 hrs + 5 pass micro. 1.5 9.46 9,48 9.43 9,46
" 12 .9.73  9.76 9.80 9.81

H, calc, 1400/3 hrs + 6 pass micro, . 1.5 - . - - 9,56 9,57
‘ " ‘ 2 9.79 9.80 9.85 9.87

H, calc. 1400/9 hre + 6 pass micro, 1.5 9.50 9.53 '9.32 9.32
" o 12 9.72 9.73 9.72 9.73

As-received + double micronization 1.5 9.89 9.89 9.88 9.89
i 0,01

" - 12 9.96 9,96 10.01 1
. . . . .
Like the nonpretreated samples after 13 hours at‘l?SOOC, the
control pellet made from the as-received double micronized powder showed a
greater center grain size than any of the pretreated cglcined pellets, Figure 54,
This result was aqticipated since the surface area of.fhe as-receivéd double
micronized powdeffwas almost twice as great as any of the other powders used in
the experiment, The very fine particies would have a greater surface energy.
Rapid growth during the initial stages of sintering would proceed until the
grains coarsened so that the‘concentration of impurities at the grain boundary

increased to the point that it effectively. inhibited additional growth,
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After 12 hours at 1750°C, Figire 55, the center grain size of
the pellet fabricated from as-received powder, surface area 8.1 mz/gm, and the
pellet fabricated from the 1200°C-8 hour calcined powder, surface area 5.2 mz/gm,
were almost identical in spite of the large differences in surface area of the
respective powders, -Interestingly, the pellet fabricated from the 14Q000—9 hour
powder which had -a surface area of only 3.3 mz/gmishowed the widest band of
coarse grains around the pellet exterior, Being the pellet with probably the |
purest starting powder but the coarsest particle size, it might be postulated
that the elimination of porosity along the grain boundaries starts at the pel-
let surface and proceeds toward the pellet interior, Since the 140000-9 hour
is the least inhibited, it has the greatest grain boundary mobility._  Therefore
in the time available betfore the pellet surtace becomes highly dense, porosity
is eliminated and grains grow, Because of the high powder purity this process
is more extensive in the high temperature calcined powders, However, because
the higher temperature calcined powder has a much lower surface area (denser-
particles), the driving force for initial stages of sintering is significantly
reduced, Therefore the center grain sige remains smaller even though the
exterior of the pellet showed significant grain growth, It is therefore
probable that additional time at temperature and/or increased temperatufé
would have resulted in the coarse exterior grains extending across the entire

pollot croec ecction,

A comparison of the center grain size of the pretreated and
nonpretreated pellets fabricated from the multipass'H2-ca1éined'1200 and
1400°C, 136 powder is shown on page 93, ” ’

-

It is élear that the pellet pretreatment did not result in large
grains, Since the as-received double micronigzed éontrdl‘pellet also showed a
reduced grain size (larger ASTM grain size number), it is highly probable that
a siightly reduced ‘sintering temperature is the cause for the reduced ultimete

grain size.

An examinatién of the resulting miqrogtructure showed that the
925°C co, pretreafménf did not eiimipate the fo;mation of necklace porosity.
The presence of the necklace porosity is not attributable to a slightly reduced
sintering temperature. If the pores were the résuit of oxida%iéq¢;f-é%%ggnaceous

H

impurities forming CO gas which was trapped in pores during densification and
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Grain Size Variations in Pretreated and Nonpretreated -
Hydrogen Calcined 1200 and 1400°C Dry Pressed Pellets

Sintering Center ASTM Grain Size No,
A ' - .Time - Fig. Not Fig.
Powdér Treatment (hrs) Pretreated No. Pretreated No.
H, cale, 1200°C/8 hrs + 1,5 <14 . sy . 12-1/2 52
5 pass micro, . 12 11-1/2 55 10 53
H, calc, 1200°C/24 hrs + ‘ 2.5 < 14 sk <1l 52
5 pass micro, , 12 13-1/2 55 . 11-3/4 53
H, calc. 1400°C/3 hrs + . 1.5 = <14 5l . 13-1/2 52
6 pass micro. . . 12 13-1/2 55 11 53
H, calc, 1400°C/9 hrs + ' 1.5 <14 sk <14 52
6 pass micro, , 12 < 14 .55 13-1/2 53
As=received + . o 1.5 . 13 sh - 12-1/2° 52
double micronization 12 11-1/2 - 55 . 10-1/2 53

graiﬁ grewih, it is not clee? why the CO2 pretreatment did not' eliminate. their
formation. It may be that the instrument grade 002_(10—15 ppm 02) was too pure
and did not effectively remove the carbon during pretreatment. = Another possible
explanation is that the necklace porosity is the result of entrapment of

adsorbed CO, within the particle pores; the 002 from this source is much

greater thai that from carbonaceous impurities from the micronizer, _In agree-
ment witﬁ the latter, the necklace porosity was more apparent in the pellets
made from the powder calcined at 12OO C for 8 hours and micronized (5 pass)

with a surface area of 5.1 m /gm than it was in the pellets made from powder
calcined at 1400°C for 9 hours and micronized (6 pass) Wlth a Qurface area of
3.3 m /gm.' However, becauee grain growth is more exten51ve in the pellets
fabricated from the 1200 C- 8 hour- H2 calcined powder, a greater amount of the
porosity in the pellet would be swept to the graln boundaries, thereby resulting
in more necklace porosity but a constant total porosity. Finally, it is possi-
ble that the necklace porosity is not the result of the decoﬁposition of a ,
carbonaceou= materlal and the CO atmos sphere is therefore ineffective in remov- -
ing the gas-formlng impurity, TheQe results indicate thet if other experi-
menters did further evaluations of ThOo pellet sintering and grain growth

behavior, it mey be desirable to determine the quantity end nature of the

atmosphere trapped within the pores of even the very high density pellets.
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Certzinly from e comperison of the gréin growfh bét“een the'nelleixeeuT b
where necklace porosity is extensive and the arec wi tﬁ*n Q.10 inch
pellet exterior where tnere does nct eappeer to be much poros ity of zny xind,
one would have to conclude thet ‘the vporcsity does not influence

in any way. Nevertheless, knowledge of the typé snd qusntity of

&

pores may well provide gn improved insignht intc the exszct role o

2 ~intering snd greain growth Kinetics in T‘\E'

3, L/S Agglomerated Results - 1200 and 1400°C

Granulation of the starting powder hy the liqnid/so1ids'process
repreqentc a dupilcatlon oi a productlon process, It has been.established that
beneficial results were obtalned by calcining the starting powder, However, it
was also shown (110000 air-calcined material) that the granulation method has
a significant influence on the final sintered properties, To determine if the
method of powder granulation used by the production facility was capable of
using calcined powder and.to determine if the multi-micrcnizstion: of the 1200
and 1400°C calcines were beneficial, 0,53 inch diameter pellets were pressed .
using 136 powder agglomerated by the L/S process from powder calcined at 1200°C~
8 hour—H¢<dry),and 1@0000—3 hour—H2<dIY), The calcined powder used in these
studies ;as mic;onized twice at the rate of 350 gm/min both before and after
calcination, The powder is coarser (less surface energy) than that produced by
an equivalent calcination but subjected to the multi-pass micronization. Pel-
lets fébficated from the 1200°C-8 hour powder were pressed at 60 and 62 % green
density ané pellets from the 1400°C-3 hour powder were pressed at 60 and 65 % .
green density, Grain sizes as a function of pellet cross section for the
preceding four conditions are shown in Figures 56-59, respectively, In
addition to the "dry" hydrogen (539F dew point as measured in the furnace
hot zone) results, a limited amount Qf data is included from identical pel-".. ..-
lete which were sintered in the production facility in a "et” (110°F dew - .

point as measured in the incoming hydrogen) hydrogen. atmosphere,

The grain size across the center diameter of the pellets sintéred
in the latter atmosphere is larger and more uniform than that of an identical

pellet sintered in the former atmosphere for the same length of time, This
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erfect is graphically illustrated by the grain size variation shown in Figures
56 and 57, This result could have been anticipated in view of the kinetic
grain growth studies (No, 7 and 9, Figures 27 and 30) ‘and the information in’
Section IV,C, 'The wet hydrogen would have a tendency to promote a defect:

structure in the ThO, and increase the grain boundary mobility, The increased’

2
mobility of the grain boundaries would allow them to move more readily beyond

the pinning impurities,

The grain size results from the 1200°C-8 hour powder uithout
granulation and micronized to a surface area of 5.1 m /gm (Flgure 53) had a
larger center grain size, ASTM #10 (11.2 1), than that, ASTM #12 (5.6 w),
(Figure 56) -of the pellet fabricated from: powder calcined in the same batch
but granulated by the liquid/solids procéss ‘and micronized to a surface area
of 4,6 mz/gm. Thus the effect of increased surface area on incréasing grain

growth is agaln illus tratedvregardless~of agglomeration technique,-

Figure 57 is similar to Figure 56 except.the.samples were pressed
to a green den=1ty of approx1mately 62 %. The center grain =izezincrea<e° with
1ncreaQ1ng time at temperature, { 1& < 14, < 14 13',10 5y and 9 for 0, %, 14,
5, 12, and 22 hours at 1750 C res pectlvely. Agaln the pellet sintered in i

"wel'" hydrogen not only had larger gra1n= than both the 12 hour and 22 hour
"dry" hydrogen sintered pellet ‘ but the gra1n= acro s the ”wet” hydrogen B
sintered pellet were more unlform. Fbr any glven condltlon ‘the gra1n° of the
pellets~pre ssed at 62 % green density were larger than those pressed at 60 % %
and sintered at equlvalent times and temperature . Th1< may be the result of
the additional time requlred for poroelty e11m1nat10n in the pellet= of lower

green density.

The effect of sintering time at 175Q°C in dry hydrogen on'pellets
fabricated from. L/S.granulated ‘micronized, calcined. (l400—3 hour=—H ) powder‘_
lot 136, Figures 58 and 59, .showed that extended time (up-to 22 houre) at
temperature was not capable of increasing the grain size above ASTM #13. (u u)
regardless of green compaction density. Although the chemical impurity phase
may have been removed, the low particle surface area did not provide sufficient

grain boundary energy tfor high levels of grain growth or even densification,
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For pellets pressed to z green density of 60% the sintered density varied

from a low of 8.62 gm/cc at O hours st 1750°C to a high of only 9.27 gm/cc after
22 hours st 1750°C. Pressing et 62% green density did not significantly
improve the grain sizes or densities. The sintered density varied from a low

of 9.25 gm/cc to 2 maximum of 9.45S gm/cc. The center grain size of ell the

" pellets fabricated from the lhOOOC-3 hour calcined powder, Figures 58 snd 59,

by L/S agglomeration was ASTM #13.5 or finer regerdless of green density or

time at 1750°C.

D. Powder Blends

Experimental results have shown two important points relstive to
grain growth in ThO, compacts: calcining the initial powder appears to remove
‘impurities which msy inhibit grain growth, and the powder surface area is
¢:itical to the formetion of a uniform grain structure of acceptable size.
pnfortunately calcining decreases the surface area. Calcining to higher
temperatures appears to remove more impurity phase end thus reduces the
forces resisting grain boundary movement; however, it further reduces the
surface energy, the driving force for grain boundary movement. Sevéral '
attempts have been made to increase the surfsce ares of the calcined powder.
Extending the number of micronization pésses beyond the initial one or two
was determined not to be a'very effective means of increasing the surface
area of the églcined powder (Section Vll.B), since the micronization proéess
is basicaily a particle reduction process. Any éttempt to increase ﬁhe
surface area by particle size reducﬁion faces the same problem in that it is
extremely difficult to reduce the particle size below 1 or 2 . The
micronization process is further limited since it involves the impacting of‘/
like particles sgainst each other. This process may effectively remd@e-ﬁié
irregular surface of the particles or fracture large agglomerstes but
probebly does little to actually fracture lerge particles or produce the ultra
fine solid particles necessary to have a surface area equivalent to the

porous parﬁiclés of the as-received powder.
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Relatively high surface areas were achieved by vibratory ball
milling; however, extensive contamination of the powder sample resulted from
attrition of the iron balls, Section VIII, Surprisingly, autogenous vibratory
milling was unsatisfactory since the thoria balls were totally consumed in a

matter of a few minutes,

1, Blended Calcined end As-Received Lot 136 Powder

In an effort to increase thé surface area of the powder and still
maintain a low impufity content, it was decided to blend in equal proportions
2-pass micronized as-received 136 powder (surface area 6.5, 8.8 m?/gm) and
6-pass micronized 1400°C-3 hour-HZ(dry)'calcined 136 powder (4,4 mz/gm). The
resulting surface area of the mixed powders was 7.6, 5.2 mz/gm. .This experiment
was intended to determine if sufficient impurity-free material could be blended
with sufficiently high surface area, as-received powder to dilute the impurify
content of the mixture below some critical level while s£till maintaining a total
surface ared”approaching that of a 2-pass, ae—received powder, The grain.;ize
of the blended powder pellet after 1% hours at 1750 C is shown in Figure 60,

The pellet has a fine grained center, however, the grains are slightly coarqer,
ASTM #12%, than those of the pellet fabricated from as-received 2-pass powder
(surface area 8.1 mz/gm) ASTM #12% and significantly coarser than that of the
pellet made from 100 % caicined powder 6-pass micronized, ASTM 134, The sintered
densities decreased in the same order, 9.89, 9.88, 9.56 gn/cc for pellets fabri-
cated from the mixed powders, the as-received, and the as-calcined, respectively.
The benefits of blending the calcined and as-received powdefs are even more
apparent after 12 hours at 1750°C, Figure 61. The pellet fabricated from the
blended powders had a center grain size of ASTM #6% (38 w), that fabricated from
the 100 % as-received powders ASTM #10% (9.4 u) and that fabricated from 100 %
calcined powder ASTM #11 (7 9 k). The sintered den51t1es for the three powders

are 9,97, 10, 01, and 9, 84 gn/cc, respectively,

- These results suggest that the denqe impurity-free part1cle= not
reduced by micronization have high grain boundary mobility and are able to
grow at the expense of the high surface energy but inhibited fine particles.
Typically large particles or agglomerates are not desirable in adhigh quality
ceramic since they may contain undesirable porosity which is Very.difficult to
remove, are generally detrimental to uniform grain growth, and may block shrinkage
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of the smaller particles, In this case, however, they may act as nucleation sites
for grain growth, The large number of nucleation sites results in uniform grain
growth, The high mobility of the grain boundaries results in significant grain

development and high levels of densification,

The reason for the improved sintered density is not completely ‘
obvious. The density of the blended powder pellet, -Figure 61, was 9.97 gn/cc
which is even greater than the 9,92 gm/cc determined for the 5-pass micronized,
calcined 1200°C-8 hour powder of similar surface area and considerably greater
than the 9.85‘gm/cc determined for the 6—pass micronized,,lhOOOC-B hour HZT
calcined powder pellets, Figure 53. Standard techniques to increase the ..
sintered density.by eliminating intragranular porosity, Refs, 9, 11, }2, and
27, generally liéit grain goundary movement aésociated with secondary ‘
recrystalliéation. Grain growth inhibitors added for improved sintering
generally result in a grain.éize smaller than that which is associated with
the uninhibited ~tructure of the materlal It appears that the mechani=m _
responsible for the increase in density w1th a concomltant increase in grain

size is different in the case of these thoria powders.

-

The ability to 1lmprove grain- growth by blending powders of high
purity and high surface area is significant since it also represents a process.

which is feasible for large volume production, .

2. Blended Célcined and As-Received Lot 136 Powder - Pretrested

To further substantiété the initial results obtained by blending"
calcined and as—reéeived 136 powder and to determine the influence of the pre~
treatment process on denQity and grain growth, pellets fabricated from the same
50/50 1400°C- 3 hour/ae—recelved blend of powder used in the precedlng qectlon
were pretreated at 925 °C for 3 hours 1n 002 prior to c1nter1'ng at 1750 °c, The
time dependent grain growth results as a function of pellet cross section are
shown in Figure 62, The pressed pellets were pretreated at 9250C in CO2 £o
eliminate any carbon possibly introduced during micronization., The grain size
and uniformity increased as the time at temperature increased, The center
ASTM grain size (260 x 107> inches in from the pellet surface) after 1%, 5,
and 12 hours at temperature was 11% (7.2 u), 10 (11,2 w), and 6 (45 u),

respectively, The grain size 130 x 10_3 inches from the surface for the same
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thiree peilets was 12 (5.6 u), 73 (27 w), and 5% (53 w), respectively, In spite
o1 the fact.ihat considerable time had elapsed from the experiments described
in 1 above and the furnace temperature had been cycled in the interim, there
was relati&ely good agreemeh£ between the ‘data obtained for the pretreated and
nonpretreated blends of calcined/as-received 136 powder. The center ASTM grain
size of the nonpretreated pellets after 1+ and 12 hours at 17500C (Figures 60
and 61) was 12% (5.2 p) and 6% (38 w), respectively. The same two values taken
130 x 1072 inches from the pellet surface were 12-3/4. (4.3 w) and 7 (32 1),

The grain growth in the pretreated pellets may be slightly greater than observed
in the earlier nonpretreated pellet; however, agreement within one ASTM number .
is probably reasonable, ] _

Initial optical examination of the pellets used in FigureA62
showed the microstructure to be similar to that previously observed for the
nonpretreated pellets of the same compoéition and time at‘175OOC, i.e,,
"necklace" or grain boundary porosifj was not eliminated by the pretreatment,
indicating that residual carbon from rupber introduced by micronizing was not

an important cause for this residual porosity,

3. Blended Cslcined Lot 136 and Ls-Received Lot 096 Powder

To determine the influence of calcia addition on grain growth
in the blended poWder, a blend of calcined (140000—3 hour-3 double pass
micronization) 136 powdei énd as-reéeived (1 dbuble'pass micrénization) 096
powder-were fabricated into pellets by the dry press process (rio binder or
lubricant) and sintered at 175000 in "dry" hydrogen in the 1aboratory furnace,
The effect of sintering time at 175OOC,on grain growth as a functionlof pellet
cross section is shown in Figure 63. As previously demonstrated in Figure 62,
grain size and grain uniformity increased with increasing time at temperature:
The center grain size after 13, 5, and 12 hours at 1?5006 was ASTM #11-3/4 (6 ),
10% (9.4 u), and 7% (30 u), respectively, The same three values determined at‘
a position 130 x 1077 inchés from the surface were 12 (5-6 w), 11 (7.9 1), and
7 (32 w). These results agree to within 3/4 of an ASTM number with the non-
pretreated pellet made from a blend of calcined/as—received 136 powder (Figures‘
60 andiéi) and éppear to be slightly smaller than the grains observed in the

pretreated calcined/as-received 136 powder. It was anticipated that pellets
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fabricated from the biend of calcined 136/as—received 096 would produce larger
grains since the surTace area of this blend was greater, 8.8 mz/gm versus

7.6 mz/gm. Why this did not, in fact, take place is not clear, The
influence- of the calcia addition may have been reduced because the "dry"
hydrogen sintering was, in fact, not very water free (dew point + 59°F‘z
18,000 ppm HéO); however, as shown in Section IV.C, Ca0 located at grain

boundaries would retard grain growth,

Even though the 136/096 blend pellet did not yield grains
significantly larger than those observed in pellets produced from a blend of
the 136 powder alone, the resultant grain growth was greater than in pellets
fabricated solely from either of the components, as shown below and in
Figures 64 and 65, (The as-received, not micronized 096 powder was included
even though it was not one of the components of the blend because it had a

surface area very close to that of the blend.)

Beneficial Influence of Blending Calcined and As-Received
ThO, Powder on Grain Growth in Pellets

ASTM
Center
) Sintering  Suxrface, Grain
Pellex , Time oa Sizc
1D Powder Treatment (hrs) (m“/em) No,
3373 #1 (50% as-recd 096, 2-pass micro,) 1.5 8.8 114
Blend (50% calc, 136, 1400°C-3 hr-H, g o
(6 pass micronization
2070 #3 " ' " 12 8.0 7
3212 #5 Calc. 136, 1400°C-3 hrs-H,, 6-pass 1.5 Lo 134
micronization : y
3212 46 " 12 N 11
15P - As-rec'd, 096, 2-pass micronization 1.5 10,3 <14 .
13F 0 12 10.3 10
3T  As-rec'd, 096 ’ 1.5 8.2 <14
4H . " . 12 . 8.2 . .12
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Clesrly the pellet febricated from the blend of calcined 136 and as-received
096 pcwder had more uniform and larger grains then those obteined in pellets

feoricated from the individusl powders.

-The results observed in the pellets made from the blended .
celcined/as-received powder are significant since they support & production
=porosch where only a fraction of the total amount of thoria powder necesseary

for large scale production of blanket size pellets needs to be calcined.

4, Porosity Distribution of Blended Powder Pellets

It was shown that the grain growth of the pellets fabricated from
the blended powders was greater and more uniform than could be achieved solely

with either powder, The reeultlng pellets were of very high denelty (> 99% TD)

and had a unlform mlcroetructure relatively free from porosity.- Surprlelngly,
‘in view of the relatlve =urface areas of the ca1c1ned micronized and as-
received, _mlcronlzed =tart1ng 136 powder 4,4 and 8 m /gm, respectively,

there was relatlvely little por051ty trapped within the grains of any of the
blended pellets which were sintered at 1750 ¢ for 12 hours. The porosity '
which was detected was located mostly at the grain boundaries. Figure bba is
a photomlcrograph of sample R/C 75-3372 #2 1400°C-3 hour/ae—recelved 136
powder, 12 hourq at 1750 C, showing the unetched pellet -microstructure from
the surface to a depth of approximately 0.018 inch along the pellet center
diameter, ' The first 3-4 x 10—3 inches are practically pore free and represent
an area in which the inhibiting impurity was removed by contact with the
sintering atmosphere and the porosity could diffuse to the surface, The
remainder of the porosity was relatively coarse and located mostly at grain
boundaries, - This porosity distribution remained relatively unifoxrm across the
pellet to the pellet center, Figure 66b, Figure 67a is a photomicrograph -of
the 1% hour pellet made from the same blended powder and shows an area extend-:
ing from the pellet surface approximately 18 x 10—3 inches toward the pellet
center, As in.the 12 hour sample, a narrow band approximately 3-4 x 1072 inches
of pore-free material exists around the exterior of the pellet, It is signifi-
cant that the thickness of the pore-free band is not dependent on the sintering

time. This would help support the possibility thet the pore-free rim is the result

-
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of a surface effect, e.g.,”residﬁal pressing'etrains or a free surface, ' The
latter is most probable in view of kinetic’étudy results, Figure 23, The area
immediately after the pore-free surface rim shows the’présence of both coarse
and fine porosity; however, -the porosity is relatively uniformly distributed
and is not necessarily concentrated at.grain boundaries, This area extends
approximately 30 to 40 x 10~ -3 inches into the pellet from the surface. The
remainder of the pellet cross sgctlon, Figure 67b, consists of relatively fine.
porosity, uniformly distributed, The grains are small in this area, 3-4 p in

diameter, and hence the pores may be located primarily at grain boundaries,

Since the elimination of porosity is a normal part Qf the
gintering process and because the elimination of porosity takes place by
diffusion eventually to the pellet qurface once residual poro<1ty is closed,

a flner—gralned center with coarcer gra1n= at the pellet exterlor would be
expected to be the microstructure in any ceramic body made from flne powder
tist was not sintered to completion. If other experimenters conduct further
evaluation of sintering and grsin growth of ThO, based pellets, it appears
_that additional studles of the pore morphology &s a function of time would be
desirable., The esteblishment of = relatlonship between density, grain growth
snd porosity mey heln in vetter understandlng the role of pores in den51f1ca-

Tion and grain growth.

To quantify the variation in porosity as. a-function of lime and
pellet cross section in the pellets made from powder blends, photomicrographs
of these two samples were analyzed with the epidiascope attachment to the
Quantimet, At the magnification necessary to resolve the solid and pore phases.
on the epidiascope (1000X), the contrast between the fine pores and the solid
phases was only marginal, Especially for the sample sintered at 175000 for
14 hours, it is possible that some of the smaller pores, especially at.the.
pellet center, went undetected, The results of this investigation are shown
in Figure 68, Both the 1% hour and. 12 hour samples showed an extremely low
porosity content near (3-4 x 10_3 inches) the exterior surface, 0,086 v/oﬂand
0.060 v/o, respectively. On the surface of the two pellets the ASTM grain
c1ze are almost equal to 11 (7.9 w) and 10,5 (9.4 p) res pectively The
poroclty of both samples increased rapidly in the next 5 to 10 x 10 -3 inches
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A maximum- porosity content of 2,1 v/o is reached 10 )(_10-3 inchess from the -
surface in the sample sintered 1% hours, The grain size at this point was
also a maximum of 9,5 (13,4 W), Figure 60, = After reaching. the maximum the
porosity decreased as did the grain size in,moving‘towerd‘the pellet center,,
A low of 0,5 v/o porosity was detected 37. x 10_3~inche<4from the exterior . ..
surface, The minimum. grain size of #13.5 (3 -3 u) was determined to be .
approximately 45 x 10 -3 inches from the exterior Qurface If the por051ty
mea=urement=.were extended across the entire pellet cross qectiOn the mini-
mums in poroelty varled w1de1y, po 51b1y the res ult of detectlon dlfflculty
In splte of the problem= with the detectlon of f1ne poroelty,‘lt appear= that
the horter q1nter1ng tlme resulte in a sample w1th greater, peroclty, W1th

increasing tlme the poro=1ty is swept and concentrated at the graln boundarle

The por051ty of the pellet sintered for 12 hours at 1750 C.
-3

increased to.approximately 0,97 v/o at 6 x 10 inches from the surface and
remained relatively constant for about 15 x 10~ -3 inches, The maximum ‘grain
size of ASTM #6 was recorded 30 x 10—3

Figure 61, Some of -the scatter experienced in the results may be due to poor

inches from the pellet surface,

statistics and‘fine porosity.

" In splite of the diffic ltles noted above it hes been concluded

Do

from this prellmlnary exemination of the pore morphology that grsin growth
’and pore shspe, size and locstion sre a function of the extent. of grein

growth and the time at temperature.

"It is postulated that the very fine micronized, as-received e
powder (surface area = 8-10 mz/gm lots 136 and.096) is highly -sinterable as
demonstrated by the fact that after only 14 hours at 17509C the pellet sur-
face was relative veid free, The reason for a lack of grain growth at the
pellet center may be partially due to the rapid reaction at the pellet sur-
face, .Because of the intimate  contact ‘with the sintering atmosphere, the
porosity at or‘near the surface is quickly removed as are any possible grain
growth inhibiting impurities, The large surface energy is a strong driving
force causing densification and grain.growfh relatively early in the sinter-
ing cycle, A high density outer rim impedes the removal of porosity from the

pellet interior and may also reduce communication with the sintering atmos-
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phere, The importanee of the sintering atmosphere has been noted previously
in this report, -Keeping the sintering atmosphere away from the pellet inter-
ior by forming a high density outer rim may retard impurity elimination and
grain boundary mobility. The oxidation and subsequent accelerated grain
boundary movement resulting from a wet hydrogen atmosphere may be restricted
to just a surface effect if a high density outer rim is formed early in the

sintering cycle.

. It may therefore be hypotheslzed that the mixture of 1400°C’
calclned powder containing high denslty but 1mpur1ty free partlcle= with
as—recelved and micronized powder w1th relatlvely fine but impurity-bearing
partlcles results in a compact ‘that does not form a high density sintered
'skln as early as the pellets made from 100 % Z as—recelved powder. Therefore,
a greater amount of impurities may be removed by the sintering atmosphere,
as well as provide increased grain boundary mobility, Pellets fabricated
from 100 % calcined powder also do not generally result in grains as large
as those realized from the powder blends because the surface area of the

calcined powder is significantly lower than the as-received or blended powder,

If the surface area of the calcined powder could be increased to the same
value as the as—received or, blended powders, it is predicted that the resulting

grain size would be larger and more unifornm,

‘5. Grain Boundary Curvature

-

Sterotex voids common to all of the pellets febrieeted with the
addition of dry Sterotex powder after agglomeration typically had smooth void
surfaces indicating no grain boundary curvature, Figure 69a.. Even pellets
fabricated from calcined powder which showed significant grain growth after a
relatively short time period at 175OUC, Figure 69b, had a similar Sterotex void
surface morphology. However, those pellets fabricated from the calcined powder
and sintered at 1?5000 for 12 hours, showed considerably more grain.boundary
curvature at the free surface left by the Sterotex lubricant, Figure.69c.. The
structure in Figure 69c represents-an equilibrium configuration determined by

the surface energies, That the curved grain boundary surface is representative
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of an equilibrium condition has been shown frequently, e.g. by Burke, Ref, 22,

and may be repreeented by the equatlon.

SsS

Y =2 Veg ©OS @/2

where Y__ = surface energy between the two solid grains’
Loy

S

surface 'energy “bétween thé solid grain and the gae or vacuum -

v

}phace in the void
¢ “§iKedral angle between equlvalent inter phase.boundaries .-

where @ is some ‘value le&s-than 180° o . T L

The practicé 6f thermfl 'etching: uses this“concept to accentiiats
the grain boundariee. ‘The s61id Surface is rapidly‘heated until the surface
has sufficient energy to achiere its equilibrium-pdsition. This results in
the solid-gas boundary curving downward as it intersects the solid-solid -
boundary, This type of surface relief results in the delineation of the grain

boundaries by qubeequent reflected light examlnatlone.

" The microstructures at the solld—gaq interface in FlgureQ 69a and .
b are unusual in that the boundary energy is not independent of the cryetalllne
Qurface and represents a nonequilibrium condition, For this.to occur and’

remain stable for an extended time period, Figure 69a, an inhibiting species’
must be present., This further supports the conclusion theﬁ an impurity is

-

present which is capable of inhibiting grain growth,

The distribution of the fine poro<1ty in F‘1gureq 69b and c
shows that the graln boundaries are able to move past the closed pores, After
grain growth is nearly complete and the movement of grain ‘boundaries is

conSiderably,elqwer,fﬂiéure'690, the pores are swept by boundaries,

S A 6. " Density of Pellets berlcated from Calcined Powder

Ca101n1ng of the thorla powder was instituted to remove grain -
| growth inhibitlng impurities; however, some effect of this practice upon
densification might also be detectable, The densities of pellets fabricated
from as-received 136 pellets with a powder surface area of 5.55 mz/gm were
?etermined to be, after 1% hours at'17SOOC, 9.357 gm/cc (ave) and; after 12
hours at 175000, 9.65 gm/cc (ave), Table 13, The comparable densities of
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pellete fabricated from calcined (12000C 8 houre—H ) 136 powder micronized to

a surface area of 5,17 mz/gm are 9,77 and 9, 91 gm/cc, respectively. A Similarly,
the corresponding densities of pellets fabricated from calcined (11000C—48 houis—
H2) 136 powder and double micronized to a surface area of 5,91 gm/cc are 9.79 v
and 9.82 gm/cc, after 13 and 12 hours of sintering, respectively, Pellets
fabricated from a 50/50 blend of calcined/as—received\powder also showed an
increase in density over both.the as-received and the calcined powder pellets,

provided the surface areas were similar,

To further explore the effect of increased sinterability and
grain growth resulting from powder calcination, the sintered density values
of the binderless pellets fabricated from the various conditions of lot 136

powder were plotted against the surface area of the powder in-Figure 70,

anﬁ‘straightlinexsegment for the varicus conditions' joing only
two data point pairs; the difference in initial surface area-for the ag-received
and 1100°C calcined powders represents an effect of micronizing»(as—calcined
vs micronized) at constant calcining time and that for the 1200° and»l'LkOOO
materials was developed by increased time at temperature (12000C/8 and 24
‘hours and 140000/3 and 9 hours), all materials being similarly micronized.. It
.is clearly demonstrated that with lower impurity level resulting from higher
temperature calcining, a given tired density can be developed with less active
powders, 1.e., at lower surface area, A similar trend is noted for lot 096
powder (data for ae—recelved and 1100 C ca1c1ned only) except that the slope of
dens 1ty ve surface area is only about one -third of that observed for lot 136.
However, this mav leply be a manlfeetatlon of (1) higher surface area in the
initial powder since as~received lot 096 was micronized once at 350 gm/mln
prior to any other proceo51ng, (2) a pos <1b1e beneflclal effect of the CaO
addition resulting in somewhat higher fuel density at lower surface areas
(Ca0 additions have been used as densifying agents in ThOZ, Ref, 12);2(3),the
fact that an ultimate density near 9.9 g/cc was attained for both the CalO-free-
and CaO-containing materials-at the highest surface areas; and (4) the possi-
bility that additional data at intermediate surface areas would show all-mater-.
ials to have similar initial slopes and then reduced slopes approaching the

theoretical maximum density.
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E, Effects of Powder Process sing Parameters on Graln Growth -

Thoria 0,53 Inch Dlameter Pellet°

In light of all of the data collected on pellets made from different
powders "calcined for "various times at several temperaturee, Table 13, an initial
effort uas made to correiate soﬁe‘of these data to determine the relative
effects of ca101n1ng temperature, partlcle size, andAfabrication technique on
sintered graln dlameter “With the existing data 1t was extremely difficult
to make a correlat1on between sintered grain diameter and ca1c1n1ng temperature
because the surface drea of each calcination varied, Even after dlfferlng
amounts of micronization, the surface areas of the'powders varied widely. In
addition to having variable surface areas, the time at temperature of each
calcination also was not held constant, The calcining times and temperatures
were selected in an effort to produce the maximum grain size rather than to
produce a balanced, unconfounded experiment, ‘The inability to premote signi—
ficant grain grOwth at 175OOC in pellets made from powders with surface areas
less than 4.4 mz/gm was unanticipated and limited the selection of calcining

conditions,

'A correlation between surface area and final sintered grain size '
was observed fer the calcined end the as-received powder, Figure 71. For
. any'glven’sufface aree;~the"peilet° fabricated from powder whlch had been
salcined at 1100°C or higher had larger grains after 12 hours at 1750 C in
dry hydrogen than pellets fabricated from as-received powder, Plotting the
data from a wide variety of ca101n1ng times, temperaturee, powder compositions,
and fabrication techniques on semi-log paper. (Figure 72)/<urprieingly'good
straight line fit of the data was obtained, The three populat10n< (ae—recelved,
calcined, and calcined ahd sintered in wet hydrogen) were not tes ted for
statistical" d1fference= however, it appears that the differences between the
two populations of ca1c1ned and as-received are real within approximately 80 %
confidence -levels, From the data the equatlon log (grain sige (u)) = 0,318
(surface area hz/gm) - 0,621 was derived which predicts the sintered grain size
for 0,53 inch .diameter pellets pressed to 60 % green den51t¥ from powder cal-

(ary

cined to 1100°C .or greater and sintered at 1750°C in H2 ‘for 12 hours,

Interestingly it may be observed from Figure 72 that the center grain size of
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the sintered pellet doubles for each square meter per gram surface area of
the starting calcined powder, With starting surface areas of &4, 5, 6, 7, and
8 mz/gm the resulting center grain sizes are predicted to be 4.5, 9.5, 20, Lo,
and 80 W, respectively,

Another interesting result was that with one exception all of the
center grain sizes of the pellets fabricated from 50/50 blends of calcined/
as-received powder, sintered for 12 hours in H2 dry , fell on the curve
generated by the equation log b = 0,318 (SA) - 0,621 representing calcined

starting powder, The lone exception was the pellets fabricated from the

136/096 powder blend. The center grain size of these pellets was significantly

smaller than what would be predicted from the generated equation, A possible
explanation for the reduction is that the pellets were only pressed to approxi-
mately 58 % green density., In addition, the sintering temperature was probably
lower, as confirmed by the fine grain size of the pretreated 136/136 blend,
Figure 52, than that of the unpretreated blend; the former was sintered along

with the 136/096 blend.

What may be a more difficult question is why any of the pellets made
from 096 powder lie on the same line as the pellets made from calcined 136
powder, It was postulated, Section IV,C, that in the stoichiometric ThO2
lattice, the presence of Ca0O could enhance oxygen ion diffusion rates, Since
it has been shown in other material systems, Refs, 9, 12, and 29, that the
trace element addition may concentrate at or near the grain boundaries, grain

boundary mobility could be altered by even very small concentrations of

additives or impurities, If, however, the ThO2 lattice was substoichiometric
in oxygen content the self-diffusivity of thorium may be greatly reduced and
the Ca ions may associate with the defect, thereby additionally reducing grain
boundary mobility, It has also been postulated, Section IV,C, that with
increase in the oxygen activity in the hydrogen atmosphere the structure

would become more oxygen-enriched which may occur by an increase in thorium ion
lattice vacancy concentration, The increase in Th defect concentration leads to
an increased self-diffusivity. The Ca0 lattice defects would be associated
with the thorium ion defect, The exact nature of these defects is not fully

understood; however, the influence of calcia on densification of Th02 as a
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function of the 51nter1ng atmosphere haq been reported Ref. 49, Approx1mately

g w/o CaO added as the carbonate or fluorlde 1ncreased the denQ1ty of ThO

from 99 to 1OO % TD when 51ntered in air or argon but had no effect when the
compact was sintered in dry hydrogen. '

' It is hypothesized that the beneficial:effects of Ca0 and possibly”
even UOs on the grein growth. in ThOp will be realized only when sintering is
performed in an atmosphere 6% higher oxygenvpotential than'that corresoonding
to dew points of - 50°F as ex1sted during this study in the ﬁinary Production

- Facility or even + 53°F as existed during this study in the Thoris Production

Experimentsl Furnace. The detrimental effects of & highly reducing '

atmosphere have been demonstrated, as have the benefieial effeets.of & more‘

oxidizing atmosphere.

Finslly, two batches. of pellets were fabricated by the liquid/solids
processrfrom calcined 136 powder. The powder used in the first batch was S
calcined at 12©O°Ce8 hours-Ho, and the second batch 1&0090-3 hours-Hpos Pellets
from each batch were sintered at l750°b in hydrogen with dew points of{llOoE
and approximately 53°F... The center grein size from each. batch of pellets
.sintered in the hydrogen with the higher dew point hed larger center grain
sizes, The differencesin the center grain size were approximately two ASTM
numbers. These results further demonstrate the benefits of & more oxidizing

atmosphere for grain growth in thoria without any additives.-

VIII;"WESTINGHQUSE RESEARCH LABORATORY (WRL) SUBCONTRACT -

A program was instituted with Westinghouse Research ‘Laboratory to
233
U

perform supplemental experiments on both the pure thoria and the thoria-

pellets. The nature of the program with WRL was two-fold, The first phase of

the program con=1=ted of examining ThO2 and Th02~UO2 pellets fabrlcated at '
the Bett1Q Laboratory that showed characteristic mlcrostructures (i.e., medium
sized_grdiuslon exterior and very large oxr very fine gra,inq at‘pellet 1nterior).
Examinations consisted of optical metallography, ion probe, electron micro?"
probe, and X-ray microfocus diffraction to detect stoichiometry differences

between surface and center of pellets; The second phase of the program con-
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sisted of fabricafing 0.53 inch diameter size pellets from as-received and
calcined thoria provided by the Bettis Laboratory and adding UO2 to simulate
actual binary pellet compositions, In addition, pellets would be fabricated

from extra high purity ThO, produced by WRL; Grain growth determinations would

be made as a-function of aimosphere and pellet composition,

The pellets sent to WRL, the green and:sintered densities,"for each _
pellet, and the ASTM grain size at the pellef*edge[ middle, and center are |
shown in Table 15, Samples 74-3462-7 and 2L4-3410 ‘were examined in the greatest
detall, Of the eiement< conéidered'mo st llkelv to be respon51ble for gra1n:
size varlablllty, definite evidence was detected ‘only for carbon with both ion
probe and electron microprobe examination. Most, dlgect evidence foxr carbon
was observed in large pores which are presumed to be”remnants 6f the Sterotex
additives, . In a few cases calcium was associated with the-carbon in these
pores. No evidence for calcium or carbon was noted in small ‘grain boundary
pores, indicating either that carbon was preéent as a volatile gas which
escaped during metallographic preparation or that undetected impurity elements
were conteined ‘therein. A further investigation of the content and quentity |
of the gas~filled pores was not done at this time. Such an investigation may
be worthy of future experiments. Small concentrations of Al were detected at
the surtace of some of the pellets. The trace quantity of alumina ie most

likely due to vaporization of the alumine refractories during sintering. .

Electron microprobe and ion probe analysis of the two ThO,-~1 66 % U2330
binary pellets, Table 15, =ubstant1ated the results obtained for the pure
thoria pellets with two addltlonal findings, The U02 concentration at the ’
grain boundaries was above the matrix concentration, Most important was the
detection of low level quantitiee ef sodium and potae;ium. Theseiresults are
of particular iulerest since these two elements were observed to decrease as
a résult of calcining experiments conducted at the Bettis Laboratory at 1100°C

in both air and hydrogen atmospheres, Table 14, It was also repofted by WRL
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that the shape of the thorium and ﬁranium peaks at the center of the pellet
where the grains were very fine were different from the shape of the peaks
obtained at the pellet surface where the grains were considerably larger, It
was hypothesized that the observed variation in peak shape .may be related.to

the stoichiometry of the two oxides,

X- ray diffraction examination using a mlcrofocu= camera showed no
difference in lattice parameter@ between the surface (5.4970 % 0, OOOlA) and
the center (5.4976 % O OOOSA) 1nd1cat1ng agaln that 1mpur1t1eq are 1n<olub1e

or are preeent at very small levels

Thermogravimetric analy51s of green pelletq heated to h50 C at 50 C/hour
in air and CO showed 1,64 % weight loss in the former and 1,43 w/o in the
latter atmosphere Oh sintering in wet hydrodgen total weight loss in both
cases was 1,8 w/o 1ndlcat1ng that the 450 C pretreat Temoves only a fractlon '

of all volatlles,

The concluQ1on drawn from this series of dlagno tic tests was that the
1nh1b1t1ng impurities were at extremely 1ow levels making 1dent1f1catlon very

difficult,

The second phase of the work'coneisted of fabricating pellets from
powders supplied by the Bettis. haboratory Pellets were pressed to 62 % green
density with no binder or lubrlcant additions u51ng both CaO- free (1ot 136)
and CaO-contalnlng (lot 095) powder as well as the latter recalcined in air
at 1900 F (1038 C) for 48 hours ~ This powder 1n1t1a11y recelved the normal .
1800°F (982 C)-24 hour air ca101ne at the manufacture. The pelletQ were _ ‘
sintered in wet hydrogen, with no pretreatment, for, 12 hours atui?50wC. Ihel

heating rate'to temperature was 7Q°C/hour. Initialvexamination4revea1ed.ﬁhe '

followrhg.
Grain Diameters (Micron)
Surface - . Center
095, CaO-containing powder =~ 1B - CoA2
136, CaO-free powder : " ’u ‘22;5 R : . ‘.‘ ~ 2
095, 1900°F recalcined CaO-ctg powder .17.4, 17,9 ; - 24

(some large grains, 42 u)
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These results helped to confirm the.earlier Bettis conclusions concerning the

presence of an inhibiting impurity, In addition, some initial examinations

normal additives made of lot 087 (R/C #3256, A-1)., As-sintered at Bettis in
wet hydrogen, these pellets showed grain sizes of 44 4 at the surface and

9.5 at the center, However, when sintered at the Research Lab in wet
nitrogen, thé éurface and center grain siées were identical, 14 p, Apparently,
relétive to center grain size, the highef oxygen ﬁotential of the wet nitrogen
atmosphere yielded little benefit compared to the wet hydrogen atmosphere,

The reduction in grain size of the surface in wet nitrogen suggests some

inhibition due to this atmosphere,

In én effort to minimize'the confoundingAeffects of a.decreasing surface
area with inéfeasing calcination temperature, Section VII,C, calcined powders
were sent.to WRL and the average particle size was decreased by vibratory
milling. Vibratory milling appeared to be the one particle size reduction
method which was effective in the mic¢ron and submicron particle size range,
Ref, 44, Unfortunately, a significant amount of contamination resulted from
the iron balls used in the mill, As a result, all of the milled powders had
to be leached with HC1l and washed with distilled water. After the powder was

dried, the cake was returned to the mill for approximately one minute,

A preliminary review of the grain size data obtained from 0,53 inch
diameter pellets fabricﬁted'at WRL from as-received and calcined 096 and 136
thoria powder, Table 16, indicates that5£he addition of urania and trace
quantities of phosphorus promoted grain growthi Initial date show that in
‘spite of the decrease in particle'size resulting from milling and leaching,
pellets fabricated from this powder did not show an increase in grain growth.
Samples fabricated from as-received and calcined 096 powder which had heen
milled and leached with HC1 actually showed @& reduction in center grain size
as Qomparéd to the ;eéults obtaingd from pellets fabricated from identicsal
powders which were not subjected to thé additionsl processing. The lack of
grain growth resulting from the use of milled and leached thoria powder vas
attriﬁuted to the leaching process. It was postulated that trace elements
which influenced grain growﬁh were either added or removed. It has been

previously'established that trace impurities in the as-received powder
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inhibit grain growth. Additional impurities impsrted to the powder by the

acid leech could retard grein growth even further.

To demonstrate the influence of impurities in the starting powder on
grain growth in thoria fuel pellets, high purity'thoria was precipitated from
the oxalate and calcined at 9OOOC for 2 hours, This powder was subsequently
used in the fabrication of 0,53 inch diameter pellets by dry pressing to 52 %
green density and qintering at 175000 in dry hydrogen (Dew éoint of the
source hydrogen was -~ 7O F; however, the dew point in the furnace hot zone haq
not been measured,) Pellets produced from this powder had a uniform grain

structure with an average grain diameter of approximately 30 p (~ ASTM #7).

Results of a spark source mass spectrographic analysis of the WRL
produced ThO2 powder along with the 136 aQ-recelved (1038 C air ca101ned) and
the 136 calcined (1100 C- H -48 hour) powderQ are shown in Table 17, With
the exception of sodium’ and fluorine, the WRL produced powder was lowervin
impurities than either the as-received or calcined 136 powder, The preszence
. of 40 ppm sodium and 20 ppm fluorine in the oxide powder is difficult to
understand since the starting oxalate contained only 10 ppﬁ of these two ele-
ments, Since the precipifation process and su%seéuent calcination éenerally
result in a purification of the powder, lower le?els'Were anticipatéd It
was suggested by cognizant W4LL personnel that the sample tsken for spectro-

grophlc analysis was contamlnated. '

The surface area of the WRL-thoria powder was 13,2 mz/gm which is
considerably greater than even the milled and leached, as-received 136 powder;
however, the average particle diameter was approximately 1 4, The high sur-
face area and relatively large particle size is inconsistent unless the particles
themselves.are'porous. This result is very significant in that it helps con-
firm earlier results at Bettis and may explain the relatively poor fabricability
of calcined powdef. Calcining the starting powder removes the impurities that
inhibit grain gfnﬁth in the compacted pellef; howéver, caléining may also
reduce the internal porosity of the thoria particles, as indicated by a com-
parison of the average parficle diameter calculatéd from the particle size

distribﬁtioh data and fhe gas adsorptidn data, It has been shown, Ref, L4,
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that calcining results in‘signifiéantly'larger decreases in surface area than
in increases in average particle size, This result can only be explained by
assuming a decrease in surface roughness or internal porosity. Electron
micrographs of . the calcined particles show onlyia moderate rounding of sharp
corners and almost no change in shape, A decrease in internal porosity

therefore seems to be more reasonable,

It may be postulated that as a result of the reduced porosity the
calcined thoria particle is stronger and less friable than an equivalent as-
received partiele.i During peliet compaetion:the ae—received particlee frac-
ture, thereby changing the plate-like morphoiegy and increasing the mechanical

interlocking of particles,
IX. POSSIBLE FUTURE EXPERIMENTS

Not haviné ebsolutely identified the impurity or impurities responsible
for the grain growth iphiBition observed in the ThOp ahd TﬁOg-Ubg pellets
leaves ae obvious phase of the investigation incomplete. Therefore additional
snalytical work could be direcﬁed towerd a more definitive identification of
the amounﬁ and location of Na and K in the sintered pellet and powder. How-
ever, it is very possibie that fhe concentration of the impurity phese.is at
or very near the limits of.detection of the best anslytical tools available.
To overcome this obstacle, production of a very high purity thoria starting
from the initial Th(NO3)h could be accomplished. This may require seme time
to develop the necessary techniques; however, it would be easier to produce
an impurity-free thoria than it would to purify the conteminated powder.
Varying amounts of suspect elements could be added to the pure powder, and
the resultant pellet grain size could then be correlated to the additive.

This experiment could not only identify the inhibiting impurity, but it

could also indicate the quantity respoﬁsible for inhibition.

Because the thoris particles deneified with increasing calcining
temperature, the distance the inhibiping impﬁrity had to diffuse prior to
volatiliéatioh increased thereby reducing the.effectiveness of the inereased
calciniﬁg temperature. This suggests thatvfor further experiﬁents thorium

oxalate be heated for extended time periods at teﬁperatures below 982°C.
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Since the blending of‘equal guentities of calcined and as-reeeived
powders was SO successfal in nromoting grain growth in the sintered compact,
a series of" experlments could be de51gned to determlne the amount of calc1ned
powder, the time and temperature for calclnatlon and the number of mlcronlza-

tion passes necessary ‘for optlmum graln growth.

Finally three further experiments discussed in.the report that'are
designed to determine the emount and nature of the geses trappedwin closed
pores, to determine the growth mechanisms of exaggerated gralns, ‘and to
explore the mechanisms responsible for grain growth as 8 functlon of partlcle
size could provide considerable insight into the mechenisms respon51ble for

grain growth 1n.Th02.
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TABLE 1

Pretreatnent and Sintering Schedules for the
) S Production of 100 % ThO,, Pellets

. Pretreatment Schedule

Heating Rate ..~ | Max Time at , :
(OC/hr) _ Tegp._jucz ~ DTemp. (hrs Atmosphere
50 425 3 co,

P : Sintering Schedule ‘
70 1150 a2 H, (vet)
TABLE 2

Protreatment and Sintering Schednles for the
Production of Binary ThOO/UOZ Pellets
@~

Pretréatﬁeﬁt Schedule

 Heating Rate = Max _ Pime
(Co/hr) Tegp, (°C) . Temp, (hrs)’ Atmosphere
50 - ‘ ) 450 : 4 ‘ . COo
50 925 5 o,

Sinteriﬁg Schedule

100 1750 12 m, (&7)
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TABLE 3

Sintering and Density Data. for Pellet Structure Study #1
? L . . : . Geometric
Pellet Tgmp Max, Time @ ) Densit
) Numbe;r g C) Tem.’..ghrsz - ggg(c'cs
. ' ' ’ = B Broken 4
1=1 1000 ) 9 pellet
2-1 1400 0 T7.072

31 16000 o . 9.127

L5
L
1
2

=1 - a0 o, 8.893
5-1 1750 | 3 9.085
6-1; - 1750, . 2. 9.255
71 . 150 3 70} R 9:446
8-1 . ©AT50 TS ";fi ‘T9.2és

L9 750 . 20 L 9.314

.> . : Sem ot e o2 oros L, Ky b
.Material: 0,53 inch_diameterApe%%gts,LThozégao,jLot 088-1-11
Wk . o . L2EoaT an! T & oLt Lo

- ‘Binder/Lubricant: 1 w/o .Carbowax;6000/0+2 w/o. Stc;fotex '

et

Ave:’ Cd‘r'r“l—paz,?éfédfy(}reen Density: 55% TD
Pretreatmenti 50°C/nr, 20°C to 425°C in COp, 3 hrs @ Temp.
Ave. Carbon Content after Pretreatment: 1700 - 3000 ppm

(vet)

Sintering Cond.: *100°C/hr, 20°C to 1750°C in Hp, cooling not controlled
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TABLE 4

Sintering and Density Data for Pellet‘Strué:ure

Study #2
Sintering Sintered
Inltlal Pellet Properties Conditions Pellet Properties
Green % Shrinkage Time Sirtered % Shrinkage
Comacted Pretreatzd During Q Gecretric During
Pellet Density Density Pretreatment Temp. Temp. wJersity - Sintering
Number (em/cc) (gm/cc} . Axial Radial _C  (hrs) _Var/cc)  Axial Radial
12 6.218 6.369 1.115 1.424 1600 0 Broken Broken Broken
2=2 6.2%2 6.38% 1.114 1.424 1750 0 9.536  12.041 12.972
3-2 6.219 | 6.378 1.144 1.457 1750 % . 9.381 12.290 13.091
4-2 6.218 6.370 1.075 1.425 1750 12 9.389 .12.309 13.141
5=2 6.234 6.394 1.182 1.441 1750 5% 9,727‘ 12.204 13.221
6-2 . 6.225 6:3%84 1.170 1.441 . 1750 1% “.8.746 12.278 13.319
Material: 0,53 inca diameter pelZets, ThOz/CaO, Lot 097-1-01A

Binder/Lusricant: 1 w/o Carbowax/0.2 w/o Sterotex

Pretreatment: 50 hr 20 c> 450 C in CO,, 4 hrs @ temp., codl to 2O °c

50 hr 20°C > 925 °Cc :n 002, 3 hrs @ temp .y co2l to. 20 °c

Sintsring Cond.: 100°C/hr, 20°¢ >1750°C in Hy(4T¥), coolel @ 15¢°C/hr

TIET-NI-AdVM
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TABLE 5

Sintering and Density Data for Pellet Structure

Study #3
Sintering . Sintered
Inltlal Pellet Properties - Conditions Pellet Properties
Green > % Shrinkage Time Sintered % Shrinkage -
. Compacted Rretreated - During @ Geometric During

Pellet - Density Density Pretreatment Temp. Temp. Densit; Sintering
Number (gm/cc) (gm/bc) Axial Radial °¢ (hrs) (em/cc Axial Radial
1543 €.238 .- 6.789J -~ 1.100 1.392 1600 0 Broken Broken Broken
9-3 €.226 6,372 1.086 1.392 1600 O 9.698 . 13.23. 12.22
10-3 €.256  T6.11 1,140 1.440 1800 % 9.764 13.27 12.20
11-3 6.223  76.348 1.014 1.295 1800 1} 9.757  13.56 12.36
8-3 6.220 ° " 6.370  1.088 1.408 1800 5 9.734  13.33 12.30
12-3 6.205 6240 1.032 1.311 1800 13 9.763  13.61 12.44

>

Material: O, 53 1nch dlameter pellets, ThOz/CaO Lot O97-1-01A

2 2 O
Blnder/Lubrlcant. 1 w/b Carbowax/b 2 w/o Sterotex

Pretreatment: 50 C/hr, 2o c> 450 °C in COp, 4 hrs @ temp., cool to 2o C @50 g /hr
50°C /hr, .20°C > 925°C in CO,, 3 hrs @ temp., cool to 20°C @ 50°C/hr

Sintering Cond.: 100 C/hr, 20 °c ;>1800 C in H2(q¥y), cool @ 150.C/hr to 20°C

3
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TABLE 6 N

Sintering and Density Data for Pellet 3*ructure
S'tudy #L,’ ’ -r; "

With 48 Hr., 1300°C Hold Time -

\

Sintering Sintered

__Initial Pellet Properties Conditions Pellet Properties
" Green % Shrinkage Time . Sintered % Shrinkage
. Ccmpacted Pretreated During @ ¢ Geometric During
Pellet Density Density Pretreatment Tgmp. Temp. Density Sintering
Number © (gm/cc)  (sm/cc)  Axial Radial ¢ (nrs) - _(gm/cc)  Axial Radial
; ) . . 4
24-4 5,237 6.185  0.0418 0.259 1300 48 -~ - _  8.867 - -
25-4 ° 5.240 6.193% 0.C417 0.27%51 1300 48 ¢ 8.809 - -
26-4  5.196 ~ 6.167  0.028 0.436 1750 & 9.376 - -
29-4  5.211 6.154  0.0697 0.1781 1750 1% 9.372 - -
27-4 5.244 6.197 0.0972 0.25¢0 1750 5 ‘ 9.395 - -
28-4  5.240 6.195  0.0695 0.2752 1750 12 " 9.395 - -
30-4% 6.212 6,160 0.0279 0.2266 1750%  12% 9.229 - -
31-4% 6.23%0 6.177 - 0.0279 0.2104 1750% 2% ;. Broken  Broken Broken

Material: 0,53 inch diameter pellets, Tth/CaO, Lot 097-1-01A
Binder/Lubricant: 1 w/b‘Carbovax/b.E w/o Sterotex
Pretreated: 50°C/hr, 20°C =450°C in COp, 4 hrs @ temp., cool to 20°C @ 50°C/hr

Sintering Cond.: 10CoC/hr, 20°C_>1300°Cin Hy(Wet), nhold for 48 hrs .
10€°C /hr, 1%00°C > 1750 C in Hp(wet), cool @ 150°C/ar to 20°C

*Not subjected to 48 hr,, 1300°C hold time.
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.TABLE 7

Sintering and Density Data for Fuel Pellets-
__Kinetic Study #7 ‘

Sintering V

Initial Pellet.Properties_: o - Conditions - Sintered Pellet Properties
Green % Shrinkage . Time Sintered % Shrinkage
e Compacted. Pretreated - = | During . . - @  Geometric During
Pellet Densit Density - Pretreatment Tgmp Temp Densit Sintering
Number (em ccg (gn/cc) A Axial ,'Radial C_ (hrs) (gm/ccg Axial  Radial
12-7 5,46 5.50 - 0.54 0,76 1600 0 8,48 13,38  13.59
11-7 . 5,58 5.62  0.52 0,79 1750 0 9.16 13.99 14,87
10-7 5.57 5,62 0.63 0.79 " 3 9.20 13.99 14,73
9-7 5.49 5.37 0.59  0.87 " 1% 9.35 14,77 15,66
8-7 5.47 5.52 C.53 0.85 "_ 5 9.38 14,93 15,95
7-7 .5.53 5.57 C.54 0.85 " 12. 9.35 14,52 15,63
67 . 552 5. 6.0 0.0 079 v 20 ¢ 9.30 0 k10 1571

e
S

Material: 0.53 inch d1am=ter pellets, ThOZ/CaO Lot 088-1-16

Agglomeratlon quuld/Sollds, 1 w,o Carbowax plus 0,2 w/q.Sterotex (added dry)

Pretréatment : 50 C/hr 20° C to 450 C in CO,, 4 hrs @ temp, cool to 20 °c
) 50°C/nr 20°C to 925°C in 002, 3 hrs @ temp, cool to 20°C
.

Slnterlng Conditions: 102 C/hr 20°C to 1750 C in H ( Y) . cool @150 C/hr

TIET-WI-TIVM
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TABLE 8

Sintering and Densiiy Data for Fuel P=llets
~ Kinetic Study #9

Sintering

Initia> Pellet Pro»erties. - Conditdions Sintered Pellet Properties
Green . % Shrinkage " Time Sintered ~ % Shrinkage
A , Compacted Pretreated -, During : ) Zeometric During
Pellet Densit Densit Pretreatment “emp Temp Densit Sintering
Nunber (gm/ccg (gm/qc% Axial Radial °c (hrs) (gm/ccg Axial Radial
1-9 5.52 5.56 .55 .86 1600 .0 8.610 13,42 13,90
2-9 5.52 5.56 - .51 .80 1750 0 .9.038 14,61 15,25
3-9 5.48 5.52 .57 .79 " z 9.183 15,08 15,98
4-9 5047 5.52 .65 .8V T 1% 9323 1548 16,44
5-3 5.0 5.57 69 .93 " 5 9.407 1518 16.39
6-9 5,46 5,50 .58 .87 ¢ 12 9453 15,83 16,90

TR 5 550 .6l .79 M 200 9403 15,59 116,93
Material: 0,57 inca dZameter pellsts, Thd,/Ca0, Lot 088-1-16
Agglomeration: Licuid/Solids, 1 w/o Cérbﬁwax‘plus,P.Z,W/o'Sterotex <added?dr§)

Pretreatment: SOSC/hr ZOgC to 45020 in CD,, 4 hrs @ temp,vcool to ZGZC'
50°C/hr 20°C to 925°C in €05, 3 hrs @ temp, cool to 20 C

Sintering Conditions: 100%€¢/hr 20°C to 1750°C in H;(“ei); cool -@150°C/nr

TTET-WI~advM
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+ TABLE 9

Thoria . Pellet Densities

After Thermal Exposure in-Wet Hydrogen

WAPD-TM-1311 .

.~Thoria Pellets Produced from Powder Lot 088 and

 ~Pressed to _e.Green Density of 57% According to '~

Initial Sinter:

Second Sinter:

Density (gm/cc)

1800°C -

1750 °c - 12 Hrs -

12 Hrs.-

',’Standard Thoris Production Procedures

(wet), Dew-Point =~

(wet)’ Dew Point =

Density (gm/cc) After
Addltlonal Exposure
"t 1800°C for 12 Hrs

% 43°C

25°c

Change in
Density

(%)

9.693

r”f' 9,781

9,916

TABLE 10

Thoria Pellet Densities 6
After Thermal Exposure in Vacuum (4,107 torr)

- 0,717
- 1.05

+'0,35

Pellet After Exposure o
Number to 1750 C for 12 Hrs .
1 9.763
2 9.885
3 9.883
Material:
Procedures
Initial Sin£ér: 1750o -~ 24 Hrs -

Second Sinterﬁ'

1850°C - 12 Hrs - 4,10

'iAs-Sintered
Condition (gm/cc)

HZ(Wet>, Dew Point 43°C

-6 torr @ Temp

Vacuum geat—Treated
at 1850°C (gm/cc)

Thoria Pellets Lot 088-1-16ARS Pressed to Green
Density of 56% According to Standard Thoria Production-

Change in Density

(o]

Pellet Geometric Wet Geometric Wet Geometric - w»Wet

Number Deneity Density Density Density Density ~ Density
b 9 833 9.841 9.868 9.852 10,346 0,111
5 9 882 9.870 9,908 9.876 +0,264  +.0,061
6 9.866 9.830 9.869 9.845 + 0,030 +.b.153
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. WAPD=TM-1311 TABLE 11

Recrystallization Around Hardness Indentations

Material: ThO, Pellets, 0,53 In, Dia,, Fabricated from
' Pow&er'Lot 087 - Green Density = 55 %; Sintered Density = 96 %
o * Ratio of Length of Recrystallized
Grain Diameter . , Zone .to Length of Indentation
Microns A . oo Knoop Indentation . .DPH Indentation
'1700°C-1_hr |
25 ' 1.38
8=10 o .+ No recrys. zone
1750°C-1_hr
25 , - 1.28
22.8 o 1.74
- 13.9 . o No recrys. zone
. .8.3 ‘ R : .. n .
- 8.6 ' , "
7 ' . n
25 ' 1.28
25 C 1.33
31 1.31
1800°C=1 hr
25 2.2
25 2.5
25 1.64
18 1.43
8.2 1.67
8 1.5
Ted 1.4
30 : 1.7
28 1.6
19 1.8
11 1.8
6.5: 1.5
7.1 1.3
7l 1.33
8.3 1.3
7.1 1.3
7.6 1.3
7.1 1.3
7.7 1.4
7.1 1.5
9.1 1.5
8.4 1.7
19 - 2
16.7 2
25 2.
22 1.67
28 1.67
22 1.9
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TABLE 12

Recrystallization Around Hardness Indeﬁtations.
in Thoria Fuel Pellets

ThO, Lot #  Gresn Sintered  ASTM Grain Size Recrystallization

and Pellet Density Density After Sintering Observed About Indents
Identity % T,D.. % 7T,D, Surface Middle Center Surface Middle Center
086-1-00-2 . 57,12 97,.3% . 6 9.5 . 9,0 - Yes No' ﬁo
" -5  60,9% 97,66 5.5 6.5 6.0 Yes Yes Yes
" -6 61,82 93,93(?) 8,0 6.5 5.5 Yes :  Yes Yes
095-1-00-1 55.42 95,96 7.5 12 12 Yes . No No
- 1 1 ' ‘
"ok 59.25 97.01 i(g.5)* (é:g)* (é:g)* Yes Ye;- ~ Yes
" -8 64,31 96,37 7.0 8.0 8,0 - Yes Yes Yes
088-1-00-1 55,7 97,27 5.5 6.5 8.5 Yes Yes -+ Yes
"oo=2 59.2 97.4 4,5 b,5 L,5 Yes Yes Yes
; " -8 60,& 97,18 5.5 7.5 4,5 Sample destroyed during H,T.
096-1-00-2 56,95 96,79 7.5 12,8 12,0 Yes No = No
- " -5 60,25 97.13 . 6.5 10.5 10,0 Yes = No " No
" 8 63.66 93,88 8.5 8.5 8.0 Yes Yes Yes
‘Seed-éize Pellets
096-0-00-2 56,48 96,95. . 6.5 10 <13 Yes - No " No
" -5 60,5 98,10 " 6,5 6.5 7,0 Yes Yes Yes

" -8 65,54 98,61 5.5 6.5 7.0 Yes Yes Yes

*Grain size measured after recrystallization treatment,

TTET-HI~-AdVM
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Pellet
Number

11-57
11-4

9-57
9-€1

6-57
6-61

5-57
5-61

7-57
7-61

2-55
3-57
2-59
3-6t
2-63
2-65

1-37
1-81

1-57
2-%1

2-57
4-51

3-57
5-61

k-57
8-61

5-57
6-61

TABLE 13

Summary of Thoria Pellet and Powder Properties

Calcine Surféce Area Fabrication Sintering
Corditions (mz/g) Procedure Green Conditions Sintered Grain Size Segregationft#
Pcwder Temp Time Aftsr Aftex Binder- With Dens1tx* Time Tem Density¥ ESTM # Diameter Rating
Lot (°c) (hrs) Atm Calcine Micrc _lsss _ Binder (gm/cc, (hrs) ( cﬁ (em/ce). 0,130,260 @ Edge Center
136 1100 48 W, 442 591 Slury 5820 € H,,(’B) 9.2, :05,<14,<14 9,4,<2,8,< 2,8
) 6,278 ¢ < . 9,50¢ 10,<14,< 14 11,2,<2,8,< 2.8
5.876 0.5 9.3  2,<14,<1h 15,9,<2,8,< 2.8
6,206 0.5 9,60z .3;<i4,<14 ' 159,<2,8,<2,8
5,837 1 9.46E
6.160 1 9.575 1
5.842 1,5 9.431  3%,<1L,<14 18,9,< 2.8,< 2.8
6.191 1,5 9.636 10,233,23% 11.2,3.3,3.3
‘ 5.83%7 5 9.5:2 93, 4,14 13.4,2.8,2.8
6.241 5 9,650 105.125,12 9.4,4,7,b4,7 1
5,585 12 9.5:2  1.,<14,< 14 -11,2,<2,8,< 2.8
5,861 12 9,649 1c,nb, 14 11,2,2.8,2.8
5.954 12 9.63%  1C5,<14,< 14k 9,4,<2,8,< 2,8
6.256 12 9.720 £,5.5,5.5 13.4,53.4,53,4
: 6.“’06 12 9-’74’3 f1C",5,5 11-2,6’“’" by 1
6.6k 12 9.6k 11,55 7.9,6k4,64
5,819 22 9.677  1C4,12%,12 9.4,4.7,5.6
, 6,197 22 9,657 10,5,5 11,2,64,64 1
096 1100 48 K, 477  5.82 Slurry 5 726 9 Hz( 3) 931 e<th<ih  22.4,<2.8,<2.8
. ' T 6139 0 9.630  95,13,12 13.4,4,0,5.6
5.830 ° 0.5 9,314 U
6.232 0.5 9.418  &%,10,5%% 18.9,11.2,13.4
5.77¢ 1 9,512 ‘
6,216 1 9,827
- 5.76C 1.5 9.246  7,14,1L 32,2.8,2.8
6.218 1-5 I 9.6’41 9;5?:9 ‘:13-14':15-9
5 €65 5 9,619 5,13,13 64,0,4,0,4,0
© €, 25¢ 5 9.6L6 82,8 ,84 18,9,18.9,18,9

*Gecmetric Density

**Gee |

m III H.
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TABLE 13 (Cont'd.)

Summaxry of Thoria Pellet and Powder Properties

Calcine Surfase Area Fabrication ‘ ‘Sintering
Conditions (n“/g) Procedure Green . Conditions Sintered Grain Size Segregations#

Pelle: Fowder Temp Tine After After Binder- Wizh Density* Time Tgmp Density* ASTM # Diameter - Ratin
Jumber Lot (°c) (hrs) Atm Calcine Micro _less Binder {gm(ccg (hrs) (Cc) _Atm !gm(ccg 0,130,260 M Edge Center

2-55 096 1100 48 Hy  L4.77 5.82 Slurry 5.600. 12 H2(53) 9.638 8%,13%,13%

P _ . ] 5,712 12 9.694 8?,12,12

2-59 5.954 12 9,714 8?,10,8%

10-6- 6,185 12 9.678 83,8,8

4-63 . 6,337 12 9.635  104,10,10

4-65 6,630 12 "9.516  104,11,11

T 5,827  22%%* 9.665  8,7%,7% 1
11-6% 6,195 22 9.636 8,8,8 1
“h-3 5.705 0 8.997 11,<14,< 14 1 3

4-15 6,150 0 9.247  10%,< 14,< 14 2 1

b-5 5.729 0,5 9,02  11,<14,< 14 4 6

4-1% 6.153 0.5 9,312 9%, < 14,< 14 1 1

49 5,744 1,5 9,182 9,< 14,< 14 2 1

l-2o 6,110 1.5 - 8,952  9,< 14,< 14 2 2

4-1: 5.666. 5 9,334 1o§,1u,< iu 9, 2 1

4-23 6.133 5 9. 542 10%,13,13 . 9. b4 3

y-23 5.5% 12 9.418 9,124,123 15.9, 3 4

4-1 5,702 12 9.420  9%,12,12% 13,4, 3 3

429 5,954 12 9,k24 10%,11,11 9.4,7. 3 3

4-13 6,114 12 9,521 103,10%,10% 9.4,9, 4 3

4-33 6,334 12 9.577 1 9,73,7% 15.9 3 2

L-37 6,544 12 9,554 93,6,6 13.4 1 1

4-6 5,694 22 - 8?,9%,10 18.9, 4 6

4-18 6.212 22 - 95,5,9- 13.4, 5 4

Pellets Sintered in a Subsequent Sintering Run (With Pellets of H, Calcined Material)

426 136 1100 * 48 Air 2.82 - 5.55 stery. 5608 12w,V oms . N/A W/

4-30 ' . ‘5.943 12 9.417 " "

4-34 L 6,382 12 . 9,515 . A : o 1

4-38 . o ' 6.521 12 9. 594 o N

C
Cay

*Geometric Density
#3ee Section III H.
##¥Not po_ished through ceater
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TABLE 13 {(Cont'd,)

Summary of Thoria Pellet and Powder Properties
Calcine Surfice frea Fabricatioa Sintering
Conditions (n%/gl Frocedure Creen Conditions Sintered Grain Size Segregation

Pellet Powder Tem Time After sfter Binder- With Density* Time Tem ‘rensi:y* ASTM # Diameter Rating
Number _Lot Cc ) (hrs) atm Calcine Micro _less Binler (em/cc ; (hrs) (°c ) Atm (gm/c2) 130,260 B Edge Center
33 096 1100 48  air  3.52 5,29 - Slurry 5837 0 | H2(53) 8.243 14,14  2.8,2.8 7 7
315 ' 61010 0 . 8,789 V 7
3-3 5.801 0.5 8.105 123,128 47,47 7 7
3-17 6.185 0.5 8.939 125,13 4.7,4.0 7 7
3-7 5,866 1 8,190 ? 7
3-19 6.18¢ 1 9,055 7 v
3-9 5,802 1,5 8.37%  13%,13 3.3,40 7 7
3-21 6.12¢ 1,5 9,119 12,111  5,6,6.7 6
3-11 5.856 5 8.354 115,12, 6.7,5.6 7

3-23 6,102 5 9.215 105,10+ 10.9,10.9 6 6
3-25 5,61 12 8.259 11,123  7.9,4.7 7 7
3-1 5.739 . 12 8.541 105,103 9.4,9.4 7 7
3-29 5.94¢ 12 9.005 11,113 7.9,6.7 7 7
3-13 6,120 12 9,154 9,9 15.9,15.9 76 6
3-33 6.350 12 9.183 7,7% 32,27 6 6
3-37 6.66L 12 9.213 7,7 32,32 3 3
2-3 136 -  As-Received 3.1c¢ Slurry  5.817 0 1730 H2(53> 9.4 7 7
2-15 5,13 0 9.6 113,113 6.7,6.7 7 7
2-5 5.833 0.5 9,451 13,13 4,0,4,0 7 6
2-17 5.135 0.5 9.6z4 12,12 5,6,5.6 6 5
2-9 5.737 1.5 9.5t 12312} L7b7 7 7
2-21 5,195 1.5 9.679 103,10 9.4,11,2 7 5
2-11 5.779 5 9.610 . 12,12 5.6,5.6 7 7

-23 5,195 5 9.7L7 . b 4

.?ellets Sintered Zn a Subsequert Sintering Run (With Pellets of H, Calcined Material)

3-26 096 1100 48 Air 3,52 5.29 . fluxry 5,623 12 H2(53) 8,487 N/A 6
3-30 . 5,647 12 9,295 " N/A
3-34 6,356 12 9.u4k3 " 2
3-38 6,620 12 9.388 : " N/A

y~

tric Density
it :ction ITI H.
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TABLE 13 (Cont'd.)

Swmné.ry of Theria Pellet and Powder Properties

Calcine ° Surfage Aréa Fatricaticn Sintering .
o . Conditions (m“/g) Procedure Green Conditions Sintered Grain Size Segregatior
Pellet Dowder Temp Time "After After Binder- With Density* Time 'Tenm : Density* ASTM # -~ Diameter _ Rating
.Number _Tot (OC) (hrs) Atm Calcine Micro _less Birder (gm/cc) (hrs) §°C; Atm (gm{cc; 130,260 W Edge Center
2-25 136 - As-Recéived ' . 8,20 Slurry  5.636 12 1750 }12(53) 9.545 13,13 - L.0,4.0 6 6
o241 . ) . 5.796 12 9.598 11,10  7.9,11.2 7 7
2.26 : : ~ : 6.032 12 9.720 * 9%,9%  13.4,13.4 5 5
2-13 6,165 12 9.759 9i9 . 15.9,15.9 3 3
2-33 . . 6.382 12 . 9.723 6;. £ 38,38 3 3
" 2:37 : 6.511 12 9.706 %,8 38,22, 4 n L
226 o 5.857° 22 - 103,93 9.4,13.4 5 5
2-18 e R ' 6,161 22 - 9,9 15:9,15.9 4~ 3
1;3:' 096 As-Received . 10,28 - Slurry 5.742 0 1750 H2(53) 9.528 12,103  5.6,9.4 ] L
1-15 ' ' . 6195 0 9,605 10,95  11.2,13.4 5 4
1-5° 5.664 0.5 9.529 113,10 6.7,11.2 .5 5
1-17 6.218 0.5 9.659 9,8  15.9,18.9 b 1
1-7- . ) 5,644 1 . 9.565 - 5 5
1-19 ¢ . 6.162 1 9.638 Lo
ECC . , 5.677 1.5 9.567  10%4,9% .9.4,13.4 5 4
1-21 6,164 " 1,5 9.609  8%,8% 18,9,18.9 L 2
11 o 567 s 9.651  8%,7¢ 18.9,27 5. 3
- 1-23 6.152 5 9.645 8,8 22,4,22,4 5 3
1-25 : E 5,684 12 ‘9.614 8,8 22,4,22,4 3 3
1-1 .. 5.726 12 , A 9.605 73,7 27,32 5 Y
1-29 5.978 12 9.683 11,11 7.9,7.9 L 4
113 6.226 12 9,662 9,8% 15.9,18,9 & 4
1233 : L - 5.985 12 . 9.639 95,9 134,159 2 2 .
i- ' 6.513 12 . 9.655 81,85 = 18.9,18,9 4 y
b Pellets Sintered in a Subsequent Sintering Run (With Pellets of H,. Calcined Material)

. 2-25 136  "As-Received S - 8,1¢ " . Sluxry 5,626 12 1750 H2(53) 9,544 : <t N/A . N/AC
" 2430 - : _ 6,035 12 9.723 , L
2-34 o : < 6,390 12° - © 9,700 S " "
2-33 S : 6.513 12 (53) 9-701 Coe "
1-26 096  As-Received 10.28 Slurry 5.667 12 1750 Hy'??!  9.641 w/A 1
1-30 5.9716 12 9.653 N/A 2
1-34 6.380 12 9.620 N/A N/A
1-33 . R 6.519 12 R T 9.632 N/A N/A

#Geometric Density
##5e2 Section IXI K.

TITT-WIL-Ad ¥4
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Calcine Surfsge Area Sintered Density
: Conditicns (==/g) Fabrication Procedure Green Sintering Conditioas (gm/cc yx*
Pellet Powder Temp Time ATter  After With Density® Time Temp Inc. Exc.
Number Lot (OCS (hrs, Atm Calcinz Micro Binderless  Binder (am/cc) (hrs) (°2) - Atm Open Pores Open Pores
2D-467611 136 1100 48  Air 2,82 2,82  Dry Fressed 6.00 12 1750 326539 9.563 9.573
Cal,No Micro
304467611 096 1100 48 Air 3,52 3,52 " 5.92 " " " 9.905 9,909
Cal,No Micro
2G-469891 136 As-Received 5.55 £.55 " 5.98 " " " .9.652 9.652
L4H-469891 096 As-Received 8.24 8,24 " 5.53 " ! " 9.721 9.814
13P-L467608 096  As-Received 10,28 " 5.95 " " " 9.849 9.906
Dbl Micro
1B-467607 096 1100 48 Air 5.29 " 6.17 " " " 9.806 9,928
Cal, Micro ’
9E-467608 136 As-Received 8.10 " 5.99 " " " 9.923 9,908
Dbl Micro
5A-U€7607 136 1100 48  Air 5.27 " 5.99 " " " 9.792 9.858
- Cal,Micro .
15P-467608 096  As-Received 10.28 " 6.00 13 0 ' 9.790 9.851
Dbl Micro
_5N-467608 136  As-Received. 8.10 " 6.04 " " ) 9.331 9.41k
Dbl Micro
LK-b67607 096 1100 48 Air 5,29 " 6,11 " " ” 9,844 9.925
Cal,Dbl Micro . ’
55-469891 136 As-Received 5.55 5.55 " 5.94 " " ” 9.357 9.363
27-467607 136 1100 48  Air 5,29 " 5.96 " " " 9,582 9,582
Cal,Dbl: Micro . '
7M-L67611 096 1100 48  Air 3,52 3,52 " 5.96 " o . 9.819 9,81 7xxx
Cal,No Micro ) 4
41467611 136 1100 48 Aix 2,32 2,82 " 5.98 " " " 8.730 9.739
Cal,No Micro
3T-469R01 096 As-Received 8,24 8.24 " 6.20 " " " 9.565 9. 599
*Gi ic Density

Summary of Thoria Pellet and Powder Properties

TABLZ13 (Cont'd,)

**Immersion Density
*¥%Material lost during blotting

TTET-WI-advM

Grain Sige

ASTM # Diameter
130,260 P

11%,13% 6.7,3.3
4,4 89.8,89,8
14,14  2,8,2.8
12112 5.6:5-6
10,10 11,2,11,2
73,6 27,U5

.10,10 11,2,11.2
9,8% 15.9,18.,9
<1y,<l4 <2,8,<2.8
134,133 3.3,3.3
5%,5 53.4,64
<1y,<14 <2,8,<2.8
<14, <lh 2,8,2.8
94,95  13.4,13.4
<qh,<i4 <2,8,<2.8
<14,<1h <2,8,<2.8
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TABLE 13 (Cont'd,)

Summary of Thoria Pellet and Powder Properties

Calcine Surface Area A Sintered Density
. Ccnditions (m2/g) Fabrication Procedure Green Sintering Conditions (gm/cc )¥* ___-Grain Sige
Pellet Powder e T1me After After With Density® Time Tgm Inc, Exc. ASTM # 'Diameter
Number ( ; Atm Calcine Micro Binderless Binder (gm/ccg (rrs) (°c Atm Open Pores Open Pores 130,260 s
W/R 467608 #7 135  As-Received 8.1 Dry Pressed 5,98 12 1750 :{2(53) 10,006 10,013 10%,10% 9.5,9:5
Dbl Micro : ' .
R/C 74-3210 #2 " 1200 8 Hy 2,6-3,6 5.2 Dry Pressed 5.96 " 9.919 9.943 10,10 i1, ,11,2
R/C 75-3211 #4 ! 24 " 2,4-3,2 4.3 ) b 5.97 " " " 9.803 9.811 112,113 6,0,6.0
R/C 75-3212 #6 v 1500 3 " 2,2-2,5 U4 " - 9,846 9,867 11,11 7.9,7.9
R/C 75-3213#8 " " 9 " 1921 33 . 5.98 oo " 9.712 9.725 123,134 1.7,3.3
W/R 467608 ¥8 " As-Received | 8.1 " 5.97 E S " 9.885 9.890  12%,12% 4.7,47"
Dbl Micro _ B .
R/C 75-3210 #1 " 1200 8 5.2 " 6.0 e " 9.773 9.785 123,12— b7 0.7
R/C 75-3211 #3 " oy .3 " 5.98 R " 9.427 9.463  <ih,<lh <2.8,<2.8
R/C 75-3212 #5 1400 3 " by " - " " 9,561 9. 566 132.1,32 3.3,3.3
R/C 75-3213 #7 v " 9 3.3 " 5,71 " " " 9.317, 9.319 <th,<lL <2,8,<2,8
W/R 467608 41 " As-Received 8.1  Dry Pressed ‘ 59 12 v " 9,958, 9.958%*+ 114,113 6.7,7.9
Dbl Micro Pretreated : . )
R/C 75-3210 #8 " 1200 8 5.2 " . 6.0 “tooow " 9.884 9.908 128,113 4.7,6.7
R/C 75-3211 #7  ° "2 b3 " 5.9 oo 9.732 9.755 ik, 133 <2.8,3.3
R/C 75-3212#1 " 1o 3 v bk " - oo " 9.787 9.803 + <14,133 <2.8,3.3
R/C 75-3213 #6 " " 9 3.3 " o 6.0 " " " 9.719 9,727 <1y, <ih <2,8,<2.8
W/R b67608 #4 v As-Received 8,1 “ 6.0 14 v " 9.889 9.888%x 13,13+ 3,7,3.7
Dbl Micro . - .
R/C 75-3210 #5 * 1200 8 " 5.2 " 5.97 me " 9.694 9.702  <l4,<b4 <2,8,<2.8
R/C 75-3211 #2 " o k.3 N 5.98 " " " 9.457 9.477 <14, <ty <2,8,<2,8
R/C 75-3213 #3 " twoo 9 ¢ 3.3 5.83 " " " 9.495 9.526 <14,<th <2,8,<2,8
LAA ' 096 1100 48 " L, 77 L.77 Dry Pressed 6.03 12 " " 9,776 9,777 <1,<1 300+, 300+
As-Calcine .
68 " wooug 582 . v . 6.07 " 9.825 9.788%*% 9,9 . 159,159
. Cal,Dbl Micro : \ . ) ’
20C 136 v w8 bz 4 " 6.00 < . moe o 9.615  9.616 13,13 8.0,4.0
As-Calcine S e e S T - T
6DD " " ’ L],é " ) 5.§1 " 6.08 " " " é' ‘81”6 '9. 868 5’5 64, 64
Cal,Dbl Micro
*Geometric Dénsz.t; - L S

**Immersion Density
**¥*Material lost during blottmg
I

TIET-WI~AI7H



9t T

TABLE13 “(Conit™d, )

Summary of Thoria Pellet and Powder Properties
Caléine Surface Area Sintered Density
Conditions (n?/g) Fabrication Procedure Green 3intering Coaditicns (gm/cc )** Grain Size

Pellet Powder Temp Time After After With Density®* Time Tenmz Inc, Exc. ASTM # Liameter

Number Lot (003 - (hrs) Atm Calcine _Micro Bincerless Binder (gm/ccg (hrs) §°C)' Atm Cpen Pores Open Pores 130,260 u

2EE 096 1100 48  H, 4.7 L7 Dry Pressed 6.00 14 1750 HZ(S"') 9.630 9.620%%* 13%,13% 2.3,3.0 -.

As-Calcine :

oFF " n " i 5'82 AL 5.99 " " " 9.6?5 9.698 9:9 15-9v15-9

Cal,Dbl Micro

LGG 136 " " ' Lk L4 " 6.03 " " " 9.223 9.360 <ih,<iy4 <2,8,<2,8

As-Calcine . ' '

b " " " 5.9 " 6.09 " " 9.789 9.799 65,6 3,45

Cal,Dbl Mjcro . :

494/901 " 1200 8  d, Dry 4,6 L/s 6.132 0 " " 9.110+ <lh,<th <2,8,<2.8
902" " " " ' " " 6.017 3 " 9.243% <i4,<l4 <2.8,<2.8
903 " " " ' " " 6.12¢ L " " 9,208% <i4,<ty <2,8,<2.8
904 " " " : " " 6.062 3 - " 9.421* <ih,<th <2.8,<2.8
905 " " " ' " " 6.125 5 y " 9,401+ <14,<i4 <2.8,<2.8
907 " " o ' " " 6,106 12 " " . 9.566% 12,12 5.6,5.6
908 " . " ' “ " 6,095 22 " " 9. 534 ' 9,10  13,4,11,2

501 /921 " " o " " 6.212 9 " “ 9,253* <L, <1y <2,8,<2,8
922 " " " " " 6.294 3 " 9,31 3% <1y, <44 <2,8,<2.8
923 " " " ' " N 6,317 i " " 9.371% <14, <14 <2,8,<2,8
924 " " v " " 6.275 13 " 9.381% <L4,<14 <2,8,<2,8
925 " " o " 6.258 5 " " 9.433 13,13  L.0,4.0
925 " " oo " " 6,311 12 . " 9. 546* 103,104 9.4,9.4
927 " " " ' " " 6.277 22 " " 9. 545% 8,9 22,4,15,9

480/101 . k0 3 3.4 " 6,071 0 " " 8.618* <i4,<14 <2,8,<2.8
102 " " " ' " " 6.072 £ o " 8.729% <ib, <ty <2,8,<2.8
103 " " " : " " 6.098 1 " " 8,786* <i4,<14 <2,8,<2.8
104 . mooe " " 6.074 1% v " 8.827% <1, <14 <2,8,<2.8
103 " " " ' " " 6.078 5 " " 9,004 14,14 2.8,2,5
104 " " ' " " 6,10z 12 - 9,228¥% 14,14 = 2.8,2.8
107 " " oo " " 6.065 22 " y 9.272% 133,13¢ 3.34,3.0

487/132 " " weoo " " 6.5 o9 v " 8.865* <i4,<14 <2.8,<2.8
133 " . . " " 6,47k EE " 8.993 <14,<14 <2,8,<2.8
134 " " o " " 6.47¢ 1 " " 9.099* <14, <1y <2,8,<2.8
135 " " o " " 6.241 13 " 9,022% <Ly, <14 <2,8,<2.8
135 " " woo " " 6,590 5 v " 9.292% 14,14~ 2.8,2.8
137 " " ) ' " " 6,576 12 " " 9.430* 13%,13% 3.0,3.0
133 " " oo . " 6.56c 22 " G10) 9% 133,133 3.3,3.3

R/C 75-3195 ; 1200 8 ' " " 6.0 12 "OHyY 9,83 15.9,18.9

R/C 75-3196 " " "o " 6.2 12 m S b4,k 89.8,89.8

*Geomet+rir Density
*¥*¥Imma2 Density
*%¥%Mat = ost during blotting
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TABLE 13 (Cont'd.)

Summary of Thoria Pellet and Powder Properties

Calcine Surface Area Sintered Density
Conditions (m*/3 Fabrication Procedure Green . Sintering Corditions (gm/cc)** Grain Size
Pellet Powder Temp Time After After With Density * Time Tgm Inc, Exc. ASTM #  Diameter
Number Lot (°C§ (hrs) Atm Calcine _Micrc Binderless Binder (gm/ccg (hrs) (°c Atm Open Pores Open Pores 130,260 W
R/C 75-3373 #8 8.8 Dry Pressed 5,81 i2 1750 H2(60) 9.951 9,9U7%kx 7,7 32,32
50% As-Rez'd 096 10,3 ‘ '
50% Cel 136 140 - 3 H, b4
3/C 75-3373 #1 8.8 Dry Pressed 5,86 13 : Hz(éo) 9.896 -9.902 12,1134 5.6,6.7
50% As-Rec'd 096 10.3 : ’ -
50% Cal 136 14¢0 3 H2 L. .
R/C 75-3373 #5 8.8 Dry Pressed 5,82 5 H2(60) 9.948 9.945*** 103,10 .9.4,11,2
50% As-Rec'd 096 10,3 . ’
50% Cal 136 1o 3 H, b
R/C 75-3372 #6 ' 7.6-5.2 Dry Pressed 5,94 12 H2(53‘) 9.9u 9.950 536 53,45
50% As-Rec'd 136 8.8-6,5 (925 Pretreat) 2
50% Cal 136 1400 3 H2 L, ‘
R/C 75-3372 #3 7.6-5.2 Dry Pressed 59 5 1,5 9013 9.927 8,10  22,11.2
50% As~Rec'd: 136 8,8-6.5 (925 Pretreat) N - . '
50% Cal 136 10 3 H, b4 e L
R/C 75-3372 #4 ‘ 7.6-5.2. Dry Pressed 5,92 1% H2(5.3‘) 9873 9.883 12,11 " 5.6,7.9
50% As-Rec'd 136 8.8-6.5 (925 Pretreat) .
50% Cal 136 1400 3 H2 4.4
R/C 75-3372 #2 7.6-5.2 Dry Pressed 5.96 12 i, (3 9,928 9.969 7,65 ~ 32,38
50% As-Rez'd 136 8.8-6,5 -
50% Cal 136 140 3 H, b, : ,
R/C 75-3372 #1 7.6-5.2 Dry Pressed 595 - 1% (3 o2 Tog0s 123128 47,47
50% As-Rec'd ~36 B 8.8-€,5 - : : -
50% Cal 236 180 3 H, L.y '
:{l;
g
o
-
o
o
w
 *Geometric Density s

**Inmersion Density .~ o
***¥Material lost during blottin,
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WAPD-TM-1311

TABLE 14

Spark Source Mass Spectrggraphic Analyses of As-Received and

Calcined (48 Hours, 1100°C in Hydrogen and Air) ThO2 Powders

(Concentrations Expressed in ppm Weight.)

H and He not determined,

*Attributed to Inconel boat contamination,
tAttributed to quartz boat contamlnation,

140.

#30125
096-03 #30126 #30128
As-Received; #30129 096-03 #30127 #30130 136-01
Thoria- 096-03 Air-Calcined 136-01 136-01 Air-Calcined
Microniged Hpy-Calcined Run 7719 As-Received Ho-Calcined Run 7728
SA=8.2 n?/gn SA=lt.8m</sm SA=3.5 m2/gm SA=5.5m%/gm SA=U,4m?/gn SA=2,8 m?/gm
c 554 L62 ‘
U 8 < 0.1 3 <1 <o0,1 <1
Pb 1 0.1 1 2 . 0.3 2
Au < 0,7 <0,3 . <0,3 < 0,4 <0,3 <1
Pt 0,04 < 0,01 - 0,02 - <o,01 <o,01 < 0,01
W 0,01 < 0,01 0, 4x 0,01 < 0,01 0,6
Ta <1 < 0.4 < 0,3 <0,9 <0,5 2
Sm 0,08 0,06 0,06 < 0,01 0,02 - < 0,01
Na. 0,2 0,06 0,09 < y,ul 0,04 < 0,01
Pr 0,04 < 0,01 0,02 < 0,01 < 0,01 < 0,01
Ce 0,03 0,02 0,02 < 0,01 0,007 < 0,01
Ba 0.1 /0,1 0,1 0.4 0,1 04
Sn 0.05 3 0 bU* 0,04 2 0,2% -
Ag 0,01 < 0,01 0,06 0.01 < 0,01 0,03
Mo 0,04 0,01 0, 1% 0,02 0,009 0,2%
Nb 0,009 0,004 0 lx 0,06 0,006 1%
Zr 2 2 2 3 2 3
Y 0,006 < 0,01 0,005 0,005 < 0,01 0,006
Sr 0,1 0,06 0,08 0,05 0,03 0,05
Rb 0,004 < 0,001 0,002 0,001 < 0,001 0,002
Br 0,04 0,007 0,02 0,03 0,004 0,03
As 0,01 0,03 0,008 0,003 0,002 0,006
Ga 0,002 0,008 0,02 0,002 0,005 0,02
Zn 0,2 0,2 1% 0,09 0,06 0,3%
Cu O.4 VY - B¥ 0.7 0,6 5%
N1 20 21 1400% 60 66 1300%
Co 0405 0,06 C1w 0,2 0,05 1%
Fe 20 14 190% 11 13 190%
Mn 0.4 0.5 56% 0.5 O.l4 J16%
Cr 14 11 810% 24 27 - 760%
v 0,02 0,0l 0,7% 0,7 0,03 1%
Ti 2 2 21% 1 0,6 28#%
Sc 0,01 < 0,005 0,006 < 0,01 < 0,01 0,008
Ca 28 '140 115 2 3 2
K 3 1 1 0,6 0,8 0.8
cl 2 30 1 2 25 1
S 67 45 37 37 18 23
P 0,6 0,2 0.3 1 0.5 1
Si L2 300t 67* 80 90t 77*
‘A1 5 5 4 2 1 4
Na 22 5 12 23 I 18
F 2 2 Ol 3 1 1
N 0,5 19 Ol 0,6 6 007
B 0,06 0,1 g% 0,07 0,05 Lx
Be 0,007 0,003 * 0,004 0,007 0,001 0,009
Li 0,005 0,002 0,02 0,004 0,002 0,013

All other elements are less than 0.01 ppm, .



Pellet
Number

74-3410
P4-311
74-3412
7h4-3413

74-3459-1
fines, -3
nscreened) -5

=7

24-3460-1

fines, -3
200 mesh) -5
-7

 7h-3461-1
~-100 mesh, -3
nscreeneds -5

-7

74-3h62-1
-100 mesh, -3

200 mesh) -5

-7

TABLE 15

WAPD-TM-1311

Thoria and Thoria-~Urania Pellets Used by WRL to
Perform Diagnostic Examinations

" Sintered-

THORIA PELLETS

Grain Size

Green
Density Density E M C NILO Lot
65 96.0 5.5 815 8.5 - 75136 25-087 b 5 W0 oW
65 96-3 9-5 6-5“705 5-5_705 50-136; 50_08? S’;erotex
- - - - = . 25-136;.75-087,
56 95.8 7 11 . 11,5 087
59 96,3 7 9.5 10 :
61 96. 7 3 6.5.
64 96,8 6.5 3.5 1,0
55 95.7 6.5 11,5 11,5.
57 96.6 7545 10,5 - 10,5
60 96,7 - ‘5.5 4,5 -5
67 9.5 " 6.5 2.5 2,5 1 w/o CW
. ‘ : 0.2%
56 94,2 7.5 11 11,5. _Sterotex
63 9608" ".715 100 1’10
56 95.8 - §.0 11,5 11,8
59 96.5. 9.0 .° 9.5 8.5
62 . - 9647 7e5 0 00 -
64'. 961 ) 7.5 2.5 1.5 Jl
BINARY PELLETS - ThO, U220,
Blend No, 149-4-01 - Mount #1 Long, C,.S.
Blend No, 149-4-01B- Mownt #2 - Tong. (.S,

ThO2

Lot #149,.U0

2

‘Lot #122 - 63 G.D., 96.%% S.D.

2% CW, 0,2% Sterotex

- : 1kl
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Fabricated at WRL and 3intered at 1750

TABLE 16

Estimated Grain Siz= of ThOz Fuel Pellets

for 12 Hxs in H

(Dry)

As-Rec'd Calcined
Location As-Rec'd Milled & & Milled &
of Grain Size Milled &  Leached & Calc18ea Milled &  Zeached,
Determination As-Rec'd Ieached UOo+P (1100°Cc)  leacred UOo+P
Edge large large Iarge large large large
Center large Small Iarge large Mixed large
Iarge’
& Sm=ll
BEdge Medium Iarge ' large large larse large
Center Small Small Medium Small large large
" Edge large large Iarge
Center Smali Small | large

Calcined,

e

096

Powder

136
Powder

136
Powder
Dbl Micro

TIET-RI~advM



Pb
Au
Pt

Ta .
Sm 7

Nd

Ce

Ba

Sn

Mo

Zr

Sr

As
Ga

Zn.

Cu
Ni
Co
Fe

Cr
Ti
Sc
Ca

C1

Si

TABLE 17

WAPD-TM-1311

Spark Sburbé“Mass:Speétrogréphié Analysis of
~Thorium -Oxide and Oxalate .Powders

WRL - Th
“Oxide (900°C

Calcine)

< OCS

A A

0.1
0.1

<10

< 0,1

ANNAA
NO RO

A
(@]
-

#30127
136-01
As-Received (103000

#30130
136-01 (Ho-

- Adr Calcine)

<

AN

sl oNolViNoNoNeNoNoNoNoNoNoNeoNoNeoNal Sl

ANAAILA
2gRreraRRRYRR™

(2NN AC IR e Sy

© Calcined 1100°C) - -

A

P OOOOWULNNOOoOWWr
fruc s

ANNAA

. A
OCONODOONOOOOODOO0OOOOO
Q- EN

3

[oNeoNe]
o O
N\

WRL - Th
Oxalate

ANA A
o
-

O O
IR

<0.1



WAPD-TM-1311

TABIE 17 (Cont'd,)

Spark Source Mass Spectrographic Analysis of
Thorium Oxide and Oxalate Powders

#30127 '
WRL - Th_ -+ 136-01 #30130
. Oxtde (900°C As-Tteceived (1030°C . . 136-01 (H,~ . . WRL-Th
Calcine) ' Air Calcine) Calcined 1100°C) = Oxalate
Al 0.5 2 1 4
Mg 1 0,2 0.7 5
Na 40 ‘ 23 L 10
F 20 3 1 10
N 0.6 6
B 0.5 0.07 0.05 1,0 °
Be 0,007 0.001 ‘
Li 0.004 0,002 )
cd <o0.1 <0.1.
Bi <0,1 <0,1

NOTES: 1. The analyses of the WRL powders and the 136 powder were
performed at different. laboratories; however, both laboratories
performed total analyses, The absence of a value for a given
element indicates it was not observed to be present,

2., Additional data on 136 and 096 powders are included in Table 11,
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FIGURE =2

KINETIC STUDY NO.I. CHANGE IN DENSITY AS A FUNCTION OF TIME
AND TEMPERATURE IN ThO, PELLETS FABRICATED FROM

POWDER LOT 088, L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX-

10

DENSITY gm/cc

@

N

0.2 w/o STEROTEX (ADDED DRY), AND PRESSED TO A GREEN DENSITY OF 55%

1000

TEMPERATURE, °C
1750

TIET-WI-"d

|

MATERIAL: O88-I-1I

PRETREATMENT 450° - 4 HOURS - CO,
HYDROGEN ATM: DEW POINT = 25°C

20
TIME, HOURS

30

40




ASTM GRAIN SIZE NO.

20

WAPD-TM-1311

FIGURE 3 : .
KINETIC STUDY NO.i| EFFECT OF SINTERING TIME AT 1750°C IN WET HYDROGEN ON
GRAIN GROWTH IN ThOp, PELLETS FABRICATED FROM POWDER LOT 088, L/S

AGGLOMERATED WITH 1.0 w/o CARBOWAX - 0.2 w/o STEROTEX (ADDED DRY), AND PRESSED
TO A GREEN DENSITY OF 55%

T T T T T T T T T T T T T1

© MAT'L, 088 - 1-11 - o
PRETREATMENT.  450°C -4 HRS - CO»
HYDROGEN ATM: DEW POINT 25°C

NOTATION: PELLET NO., SINTERING TIME, SINTERED DENSITY

SINTERED

PELLET TIME AT GEO. DENSITY
NO. 1750 °C %ITD

0O 9 20HRS 9.374 . ]

® s 12 HRS 9.268 -

X 7 7 HRS 9.446

O 6 2 HRS 9.255 - e

A S 1/2 HRS 9.045
6 2 HRS 9.255 ,
5 1/2 HRS 9.045" —
8 12 HRS | 9.268

VALUES DETERMINED

BY ELECTION )
MICROSCOPY
*0® EXAMINATION a
X < , =
X‘Q~x .
o EXACT POSITION
| - NOT DETERMINEQ ]
| — ]
4 Y
L1 | ] | ] 1 | | | | I L1 | | | | | ] L 1 | ]
o) 20 40 60 80 100 . 120 140 160 180 200 220 240

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10°3 INCHES (LONGITUDINAL SECTION)

147

127
90
: 54.
' 45
32
224

15.9

79
5.6
" 397
2.81.
1.99
1.40
1.29
096

0.66



DISTANCE FROM PELLET SURFACE (INCHES X 1073)

WAPD-TM-1311

, ~ FIGURE &
RELATIONSHIP BETWEEN GRAIN GROWTH
ZONE AND TIME FOR KINETIC STUDY NO.!

1000 T T I S L T —
800 =  ASSUMING A STRAIGHT LINE

- . BEST FITS THE DATA
600 | y=mx+b

WHERE

— y =106 {(DISTANCE)
"X =LOG (TIME) =~

400 |- b=L06 (k)

m=CONSTANT

} THE FOLLOWING RELATIONSHIP
IS DERIVED"

d=kt™m

WHERE

200 |- k=81

m= 0.45 ,
t = TIME (SEC)
d = DISTANCE (MILS)

100

80 -

60 -+

40 |-

[ | 1 l

1 |
-2 3. 4 5.6 7.8 910 ~ 20 30 40 50 60
E .

TIME (SEC) X 103
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AVERAGE GRAIN DIAMETER (u)

100
80

60

40

20

0.8

06

04

0.2

0.1

WAPD-TM-1311

~

FIGURE 5
KINETIC STUDY NO.I,EFFECT OF SINTERING.TIME AT I750°C ON
GRAIN GROWTH IN ThO, PELLETS FABRICATED FROM
POWDER LOT 088,L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX -
0.2 w/o STEROTEX (ADDED DRY), AND PRESSED TO A GREEN DENSITY OF 55 %’

0.1

149

[ T T T T T 11717 T T T T Tl T[T ® 1T T 1
PELLET EDGE
~ m=0.555 7]
— u—
— 0.03" IN FROM m
— PELLET EDGE -
- m=0.846 _
0.05" IN FROM —
— PELLET EDGE P -]
= ” —
| m=1.35 u /,f_ .
— MAT'L 088-I-1I -
|— - pu—
—— - PRETREATMENT . 450°C -4 HRS-COy
B - \ HYDROGEN ATM: DEW POINT 20°C ]
B 0.20" IN FROM USING THE GRAIN GROWTH 7
| PCLLET EDGE EQUATION D= f t™M _
WHERE '
D =GRAIN DIAMETER
t = TIME
m=CONSTANT
i L1 g1 a1l | Lot aralg } 10
0.5 2 7 12 20 - 70
TIME (HRS)



D2 - D§ GIAIN DIAMETER ()

300

WAPD-TM~1311

FIGURE 6

KINETIC STUDY NO.I EFFECT OF SINTERING TIME AT 1750°C- ON
GRAIN GROWTH IN ThO, PELLETS FABRICATED FROM
POWDER LOT 088, L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX —
0.2 w/o STEROTEX (ADDED DRY), AND PRESSED TO A
‘ .GREEN DENSITY OF 55%

200

100
- 80

60

40

20

0.8
0.6

0.4

;;
(V]

0.10
0.08

‘0.06

0.04

0.02

0.01

1 B e LU R B o B e s a A
'USING THE GRAIN GROWTH 7]
EQUATION D2 - D3 = kt
WHERE A : \%

[~ D = GRAIN DIAMETER AT TIME t g
— Do = GRAIN DIAMETER AT TIME tq Z
= t = TIME ' ~
K = CONSTANT N
— 0.2" IN FROM PELLET EDGE —~
- SLOPE =1.84 -
— .
| < GRAIN SIZE DETERMINED BY  _]
ELECTRON MICROSCOPY.
- O GRAIN SIZE DETERMINED BY
OPTICAL ASTM EYE PIECE
11 gl Lol L0l
0.1 0.5 2 7 12 20 70 100

150

TIME (HRS)



DENSITY gm/cc -
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 FIGURE .7 -

: KINETlC STUDY N02 "'CHANGE IN DENSITY. AS A FUNCTION OF TIME

AND TEMPERATURE IN ThOp PELLETS, FABRICATED FROM
POWDER LOT €97, L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX-

0.2 w/o STEROTEX (ADDED DRY) AND PRESSED TO A GREEN DENSITY OF 62% :

. TEMPERATURE °C

'iobb 780
— —
. ey ——‘. -‘: .
Ve ol ~ AR
MATERIAL 097-1-OIA
e D PRETREATMENT: 925° - 3 HOURS- CO, -
B : “HYDROGEN ATM: DEW POINT® I5°C
=
A=
B
=
=
’l_‘,
=
1 T T
40

0 20 - 30
‘ - TIME, HOURS h ‘



25t

ASTM GRAIN SIZE NO.

A FIGURE 8
KINETIC STUDY NO.2: EFFECT OF SINTERING TIME AT 1750°C ON GRAIN GROWTH "IN
Th02 PELLETS FABRICATED FRCM POWDER LOT 097, L/5 AGGLOMERATED
_WITH 1.0 w/o CARBCWAX ~ 0.2 w/o STEROTEX (ADDED DRV},
AND PRESSED TO A GREEN DENSITY OF 352 %

T | | ] | | [ | | | | I | ll | i [ h I | | T T
| ] 3
I .
4§ WMAT'L: 097-1-014
(o0 o . PRETREATMENT : 925 °C - 3 HRS - CO» —

HYDROGEN A™M: DEW POINT & 15°C
= o /o NOTATION:NO. SINTERING TIME, GR'N DENSITY, _|
SINTIREC DENSITY

- /—6—2, I3HRS, GD: €.22 gm/cc, SD:9.7369 gm/cc ®e0 ]

oo @ 0000 ' e —

6 x~.&\ \‘.\.o ° e/ - | S -
\ 5

o 5-2,53-1/24RS, 6D =6.23 gm/cc, SD=9.727 gm/cc ]

0 HRS AT 1750°C
172 HRS AT 175G °C
I-1/2 HRS AT 1750 °C
5-1/2 'HRS AT 1750 °C
13 HRS AT 1750°C

X X5 XX

— 4-21-I/2 HRS, G="€.22gm/cc. SD<9.689 gm/cc
/' -

<
N \V ]
ro
/,,
axODO

12 - _
3-2, I/Z HRS, GD=6.22 gm/cc, SD=9.681 gm/cc
— 800000000 .
14 | L ) » . .OQOQO . - B . Lo e, . -~ ]
| L i '2;2_'. O HRS, GO: 6.23 gm/cc so 9636 gm/cc, o o . ; _
S T o T Uy S S SO SROOY Y RADUNY NN ST ST SN TRy SRS MY S
o 20 ° 4> - e0 80 100 Y1200 1407 i60 130 © 200 * 220 240

DISTANCE FROM PELLET SURFACE FLONG™ CENTER DIAMETER X 10~ 3 INCHES (LON3ITUDINAL SECTION)
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15k

FIGURE 10.

FIGURE 11,

Area 2 in

Area 1 in Figure 9 - 100X

Neg.

No. 51039-42
Figure 9 - 100X



Neg., No. 51039-7
FIGURE 12, Area 3 in Figure 9 - 100X
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Neg. No, 51039-41
FIGURE 13, Area 4 in Figure 9 - 100X

WAPD-TM-1311
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Neg. No. 51039-33
FIGURE 14, Area 5 in Figure 9 - 100X

Neg, No, 51039-39
FIGURE 15, Area 6 in Figure 9 - 100X
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Neg, No, 51039-4
FIGURE 16, Area 7 in Figure 9 - 100X
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Neg, No. 51039-37
FIGURE 17, Area 8 in Figure 9 - 500X .

'
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WAPD-TM-1311

FIGURE 18, Electron Microprobe Examination of ThO, Pellet, 6-2,
Blend 097-1-01A in Area of Idiomorphic Grain Structure
Showing Presence of Th(O,S)2 Phase: Kinetic Study #2

18a Opticul Micrograph of White, Nenshiny, Second
Phase in Area of Idiomorphic Microstructure
9578J Neg. No. 51039-16 Mag. 500X

18b Electron Image of Second Phase Structure
Showing Difference in Atomic Number
from Matrix Phase Mag, 2000X
Neg. No, 51039-23

158
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FIGURE 18 (Cont'd.)

18c Sulfur Ko X-Ray Image of Area in
Figure 18b Mag. 2000X
Neg. No, 51039-25

18d Oxygen Ko X-Ray Image of Area in
Figure 18c Mag. 2000X
Neg., No. 51039-22

159
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Trace of White Second Phase,

Electron Microprobe,
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WiPD-TM=13211

FIGURE 20, Electron Microprobe Examination of .ThO, Pellet, 6-2,
Blend 097-1-014, in Area of IdiomorphiC Grain Structure
Showing Presence of T'n(O,S)2 Phase: Kinetic Study #2

20a Optical Micrograph of Grey, Nonshiny
Second Phase in Area of Idiomorphic

Microstructure g Mag. 500X
Neg, No. 5?8%9—8 : S |

20b Electron Image of Second Phase
= Structure Figure 19a, Showing
Difference in Atomic No. from Matrix
Phase Mag. 2000X
Neg, No. 51039-26 161
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162

FIGURE 20 (Cont'd.)

20c¢ Sulfur Ko X-Ray Image of Area in
Figure 19a Showing Presence of
Sulfur in Grey Second Phase
95787 Mag. 3300
Neg. No, 51039-24

20d Chromium Ko X-Ray Image of Area in
Figure 19a Showing Absence of
Chromium in Grey Second Phase

9578J Mag, 3300
Neg. No. 51039-21
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FIGURE 21, Electron Microprobe, Semi Quantitative X-Ray
Trace of Grey Second Phase, Th(O,S)2 Shown
in Figure 20 - Kinetic Study #2
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ASTM GRAIN SIZE NO.

FIGURE 22
KINETIC STUDY NO. 3. EFFECT OF SINTERING TIME AT 1800°C ON GRA'N GROWTH IN
ThOo, PE_LETS FABRICATED FROM POWDER LOT 097, L/S AGGLOMERATED
WITH 1.0 w/o CARBCWAX - 0.2 w/o STEROTEX (ADDED DJRY),
AND PRESSED TO A GREEN DENSITY OF 62 %

| [ | | il | [ | | [ | [ | [ I [ | | | | | | [ | |
/ MAT L 097-1-0IA
/ PRETREATMENT: 925 °C - 3 HRS - CO»
00 HYDROGEN ATM: DEW POINT & 15°C

NOTATION: NO., SINTERING TIME, GR'N DENSITY,

12-3, I3 HRS, GD= 6,29 gm/cc, D= 9.763 gm/CcC —
SINTERED DENSITY

@ X X
®e@ X X X X XX X
/ —“‘_—
— o
(ON(®) X X XX e w0 X X X
X X AKX EUS s
Syl o X

\— 8-3,5-1/2HRS, 6D = 6.22 gm/cc, SD= 9 734 gm/cc

11-3,1-/2 HRS, GD=6.22 gm/cc, SD= 9 757 gm/cC

O (@} o)
(o6 0 B B e B Sl —C— O

VANWANANWAN AW Ay A g h o &

{ 0 HRS AT 1800°C

10-3, 1/2 FRS, GD=6.26 gm/cc, SD=9.764 gm/cc A /72 HRS AT 1800°C
O |-1/2 HRS AT 1800°C
X 5-1/2 HRS AT 1800 °C
@® 13 HRS AT 1800°C
T~ OO e e e e
—9-3, O HRS, GD:=#%.226 gm/cc, SD= 9.698 gm/cc
| | | | | | | | ! | | | | | | | | i | | | | 1 | | | | | |
20 40 60 80 100 120 140 160 180 200 220 240 260 280 300

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10-3 INCHES (LONGITUDINAL SECTION)

TIET-WI-AdTM
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ASTM GRAIN SIZE NUMBER

FIGURE 23 -

TIME DEPENDENT GRAIN GROWTH AT 1655°C IN ThO2 PELLETS, 088-1-11,
AT SURFACE EXPOSED TO THE SINTERING ATMOSPHERE

GITII:-III;I,II T T T T T T T 1.1
{GRAIN GROWTH -AROUND DRILLED " GRAIN GROWTH 'AROUND- DRILLED
HOLE IN BLANKZT PELLET WHICH HOLE "IN BLANKET PELLET WHICH
o WAS PRETREATED (925°C-3 HRS-CO,) 4 F WAS PRETREATED (925°C-3 HRS-CO05) X
N AFTER HOLE WAS:DRILLED PRIOR TO DRILLING
L X X . /./
/
8%pe@ A 1-1/2 HRS @ 1655 A 1-1/2HRS @ 1655 @ @/@
) X 9 HRS @ 1655 X 9 HRS (@ 1655 ° /o |
: S XX X
@® 16 KRS @ 1655 ® 16 HRS @ 1655 / J&
9 000 X Xx®
D \)( /
10/ 0&4 \ ],- X X AN
°® /ox
X ' 0074- o\ X X X
12 X X @ % B X X
\
13 X
i4 SURFACE OF SURFACE OF
PELLET . HOLE DRILLED. HOLE DRILLED PELLET .
SURFACE . IN CENTER END IN CENTER END - SURFACE ~<__
5 [ B |,1,‘1,1 L1 L 11l 1N
0 40 80 80 - 40 0 0 40 80 .80 .. 40 0.

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 103 INCHES (LONGITUDINAL SECTION)

TTET~-WI-Ad M
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ASTM GRAIN SIZE NO.

KINETIC STUDY NO 4. EFFECT OF SINTERING TIME AT
OF A 13CO°C - 48 HR - HIZWET)HOLD TIME ON GRAIN GROWTH
FABRICATED FROM POWDER LOT 097,
C.2 w/o STEROTEX (ADDED DRY),

FIGURE 24

1750°C

IN ThO2

AND PRESSED TO A GREEN DENSITY OF 62 %

IN WET HYDROSEN AND THE EFFECT
PELLETS.
" L/S AGGLOMERATELC WITH 1.0 w/o CARBOWAX -

I 1 | I ] | | | | | I ] T I 1 I | T | | I | | T
TIME AT GREEN SINTERED
PEL_ET 1750 °C DENSITY CENSITY
SYMBOL 10 I+ RS) gmscce) (gm/cc)
A 26 -4 /2 6.17 9.376
lo) 29-4 1-1/2 6.15 9.372
X 27-13 5 6.20 '9.395 48 HRS 1300°C HOLD TIME
o 28-14 12 6.20 9.395 :
a 30-4 12 6.16 9.229
MAT'L: 097-1-CiA
FRETREATVENT: 450°C - 4 HRS - CO,
+YDROGZIN ATM. DEW POINT = 25°C
MCOTATICN: NO, SINTERING TIME, GR'N DENSITY,
SINTERED DENSITY
@
o (L

CRACK IN PELLET

‘ e .QQ~. ° . ‘ /.’- *

. : = = ._u »
i et X NN - " —n— o0 f _J_::———I—Q——/A ®
A ABA R AR X ¢ceN me A 0 e . R e N A
R IR SN NN SRR WO NN NN SN NS SN S S R SN SR S R SR N R R R R R
20 40 6C 80 100 120 (40 160 180 20C 220 240 260 280

DISTANCE FROM FELLET SURFLZCE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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FIGURE 25 '
'KINETIC STUDY NO. 6. EFFECT OF HEATING RATE (400°C/HR) AND
SINTERING TIME AT 1750°C ON GRAIN GROWTH IN ThO, PELLETS .

FABRICATED FROM POWDER LOT 088, L/S AGGLOMERATED WITH
1.0 w/o CARBOWAX - 0.2 w/o STEROTEX (ADDED DRY),
AND PRESSED TO A GREEN DENSITY OF 55%

‘T T T T T T T T T T T T -1 T
() MAT'L: 088-1-16
. PRETREATMENT,. 925°C- 3 HRS-CO, . . . .
5 ©99 [ X ) HYDROGEN ATM: I5°C DEW POINT L —
. NOTATION: NO., GR'N DENSITY, SINTERED ’
DENSITY B
oo o _ :
6 |- o) 0 ' —

N

8 [- XXX XXX

NUMEROUS CRACKS WITH . . R .
XX ASSOCIATED GRAIN GROWTH L2017 ) - -
. NOT REPRESENTATIVE : .
O 17-6, 0 HRS AT 1750°¢C
A 16-6, 1/2 HRS AT 1750°C
O 15-6,1-1/2 HRS AT 1750°C
X 14-6, 5 HRS AT 1750°C ]
® (3-6, 12 HRS AT I1750°C.: |
Xx ) . .‘. _"
XXX X XX X X Xxx .o

OO0 XX XXXXAXXXXXXX XX X XXXX XX - —

IS L 1 1 | ] | 1 | | [ - 1 | i l

0 40 80 120 . 160 200 240 280
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 107> INCHES
" _(LONGITUDINAL SECTION)
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DENSITY gm/cc -

@
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FIGURE 26

TIME, HOURS

KINETIC STUDY NO.7. CHANGE IN DENSITY AS A FUNCTION OF TIME =
AND TEMPERATURE IN Th02 PELLETS FABRICATED FROM :g
POWDER LOT 088, L/5 AGGLOMERATED .WITH 1.O w/o CARBOWAX- ' 'E
0.2 w/o STEROTEX (ADDED DRY), AND PRESSED TO A GREEN DENSITY OF 55% 5
- : TEMPERATURE °C |
400 1000 1750
T | T | - I
v R,
MATERIAL: 088-I-15
B PRETREATMENT: 925¢ - 3 HOURS - CO, ]
HYDROGEN ATM: DEW POINT= 15°C
5 -
| ] ]
0. 10 | 20 30 40 .



ASTM GRAIN SIZE NO.

69T

FIGURE 27
KINETIC STUDY NC.7. EFFECT OF SINTERING TIME AT [750°C ON GRAIN GROWTH IN
ThO, PELLETS FABRICATED FROM POWDER LOT 088, L/S AGGLOMERATED
WITH 1.0 w/o CARBOWAX -0.2 w/o STEROTEX (ADDED DRY),
AND PRESSED TO A GREEN DENSITY OF 55 %

TTET-WI-QdYM.

o T o T T Tl WL U e TN e e e
/ exaceerated MAT'L; 0B8-1-16 W/R 473463
2 / GRAIN GROWTH |  PRETREATMENT: 925°C - 3 HRS - CO,
/ ' |  HYDROGEN ATM: DEW POINT % i5°C
/ NOTATIGON: NO, SINTERING TIME, GRN DENSITY,
/ SINTERED DENSITY
/
/
O (]
TIME AT GREEN SINTERED
PELLET 1750 °C DENSITY DENSITY
SYMBOL 1D (HRS) (gm/cc) (gm/cc)
O =7 0 5.58 9.16
A 10-7 172 557 9.20
) 9-7 I-1/2 5.49 9.35
X 8-7 5 5.47 9.38
X ® 7-7 12 5.53 9.35
\ O 67 20 5.52 9.30
\
\
o) \{
NN
\ \ GRAIN SIZE FINER THAN 2.5u
] ] | | | | | | | | 1 l |
100 120 140 160 180 200 220

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10”3 INCHES (LONGITUDINAL SECTION)
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WAPD=TM-1311 FIGURE 28, Kinetic Study #7 Photomlcrogra
Pellet, 8-7, Sin :

28a Photomacrograph Showing

Whlte, Soft Pellet Center

Surrounded by an Area of

Extensive Grain Growth

()\ 81 3--].*1 Ma 2 ’X
Neg, No, 51039- 36

28b Photomicrograph of

Fxteriar Rdge Showing an

Average Grain Diameter of 60 W

9813J-2 Mag, 100X
Neg, No, 51039-28
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FIGURE 28 (Cont'd.)
WAPD-TM-1311

28c Pellet Center Showing

Complete Lack of Grain Growth

9813J-4 Mag, 100X
Neg, No. 51039-35

28d Transition Area Between
Dense, Hard Phase With
 Extensive Grain Growth and
Soft Phase With Almost
No Grain Growth
9813J-5 Mag, 100X
Neg. No., 51039-10
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WAPD-TM-1311
FIGURE 29, Kinetic Study #7: Photomicrographs of
Thoria Pellet, 6-7, Sintered for 20 Hours at 1750°C

SRR G o ms
29a Photomacrograph Showing Inter- 29p Phgﬁomicrograph of an Area Near
granular Separation Around Pellet the Pellet Center Showing Grain
Center Section Which Densified After Boundary Separation (Right Hand Side
the Exterior, Large Intergranular of Photograph)

Separations in Pellet Center, 9818J-2 Mag, 100X
YR8 =1 Nng. No. 51039 30 Mag. 6n Neg, No. 51039-34

29¢c Photomicrograph Showing Stress Twins in Grain

Exhibiting Exaggerated Growth, Also Note Large Amount

of Intragranular Porosity, 9818J-7 Mag, 250X
172 Neg. No, 51039-29



WAPD-TM-1311
FIGURE 30
K" ~7IC STUDY NO.9: EFFECT OF SINTERING TIME AT 1750°C IN WET HYDROGEN ON
GRAIN GROWTH IN ThO, PELLETS FABRICATED FROM POWDER LOT 088,
L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX - 0.2 w/o STEROTEX
(ADDED DRY), AND PRESSED TO A GREEN DENSITY OF 55 %

< T ER T e e e e [ N e P e o T T ek R T e T I P Rl |
MAT'L: 088-1-16
PRETREATMENT: 925°C - 3 HRS -CO»
HYDROGEN ATM: DEW POINT & 25°C =
NOTATION:NO., SINTERING TIME,
GR'N DENSITY, ®
SINTERED DENSITY
/X
i
N i)
\ 6-9, |12 HRS, GD=5.46 gm/cc, SD=9.453 gm/cc
3 OO X X —
4-9,1-1/2HRS,GD=5.47 gm/cc, SD=9.323 gm/cc o)
) ¢ QO XX =
o] X
5-9, 5 HRS, GD=5.51 gm/cc, SD=9.407 gm/cc
) /x <
O I-9, 0 HRS AT 1600°C, GD = 5.52 gm/cc, X
=8.610 gm/
—\ <A Q =0 L O —
X :
— 3-9, I/2 HRS, GD=5.48 gm/cc,
y / ch=9 (a3
= o ® e SD=9.183 gm/cc 7
(@)
3 — @5 olole. ® X X
O
=\ DDDD QRO O OORR® X X® O EEEE —
| ‘ ."\\ i o - - / / ’
| 1 LESS THAN ASTM 14 /
X /‘ 2
, O HRS AT I750°C, GD=5.52 gm/cc, SD=9.038 gm/cc
3 | | | | 2l | | | ] | | | | | | | | | |
(¢ 40 80 120 160 200 240 280 320 360 400 440 480

ISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION:)
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ASTM GRAIN SIZE NO.

FIGURE 3t
EFFECT OF SINTERING ATMGSPHERE ON THE GRAIN GROWTH IN ThOp PELLETS
FABRICATED FROM POWDER LOT 088, L/S AGGLOMERATED WITH 1.0 w/o CARBOWAX -
0.2 w/o STERCTEX (ADDED DRY), PRESSED TO A GREEN DENSITY OF 56 %
AND PREVIOUSLY SINTERED AT I750°C FOR |2 HRS IN Hp (WET)

' | B TEe R R 6 i e S s e W 2 oris S N |l e ) (i ’.“XT ?1 T ?
o X X X X X_X GREATER —
THAN ASTM |
3 |~ o X Yoo X Yo Ym X X=X X X X X X% X tel
4 — XX X XX X o
S5 Xx=X" X XX NOTE: ALL THREE PELLETS HAD BEEN INITIALLY SINTER=D =
AT 1750°C IN WET HYDROGEN (43°C DEW POINT)
& X RESINTERED AT 1800° C IN Hp (WET) |
F @ RESINTERED AT 1850°C IN VACUUM
O INITIAL S NTERED PELLET
7 - o
ew&g\ 0o oocC
oLt X | 'YX 000C 00ede
9 |- éQ3> O 000 e o 20 (Y Qo
(X X X X X B X X X YoYeoli YoYoXoXeoX« Xi ) (Y X ) CY )
0 T Y g, SR £ d% W saey W - DY (redi - Y NP U] N (R | M s T A0 RO O
o) 40 80 120 160 200 240 280 320 360 400 440 480

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10" 3INCHES (LONGITUDINAL SECTION)
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WAPD-TM-1311

FIGURE 32

‘Photomicrograph of Sectioned Pellet, Powder Lot 088,
Which Previously Had Been Sintered at 1750°C and Then
Heat Treated at 1800°C in a Wet (25 C) Hydrogen Atmosphere

Photo shows the presence of a second phase at grain boundary triple point.

Neg. No, 51039-31

9979J-1 Mag. 1500X
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ASTM GRAIN SIZE NO.

WAPD-TM-1311 FIGURE ¥

VARIATION GRAIN GROWTH AS A FUNCTION OF ThO, PELLET
CROSS SECTION FOR A VACUUM SINTERED PELLET FABRICATED
FROM POWDER LOT 097, L/S AGGLOMERATED WITH 1.0 w/o
CARBOWAX-0.2 w/o STEROTEX (ADDED DRY)

4 w5 BGES hea. SWEEk A i 3l

MATERIAL: 097-1-0lA
8 - GR'N DENSITY. 6.245 gm/cc -
PRETREATMENT * 800°C+-24 HRS G0a
PRETREAT DENSITY . 6 164 gm/cc
SINTERED: 1750°C -12 HRS,8 X 10~€ Torr

9 = SINTERED DENSITY 9.608 gm/cc ==
o »»/o;g_ 00 } ©.0.0_0_0_0_0—
eDsre” 090 \o.\/o
Il |- os® 4 L
|2 @0 7
| 3= -
la | i
|5 NP PRI, MM (St A0SO, N TGN T Sl O LA
(@) 40 80 120 160 200 240

DISTANCE FROM PELLET SURFACE ALONG CENTER
176 DIAMETER X 10°3 INCHES (LONGITUDINAL SECTION)
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FIGURE 34

Photomicrograph Showing Recrystallized Grains
in Area Plastically Deformed by Knoop Indentation

Material: ThO2 Pellet
087=02

74-3256A

Neg. No. 51039-20
9826J _ Mag, 400X

17T



FIGURE 35
EFFECT OF CALCINING (1100°C-48 HRS-AIR) AND MICRONIZING (/-DOUBLE PASS) ON GRAIN GROWTH
IN ThO, PELLETS DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM FOWDER LOT 096 AND

(DRY)
SINTERED AT I750°C - I-1/2 HRS IN H»
e e QR R B R T I RN T (| NS Y NG R SRR B o IR
O (]
8 = O a (il m EE ] )] oa =
O (] [&] 0o i) O
6 - O 0ooao 0o \D EY- = EE) =
4K, CALCINED MICRONIZEL:
SA=5.29 m2/gm
T |- C e GD=6.11 gm/cc (] O =

SD=9.84gm/cc

./}../\. /—TM, CALCINED /@D’
SA=3.52 m¥/gm

@is e GD=5.96 gm/cc

O SD =9 819gm/cc

f ByUy

AS-REC'D, MICRONIZED
i (i 2 i

v SA = 10.2€ m%gm
5D=6.00 gm/cc
35D=9.790gm/cc

ASTM GRAIN SIZE NO.

|2 X=
—3T, AS-REC'D

13 - X Sh=8.24 m%/gm

s GD=6.20gm/cc

% €3=9.56gm/cc
14 — X X )OO (ee)

\ p

LZSS THAN ASTM-14 LESS THAN ASTM-14 LESS THAN ASTM-14
15 | | | | | | | | | Sk | | | | | | i | | | | | |

0 40 8D |20 160 200 240 280 320 360 400 440 480

DISTANCE FROM PELIET SURFACE AlLONG CENTER DIAMETER ¥ 10-3 INCHES (1 ONGITUDINAL SECTION)
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ASTM GRAIN SIZE NO.

PRI 2=

EFFECT OF CALCINING (110C°C-48 HRS-AIR) AND MICRONIZING (I-DOUBLE PASS) ON GRAIN GROWTH

(@Y

13

IN ThO, PELLETS DRY PRESSED

AND SINTERED AT 1750° C-12 HRS -H, (DRY)

WITHOUT BINDER OR LUBRICANT FROM POWDER LOT 096

PELLET

o
el

X®OO0OO0 X O
\x X X X

000 _oco—o ooe .o\:oooooo

3C, CALCINED
SA = 3.52 m2/gm
® GD =5.92 gm/cc
SD = 9.905 gm/cc

1B, CALCINED, MICRONIZED
SA = 5,28 m2/gm
GD = 6.1 7 gm/cc
SD = 9.806 gm/cc

T O

EPEE S E EE S E)

I3F, AS-REC'D. MICRONIZED
SA =10.28 m?/gm
GD = 5.95 gm/cc
SD 9.848 gm/cc

LI (]

(O)@) 000

OO 00O

4H, AS-REC'D
SA = 8.24 m2/gm
GD '=:5.63I gm7/cc
SD = 9.721 gm/cc

(010) Q0 O

oooooo

= SURFAGE X XXX XX XXXXXX XXX XXXXXX X X X —
| | | | BECEERN e e N S (T T B ] | | | | | ] | el | | |
0 <0 80 120 160 200 240 280 320 360 400 440 480

520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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WAPD-TM-1311

FIGURE 37, Center Microstructure
Showing Intragranular Porosity

37a Miecrostructure of Pellet 3C
Showing Prominent Grain Bound-
aries and Intragranular Porosity

111K-5 Mag. 100X
Neg, No. 51039-40
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FIGURE 37 (Cont'd.)
WAPD-TM-1311

37b Microstructure of Pellet 1B
Showing Grain Smaller Than
Shown in Pellet 3C With Less
Intragranular Porosity
115K Mag, 100X
Neg. No, 51039-27

37c Microstructure of Pellet 13F
Showing Poorly Formed Grain
Boundaries and Very Fine
Porosity
114K-5 Mag, 100X
Neg. No, 51039-38
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ASTM GRAIN SIZE NO.

15

FIGURE 3
EFFECT OF CALCINING (1100°C~-48 HRS—AIR) AND MICRONIZING (I-DOUBLE PASS)
ON GRAIN GROWTH IN ThO, PELLETS DRY PRESSED WITHCUT BINDER
OR LUBRICANT FROM POWDER LOT 136 AND SINTERED AT
1750°C - 1-1/2 HRS IN H,(DRY)

2J, CALCINED, MICRONIZED
SA=5.27 m%gm
GD=5.96¢ gm/cc
SD=3.582 gm/cc

55, AS-REC'D
SA:5.55 m?/gm
GC=5.94 gm/cc
SD=9.357gm/cc

4L, CALCINED

SA= 2.82 m2/gm
GOh = 5.98 gm/cc
SD=8.730gm/ce

5N, AS-RECD MiCRON ZED
SA=8.10 m2/gm
GD=6.04 gm/cc

SD=9.33| gm/cc o
(o)e) ! o
00000 (eJoXe) 0 O —
\\ :
- X XX oono 000 O oo ]
\\\\ LESS THAN ™\ LESS THAN / //
\ MasTm 19 S, ASTM 14 »
sy | Jezidl | TR I B I | I | I I | A |
(o} 40 80 120 180 200 240 280 320 360 400 440 480

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X I0"3INCHES (LONGITUDINAL SECTION)
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ASTM GRAIN SIZE NO.

T S Ry

EFFECT CF CALCINING (1100°C-48 HRS-AIR) AND M!CRONIZING (I-DOUBLE PASS) ON GRAIN GROWTH
IN ThO, PELLETS DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM POWDER LOT 136
AND SINTERED AT 1750° C-12 HRS -Hp (DRY)

T [ I [ | | | [ | [ [ | | | [ [ | | I [ | I | | [
4 [] —
A 5A, CALCINED, MICRONIZED
SA=5.27 m2/gm
Bl 0 5D .= 5.99 gm/cc, =
5D = 9.7992 gm/cc
[]
6 = L] 2
[H]
7+ c e __o o 0
O, ® 0
[ O
O 0O /
O00 000 (@) [ )
oo O:0ETEL RO O BB OO(% (0] X
O=—0O-O 020,0,0 OO O e~ O X@ —
COO (@) oo O
9E, AS-REC'D MICRONIZED
SA =8.10 m2/gm eee® [ X¥X =
GD =5.99 gm/cc
SD = 9.923 gm/cc A /
Y ® 2D, CALCINED 0000 XXX —
SA = 2.82 m2/gm
GD = 6.00 gm/cc
SD = 9.563 gm/cc
13 XXX XX0® 0%0® XHgd@®X X XXXX =
e \ W EG,AS~RECZ'D
% i X o X X XX X SA =555 m?/gm
SURFACE TR 6D = 5.98 gm/cc
14 |- X X XK BN NOO SD =9.652 gm/cc
| | | | | | | | | | | | | | | | | | | | | | | | |
0O 40 80 120 160 200 240 280 320 360 400 440 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10™3 INCHES (LONGITUDINAL SECTION)



WAPD-TM-1311

184

FIGURE 40, Microstructure of Slurry Agglomerated Thoria
Pellets Showing Severe Granular Segregation

L40a Photomacrograph of Pellet
2-1 (As-Received 136)
Showing Residnal Granule
Structure
255K-1 Mag, 6X

Neg, Nu, 51039-19

4L0b Photomicrograph of Pellet
2-1 Showing Porosity
Associated With Granular
Segregation
255K-2 Mag. 100X
Neg, No, 51039-11




FIGURE 40 (Cont'd.)

4oa

WAPD-TM-1311

Photomacrograph of Pellet
3-15 (As-Calcined 096)
Showing High Density
Granules Which Have Not
Crown Together, DNote Voilds
Between Granules Near
Top-Center of Pellet.
277K-1 Mag, 6X
Neg., No, 51039-9

Photomicrograph of Pellet

3-15 Showing Almost Total

Separation Between Granules

277K-3 Mag, 100X
Neg, No, 51039-43
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WAPD-TM-1311

FIGURE &1
EFFECT OF MICRONIZATION AND SINTERING TIME ON GRAIN GROWTH IN ThO, PELLETS
DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM CALCINED (1100°C-48 HRS - HpPRY)) POWDER LOT 096

2 e L R R RS i e l~l e N e e |
X CALCINING TEMP: 1100°C
1 TIME OF CALCINING. 48 HRS

2 “X CALCINING ATM: Hp =
BED DEPTH:~ 2 INCHES
I \ SINTERING TEMP: 1750°C
\  micronizATION:
& i x’ \ | ST PASS 150 gm/MIN _|
! \ 2 ND PASS 50 gm/MIN
\  NOTE: ALL SINTERED DENSITY
| \ DETERMINATIONS WERE MADE
5 X l’ % X ON COMPANION PELLETS |
X' TR LARGE IDIOMORPHIC GRAINS \ NOTATION. NO., SINTERING
) IN AN ARCA OF FINE "PI\INQN TUME, SUBEALE ARERS
/ 7 . GREEN DENSIIY,
(2 & e A SINTERED DENSITY =
4AA, CAL, NOT MICRONIZED 12 HR SINTER
/ SA=4.77 mZ/gm / N
/ GD = 6.03 gm/cc o \\
7= ¥ : |
g / SD = 9.776 gm/cc \
v A —6BB, CAL, MICRONIZED 1?2 HR SINTER,/ X R‘X\ X
N e SA=5.82 m2/gm ~
O g Y =X X 6D=6.07 gm/icc X X X X S~XXX 5
= / SD=9.825gm/cc
< T ow (Yol e® O eOeeo o ee X% XX®
o N o i e e . o —— — — — — ———— — C—— — — — —— — — — —
= 9“/ 0 0.0-0—_0.0.0.0.0.0.0.0.0._®. 0-—0-.—0-0-—-..0.0-0-0-0— j
=
=2 ® OO @€ O © © O e

® [ ] X o

\—ZFF, CAL, MICRONIZED I-1/2 HR SINTER
SA=582 m2/gm
GD = 5,99 gm/cc X X
SD=9.675 gm/cc

2EE, CAL, NOT MICRONIZED [-1/2 HR SINTER
SA- 4.77 m?/gm
GD=6.00 gm/cc
SD=9.630 gm/cc

3= O &) m} a =
0ooo 5 R da|:- = a u
—PFLIFT RELL ET
P SURFACE oo O RN oo C.IIRFA\",P:l
05 o - o o o e o ST 0 P 511 PSS 10 AN i s e o ) SR ) 0 LG8 i )
0 40 80 120 160 200 240 280 320 360 400 440 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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WAPD-TM=-1311

5 FIGURE Q%D 3hor1a Pellet, 4AA, Dry Pressed From Ca101ned
(11007C-48 Hrs-H,\“TY

) 096 Thoria Powder and Sintered at 1750°C in H, for 12 Hrs

L42a Photomacrograph of Pellet

4AA Showing Large Idiomorphic

Grain Structure in Dark Pellet

Center Observable With the

Unaided Eye

240K-1 Mag. 6X
Neg. No, 51039-32

42b Photomicrograph of Pellet

LAA Showing Large Exaggerated

Grain Growth and Strain Twins

240K-3 Mag, 100X
Neg, No, 51039-15

187




WAPD-TM-1311 FIGURE 42 (Cont'd,)

42¢c Photomicrograph of
Pellet 4AA Showing Large
TIdiomorphic Grains in Field
of Fine Grains, DNote Strain
Twins May Be Present Even in
the Smaller Idiomorphic Grains
2L0K -4 Mag, 100X
Neg, No, 51039-1

424 Another View of the

Same Area as Shown in

Figure 55c¢

2L0K-5 Mag, 100X
Neg, No., 51039-18
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— FIGURE 43
ZFFECT OF MICRONIZATION AND SINTERING TIME ON GRAIN GROWTH IN ThO» PELLETS
DRY PRESSED WITHOUT BINDER OR LUBRICANT FROM CALCINED (1100°C-48 HRS—HZ(DRY)),POWDER LOT 136

63T

[ I | [ | [ [ | [ [ [ | [ == I Il T [ T [ [ | [ |
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° ° e o e o &
e —————— e — SRl
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7j 4 0o ' oo o 0 o \ 5
| OO O ‘/)\
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ﬁ GD=6.09 gm/cc GD=6.08 gm/cc
5 @ SD=9.789 g /cc SD=9.816 gm/cc
T
< CALCINING “EMP: 1100°C
©® X X TIME OF CALCINING: 48 HRS XXX
s -~ CALCINING ATM: Hyp y
E 10 A& ®\X  BED DEPTH:~ 2 INCHES X /X
< ¥ 5 \  SINTERING TEMP: 1750°C /
X=X \  MICRONIZATION: 2CC, CAL, NOT MICRONIZED, 12 HR SINTER ] X
\ IST PASS 150 gm/MIN SA=4.42 m?/gm /
= \ 2ND PASS 50 gm/MIN GD=6.00 gm/cc
\  NOTE: ALL SINTERED DENSITY SD=9.615 gm/cc ]
DETERMINATIONS WERE MADE !
\ ON COMPANION PELLETS 1
12C XA X X a
\ /
\ X /
\\ /
3= BT O SRS B S & G G Ly X ,x/x
—————————————————— -
\ X X X MM X XX WX X
4GG, CAL, NOT MICRONIZEE, I-1/2 HR SINTER
14 |LESS THAN SA=a42 _mErgm LESS THAN _]
ASTM 14 6D=6.03 qm7e ASTM 14
SD=9.223 gm/cc
15 | | | | | | | | | | | | | | | | | | | | | | | | gL |
0 40 80 120 160 200 240 280 320 360 400 440 480 520
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WAPD-TM-1311

FIGURE 44, Porosity chtrlbutlon in Thoria Pellets
Fabricated From Calcined (1100°C-48 Hrs-H ) Powder

L4la Pellet 6DD, Calcined,
Micronized 136, 12 Hr Sinter,
Showing Almost Complete Lack
of Porosity Near Exterior Sur-
face (Left Half of Photo) and
Necklace Porosity Toward Pellet
Interior (Right Half of Photo).
Note That Necklace Porosity
Does Not Diminish Grain Size.
2L,3K-2 Mag, 100X
Neg, No, 51039-12

44b  Pellel GLD, Area at

Pellet Center Showing Almost

Total Absence of Intragranular

Por051ty and Extensive Inter-

granular or Necklace Porosity

2L43K-3 Mag. 100X
Neg, No, 51039-17
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WAPD-TM-1311
FIGURE 44 (Cont'd,)

4hc Pellet 4HH, Calcined,

Micronized 136, 1% Hr Sinter,

Showing That Duplex Porosity

Distribution Happens Early

in Sintering Cycle

2L47K-2 Mag, 100X
Neg, No. 51039-13

T PNV ANy e A
M S
{,§&~gp

44d  Pellet 2FF, Calcined,

Micronized 096, 1% Hr Sinter,

Showing Considerable Necklace

Porosity Even When Grain

Growth Was Not Extensive

2U45K-4 i 100X
Neg. No. 51039-5
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FIGURE b5
EFFECT OF SINTERING TIME AT 1750°C ON GRAIN GROWTH IN ThO, PELLETS FABRICATED FROM
POWDER LOT 096, MICRONIZED, CALCINED (1100°C-48 HRS-H>PRY)) SLURRY AGGLOMERATED WITH 175 w/o
CARBOWAX - 0.2 w/o STEROTZX (ADDED DRY) AND PRESSED TO A TARGET GREEN DENSITY OF 57 %
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z g SINTERED DENSITY
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N I-£7, OHRS THEREFORE CENTER OF SAMPLE REPRESENTS A X
«a 5.73 gm/cc POINT 107 MILS FROM THE PELLET SURFACE
0 |- 9.371 gm/cc
a
(1
o 5-57, 5 HRS ®
s 5.63 gm/cc
'u-) (N 9.619 gm/cc ®® o¢ ® O @
<
X @ ® @ @
12 es® ( X x ] ® X 0%H%00%X @& 000O® 600 © 00 X
\ X X % X O X
13 X X @ X™X™XT 9™ X"X"X R X" XU XXX X @X® . ® OX JO
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DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X I0™3 INCHES (LONGITUDINAL SECTION)
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ASTM GRAIN SIZE NO.

POWDER LOT 096, MICRONIZED; CALCINED (1100°C-48 HRS -H'PRY)) SLURRY AGGLOMERATED WITH 1.75 w/o

S | FIGURE W :
EFFECT OF SINTERING TIME AT I750°C ON GRAIN GROWTH IN ThO,. PELLETS FABRICATED FROM

CARBOWAX - 0.2 w/0° STERCTEX (ADDED DRY ) AND PRESSED TO A TARGET GREEN__DENSITY OF 61%

.'.x_‘..x . ' o X Yo Yo X X X XSY=X=X=X=X=X=X"X 0O 0OR

N 8-6l, (-1/2 HRS, omeh 5 TS, 6(2)69/0966 g/ O-O-O-O-O=O-O-O-O-0-0=Q_ - o qQ
W 6.22 gm/cc, 9.641'gm/cc .

A

AMODDDL A O [ 3o

2- 61, O HRS, 6.14 gm/cc,

B 9.630 gm/cc B
B ROCOTHO POWDER SURFACE AREA=5.82 m2/gm _
! PRETREATMENT . 925°C -3 HRS'—»COZ :
NOTATION NO SINTERING TIME . o )
— S GREEN DENSITY SINTERED DENSITY ’ - : - ’ ’ —J
R S N T I TR NN TR N SURRREN BT S DR T S N N N N N B I
O. 4D - 80 '- 120 ' 160 200. 240 ":280 320 360 400 ‘440 480 - 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10”3 INCHES (LONGITUDINAL SECTION)
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FIGURE 47
EFFECT OF SINTERING TIME AT "750°C ON GRAIN GROWTH IN ThO, PELLETS FABRICATED
FROM POWDER LOT 136, CALCINED ¢1100°C-48 HRS - Ha(DRY ), MICRONIZED, SLURRY AGGLOMERATED
WITH 1.75 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY), AND PRESSED TO A GREEN TARGET DENSITY OF 57%
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A 2

FIGURE 48 . Coe
EFFECT OF SINTERING TIME AT I750°C ON GRAIN GROWTH IN ThO, PELLETS FABRICATED
FROM POWDER LOT 136, CALCINED (1100°C-48HRS-Hp(PRY)), MICRONIZED, SLURRY AGGLOMERATED
WITH 1.75 w/o CARBOWAX-0.2w/o STEROTEX (ADDED DRY), AND PRESSED.TO A GREEN TARGET DENSITY OF 61%
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3-61,12 HRS, 6.26 gm/cc, 9.700 gm/cc \ . R
I ’ . . .\ . ® .Ef o ]
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ASTM GRAIN SIZE NO.

FIGURE 49

EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN ThO, PELLZTS PRESSED FROM 1100 °C-

48 HRS-H,!PRY) CALCINED, MICRONIZED, POWDER LOT 096 SLURRY AGGLOMERATED WITH 1.75 w/o

CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750 °C FOR 12 HOURS
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o) leYe e © ICTTOO~Q OO O
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Y geX X X XoX¢ oV 1 ' T XX I e A O
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O .
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.ASTM GRAIN SIZE NO.

FIGURE 50
EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN Th02 PELLETS PRESSED FROM

1100° C-48 HRS-Hjp (DRY) CALCINED, MICRONIZED, POWDER LOT 136 SLURRY AGGLOMERATED WITH

1.75 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750° C FOR 12 HRS
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ASTM GRAIN SIZE NO.

' : FIGURE 5t - o
EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN ThO, PELLETS PRESSED FROM
MICRONIZED, AS-RECEIVED POWDER LOT 096, SLURRY AGGLOMERATED WITH 1.75 w/o
CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750°C FOR 12 HRS
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FIGURE 52”7
EFFECT OF CALCINING TIME AND TEMPERATURE ON GRAIN GROWTH IN ThOp PELLETS FABRICATED
WITHOUT BINDER FROM POWDER LOT 136, AND DRY PRESSED TO A GREEN DENSITY OF 60%
SINTERING CONDITION: I760°C — I-1/2 HRS - Hp (OR

661
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ASTM GRAIN SIZE NO.

o FIGURE 53
EFFECT OF CALCINING TIME AND TEMPERATURE ON GRAIN GROWTH IN ThO, PELLETS FABRICATED
WITHOUT BINDER FROM POWDER LOT 136 AND DRY PRESSED TO A GREEN DENSITY OF 60%
SINTERING CONDITIONS: 1750°C - 12 HRS - H‘DR”
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ASTM GRAIN SIZE NO..

FIGURE st
EFFECT OF CALCINING TIME AND TEMPERATURE ON GRAIN GROWTH IN PRETREATED (926°C-3 HRS - coz)
ThO, PELLETS FABRICATED WITHOUT BINDER FROM POWDER LOT 136, DRY PRESSED TO
A GREEN DENSITY OF 60% AND SINTERED AT 1750°C IN H,!ORY) FOR |-1/2 HRS,

. SURFACE GREEN SINTERED NO.
AREA -DENSITY DENSITY . MICRO
m2/gm gm/cc gm/cc PASSES
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X CALC 1200°C - 24 HRS- H"""’ R/C 75-3211 NO.2 4.3 5.98 9.457 - 5
" O cALC 1400°C - 9 HRS - Ko R/C 75-3213 NO.3 3.3 5.83 9.495 6
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ASTM GRAIN SIZE NO.

FIGURE 55 -
EFFECT OF CALCINING TIME AND TEMPERATURE ON GRAIN GROWTH ‘N PRETREATED (925°C-3 HRS-COjp)
ThO, PELLETS FABRICATED WITHOUT BINDER FROM POWDER LOT (36, DRY PRESSED TO
A GREEN DENSITY OF 60% AND SINTERED AT 1750°C IN Hz{PRY) FOR 12 HRS
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DETERMIMNATICN.
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ASTM GRAIN SIZE NO.

FIGURE 356

EFFECT OF SINTERING TIME AT-1750°C-H,PRY) ON GRAIN GROWTH IN ThO, PELLETS FABRICATED
FROM POWDER LOT 136, MICRONIZED, CALCINED (1200° C-8 HRS-H (ORY)), /S AGGLOMERATED

WITH 1.5 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND PRESSED TO A GREEN DENSITY OF 60 %
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ASTM GRAIN SIZE NO.

WAPD-TM-1311
FIGURE 57
EFFECT OF SINTERING TIME AT 1750°C-H,(PRY) ON GRAIN GROWTH IN ThO, PELLETS
FABRICATED FROM POWDER LOT 136, MICRONIZED, CALCINED (1200°C-8 HRS - H,(DRY)),
L/S AGGLOMERATED WITH I.5 w/o CARBOWAX —0.2 w/o STEROTEX (ADDED DRY),
AND PRESSED TO A GREEN DENSITY OF 62%
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ASTM GRAIN SIZE NO.

FIGURE 58

EFFECT OF SINTERING -TIME AT 1750°C-H,°RY) ON GRAIN GROWTH IN ThO, PELLETS
FABRICATED FROM POWDER LOT 136" MICRONIZED CALCINED (1400°C-3 HRS-H , (DRY) | /g

AGGLOMERATED WITH 1. 5 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY), AND PRESSED

- : ) "TO A GREEN DENSITY OF 60 °/o .

K

|

|

[

|

|

i07, 22.HRS ; 6.06 g/cc; 9.27 g/tc

T T T T T 7

POWDER SURFACE AREA-3.4 m2/gm
PRETREATMENT: 925° C-3 HRS-CO2

|

|

I

!

|

r

.\I

NOTATION NO., SINTERING TIME, GREEN
DENSITY,SINTERED DENSITY

106,12 HRS,
. -16.10 g/cc,
10 X) : }9-23 g/cc

~ 105, 5 HRS;
6.08 g/cc,
9.00 g/cc

XXX O ¢OBRE X X BOS X BE X K&
I N D U G N N NN N MG NN SRR S SR

80 - 120 © 160 ° 200 240‘ 280 320 - 360 400 440 480 520
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION (10”3 INCHES)
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ASTM GRAIN SIZE NO.

o  F GURE %
EFFECT OF SINTERING TIME AT 1750°C - HoPRY) ON GRAIN GROWTH IN- ThO, PELLETS

FABRICATED FRCM. POWDER LOT 136, MICRONIZED, CALCINED (140C°C-3 HRS-Ha(DRY))

L/S AGGLOMERATED WITH 1.5 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY), AND

PRESSED TO A GREEN DENSITY OF 65 %

T T T T T T T T T T T T T T T T T T T T T T T

SURFACE AREA = 3.4 mZ%,gm

PRETREATMENT: 925°C ~3HRS-C3,

NOTATION: NO., SINTERING TIME, GR'N DENSITY,
SINTERED CENSITY

AN

~—138, 2.2 H}S; 6.56 g/cc; S.44 g/cc

SINTERED 110°F DZW POINT
HYDROGEN

/—|3?, 12 HRS; 6.53 g/cC; ©.43 g/cC

0o ® Ome® eeen een

eZe — ——Oe% e

OBV LAaRF X 2MBrON FXEEHEFX @XXORXNEBER X = %FOX X & @ XX
\s 172,12, OHRS; 6.24, 6.47, AND 5.54 g/cC ’ )
135, 133, 132 9.02, 8.99, AND 3.86 g/cc
Y N IR N (N SO N NN NV (S S S DU S R S N D R R R T e e

40 80 120 160 200 240 280 320 350 400 440 480 520
DISTANCE FROM PELLET SURFACE ALONG TENTER DIAMETER X 10-3 INCHES (LONGITUDINAL SECTION)
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FIGURE . b0

EFFECT OF BLENDING CALCINED AND -AS-RECEIVED 136-POWDER ON ‘GRAIN GROWTH IN ThOg
PELLETS DRY PRESSED WITHOUT BINDER AT 60% GREEN DENSITY AND SINTERED AT

1750 °C IN Ho'PRY) FOR [-i/2 HRS

ASTM GRAIN SIZE'NO.

& T T T T 7 T T T . T T T T T T T T T T T T T 1
7 7]
8 - —
A

9.0 _

A
| 2 ‘ A A
'o‘z : 1 k PELLET NO.| BLEND PELLET NO.g

1la 50 % LS-REC'D " AS-REC'C Dbl MICRO

) . . 50 % CALC 1400 °C-3HRS SURFACE AREA = 8.1 m?-/gm
Ty - SURFACE AREA=75,5.2m2/mg  ° . GRN-DENSITY'= 5.97 gm/cc _

) GR'N DENSITY=595gm/cc - - © SINTERED DENSITY = 9.885 gm/cc

’ A SINTERED DENSITY=9.892gm/cc>5 A E '
12 A BAD /0O A AA O o M _

AN ADAOD AAAAA[D A AQNA
q——————
13 ATTA 0OAODO A0 O DODO O OaAAD O —
A 00000 QpOoO 0000
PR . ,
ol ’/' | , \\ . /- |
/ PELLET NO.5; CALC 1400 °C -3HRS \ /
SURFACE AREA = 4.4 m2/gm '
: . ' SINTEREDDENSITY = 9.56 gm/cc  GR'N DENSITY
15 [ NN N NN S (NN (S LA (NS NI N I N I S NRN R UCNCE I N NN R S
O . :40'- 80. 120 ' 160 200 -'240 - 280 . 320 - 360" 400 440 - 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION (10”3 INCHES)
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ASTM GRAIN SIZE NO.

FIGURE &1 f
EFFECT OF BLENDING CALCINED AND AS-RECEIVED 136 POWDERS ON GRAIN GROWTH IN Tho2
PELLETS DRY PRESSED WITHOUT BINDER AT 60 % GREEN DENSITY AND SINTERED AT

1750 °C IN H,!PRY) FOR 12'HRS

AA— A7 K ANAA ALK

A
‘ PELLET NO.2 BLEND
50% AS-REC'D
50% CALC 1492 °C -3HRS

SURFACE AREA = 7.6,5.2 m2/gm
GR'N DENSITY = 5.96 gm/cc
SINTERED DENSITY = €.969cm/cc

PELLET NO.7 A3-RECD
SURFACE AREA = £.1m2/gm
0O GR'N DENSITY = 5.38 gm/cc
SINTERED DENSITY=10.0l gm/cc ¥

a 0O aoooo o

/ ©) ®) ®)
" & FELLET NO. 6,CALC 1400 °C-ZHRS

SURFACE AREA = 4.4 m2 /gm
GR'N DENSITY =
SINTERED DENSITY = 9.846 gm/cC
O
* VALUE MAY NOT BE REPRESENTATIVE DUE TO LOSS OF souo MATTER DURING DENISlTY DEI’ERMINATION
.

TSR g L N

1

40 30 120 160 200 - 240 . .280 320 360 400 440 480
DISTANCE FROM 2ELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION (1073 INCHES)

520
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FIGURE 62

EFFECT OF SINTERING TIME AT 1750 °C IN Hz (PRY) ON GRAIN GROWTH IN PRETREATED (925.°C-3HRS-COp)
ThO, PELLETS DRY PRESSED WITHOUT BINDER FROM A BLEND OF CALCINED AND AS-RECEIVED 136 POWDER

ASTM GRAIN SIZE NO.

3

T

T T T T T T T T T T T T T T T T T T T T T

POWDER BLEND.3372, SURFACE AREA 7.57-5.25 m2/gm
50% AS-REC'D 136,"3-2, SURFACE AREA 8.78-6.54 m2/gm

50 % CALC 1400 °C-3-Hjp,136,3-2, SURFACE AREA 4.4 m2/gm |

hY

®
' e o ' X

000 © o 000 o Yo X2 0 - @),
o 0o o XX @ ®

X: 3372-N0.6 . N
& I2HRS (@ 1750 °C
- GR'N DENSITY 5.94 gm/cc
X X \ SINTERED DENSITY 9.941 gm/cc

3372 -NO. 3
SHRS (@ 1750 °C.- L X [Xe
GR'N'DENSITY 5.99 gm/cc

.. SINTERED. DENSITY 9.913 gm/cc

X : x»..

3372 -N0O. 4

!

13- I-1/2 HRS @ 1750 °C T
“GR'D DENSITY 5.92 gm/cc ™"~ *
SINTERED DENSITY 9.873 gm/cc
P A TSN SR RSN N SRR NCSN RN IVANN SR RN N IS Pl OV NN SN NN SN LN RS (Rl RS A R
‘0 40. .. 80  |20. 160 200  -240. 280 -.320- 360  -.400 ‘440 . 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION (1073 INCHES)
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ASTM GRAIN SIZE NO.

FIGURE 6

EFFECT OF SINTERING TIME AT I750°C IN H,ORY) ON GRAIN GROWTH IN Th02 PELLETS
DRY PRESSED-WITHOUT BINDER FROM'A BLEND oF CALCINED 36 AND AS-RECEIVED 096 POWDER

T T 1|1T11|rﬁ|.JTT-|rTJ T T
3373 BLEND, SURFACE AREA 8.8 m2/gm
50% AS RECEIVED 096, 1-2, SURFACE AREA 10.2 m2/gm

- 50% CALCINED 1400 °C-3-Hz, 3- 2 SURFACE AREA 4.4 mz/gm N

® 3373 -NO. 8
i2 HRS @ 1750 °C
GRN DENSITY 5.818 gm/cc

\L - SINTERED DENSITY 9.947 cm/cc o—o
/ 0000 o. T e @ o/, e }o

0 O-U-Q'.—.—.’. ® /X

, 3373-N0O.5 @
/" 5HPS @.1750 °C ‘
/ GRN: DENSITY 5.86 .gm/cc
SINTERED DENSITY 9.945 gm/zc

X X

1

N
O 0 ® xxXx_O —
3373-NO. T I-1/2 HRS (@ 1.750 °C ‘
co c e o ¢ o o GRN DENSITY 5.86 gm/cc \
| . - SINTERED DENSITY 9.902 gm/cc
RS N T N RN R SN S TN SO R AN S TR N M At My N 1
40 30 20 160 260 - 240 280 320 3O - - £00 440 . 480

DISTANC FROM PELLET SURFACE ALOI\G CENTER DIAMETER OF LONGITUDINAL SECTION (IO'3INCHES)

520
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ASTM GRAIN SIZE NO.

ThO, DRY PELLETS PRESSED WITHOUT BINDER AND SINTERED AT 1750°C IN H,{ORY) FOR (-I/2 HRS

4

[
FIGURE é&

EFFECT OF BLENDING CALCINED 136 AND AS-RECEIVED 096 POWDER ON GRAIN GROWTH IN

|

1 A

GD

50% AS-REC'D 096; I-2 SJRFACE AREA 10.3m2/gm

T T T | I T T -1 I | | I T T 1T 17 | I [ | I | |
PELLET NO. | BLENC; SURFACE AREA 8.8 m2/gm; X PELLETY NO. 3T AS-REC'D 096
5.86gm/cc, SD,9.896 gm/cc SURFACE AREA 8.2 m2/gm;GD=6.208gm/cc, SD=9.565 gm/cc

b .
50% CALC 136,1400-3-H,, 3-2,SURFACE AREA 4.4 m2/gm O PELLET NO.15P AS-REC'D 096, -2

€]

SURFACE AREA 4.4 m2/gm; GD =

PELLET NO.5; CALC I35,1400-3-H,p, 3-2 )
;$D=9.565gm/cc

7 | 00
sl oA ' . : : ' A
| A/Q | 8

/ A j A

SURFACE AREA 10.3m2/gm; GD=6.0gm/cc; SD=9.790 gm/cc

40 80 = 120 160 200 240 280 320 360 400 440~ 480
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDINAL SECTION (10*3INCHES)

520
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ASTM GRAIN SIZE NO.

FIGURE 65
EFFECT OF 3LENDING CALCINEC 136 AND AS-RECEIVED 096 PONDER ON GRAIN GROWTH IN

ThO, PELLETS CRY PRESSED WITHOUT BINDER AND SINTERED AT I750°C iN Hp (PRY) FOR i2 HRS

X

| O

| T L | | | 1 | [ | | L | | I | I | I | [

PELLET NO. 4H, AS-REC'D 096 - ' A PELLET NO. € BLEND; SURFACE AREA 8.8m%/gm;
- G6D=5.8l gn/cc 5)=9.951 gm/cc *

50% AS-REC 'D 096;1-2, SURFACE AREA 10. 3m2/gm
50% CALC 136, I‘C'O 3-Hgz, 3-2,SURFACE AREA 4. 4m2/gm

(@) :PELLET NO. z; CALC135,1400-3- -Hz,3- 2 :
SD =9.846

SURFACE AREA 8.2 m2/cm, GD = 5.53 gm/cs SD=9.72tgm/cc
CPELLET NO.I3F, AS-~EC'D 096,1-2 . : -
SURFACE AREA 10.3m2/gm; GD = 5.95 gm/cc $D=9.849 gm/cc

SURFACE ARZA 44m2/cm GD =

A A

A AAAA A AA

Qo og 0Ooo O

oC Qo O O O 00 00O O D

X XX O X @) X XO

~

XXX X X® KX XX X X XXX X XXX XX, X X X

0]

.3 VALUE MAY NDT 3E REPRESENTATIVE DUE TO LOSS OF
SOLID MATERIAL DURING DENSITY DETERMINATION

e 1 1 - | I | I N I [ | [ | | I | ] | [ "

4c 80 120 160 200 240 280 320 360 400 440 480
DJSTANCE IFROM PELLET SURFACE ALONG CENTER DIAMETER OF LONGITUDIMAL SECTION (10”3 INCHES)
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FIGURE 66a - Metallographic section at the surface along the diameter of the thoria pellet fabricated
without binder from equal gquantities of calcined (1400-3 hgs—H ), micronized and as-
received micronized thoria 136 powder and sintered at 1750 °C for 12 hrs,
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FICURE 66b - Same section as above but located at the pellet center. 500X

Neg, No, 50762-1
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WAPD-TM-1311 FIGURE 67

FIGURE 67a - Metallographic section at the surface along the diameter of the thoria pellet
fabricated without binder from equal quantities of calcined (1400-3 hrs—Hz), micro-
nized and as-received, micronized thoria 136 powder., Sintering temperature

= 1 o
50 1= hrs——nz.

R, F—

FIGURE 67b - Same section as above but located at the pellet center,

21k
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FIGURE ¢8
VARIATION IN POROSITY ALONG THE DIAMETER OF A THORIA PELLET
FABRICATED WITHOUT BINDER FROM EQUAL QUANTITIES OF CALCINED
AND AS-RECEIVED 136 POWDER SINTERED AT 1750 °C IN Hz

| I [ | | | | 1 | 1 | | | I | | [l [ |
2.9 L O PELLET NO. | AND2 |
’ 50 % AS- REC'D
- A 50 % CALC 1400 - 3HRS 3
/) SURFACE AREA 7.6,5.2 m2 /gm
20 |- 4I 4 O =
- | I-1/2 HRS @ 1750 °C_ _
! v p = 9.905 gm/cc O
By o &
: P \ o
= \
ey | o
] : \\
1.6 | &
I ) =
— ' S5
| \o Vo
= 1.4 % o ® \ -
4 \ =
2 R \
; 1.2 —" \ ® \ A =
w N \
© i N Q =)
a i \O
1.0 atf _
® \
%J | $—o % .
-~ u_ ° 12 HRS @ 1750 °C o \O\
>08 | PY p=9.969 gm/cc ® ~
] O @ O
i
0.6 |- (@ F(&) )
®
P o & ® g
0.4 =
. —
0.2 —
o ealead e J o Sl e |1/ TN R o S| S 83 P
0 10 20 30 40 50 225 235 245 255 265

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER (1073 INCHES)
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FIGURE 69. Grain Boundary Curvature at a Free Surface

69a Typical Sterotex Void As
Observed in Micrograph of
a Pellet Fabricated From
As-Received 136 ThO? Powder
99787 Mag, 400X §
Neg. No. 51039—%5

*®

#

 M/
L
#*

69b Microstructure of 0,53
Tn. Diameter ThO, Pellet
Fabricated From Calcined
(1100°C-48 Hrs-H,) Powder
Lot 136 and Sintered at
1750°C For % lir In
Hydrogen. Note The
Presence of Intragranular
Porosity and Smooth
Sterotex Void Surface,
395K Mag, L4OOX

Neg. No, 51039-6
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FIGURE 69 (Cont'd.)

69c Same Pellet Composition As 69b
Above Except the Pellet Was
Sintered at 1750°C For 12 Hrs,
Note Lack of Intragranular
Porosity and Irregular Sterotex
Void Surface Resulting From the
Movement of Grain Boundaries Into
the Free Surface,
417K Mag, 400X

Neg, No, 51039-46
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SINTERED DENSITY, g/cC
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FIGURE 70
EFFECT OF CALCINING TEMPERATURE AND SURFACE AREA
ON THE SINTERED DENSITY OF BINDERLESS ThO> PELLETS
(LOT 136) SINTERED FOR 12 HRS AT I1750°C IN DRY Ho

T T | I [ [
MIC
8 HRS
= 1200° C, H, MIC _
3 HRS MIC
| 1400°C, Hj "
AS-REC'D
s (l038°C,AIR)
= —
1100°C, AIR
N AS-REC'D
L BS-CALC N\ iauer i -
AS-CALC
L_ —
[ l i | | |
2 3 4 5 6 4 8 9

SURFACE AREA, m/g
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FIGURE 7

EFFECT OF SURFACE AREA AND CALCINATION
ON GRAIN GROWTH IN ThO, PELLETS

UL T \ T T T T
S "\ CALC. 1100°- 48 HRS-Hy, MICRO 136
B ' DRY PRESSED 7]
| o\ _
B CALC. ||00° 48.HRS- H2,MICRO 136 |

SLURRY AGGLOMERATED
| - @® HYDROGEN CALC.1200 & 1400°C, MICRO ' : _
.~ AND DRY PRESSED POWDER LOT 136 -

— X. HYDROGEN CALC. 1200 8 1400° C, MICRO -
| . AND L/S GRANULATED POWDER LOT 136 . |
&  HYDROGEN CALC.1100,MICRO,DRY , o
- PRESSED POWDER LOT 096 . —
B HYDROGEN CALC. 1100°C, MICRO | -]

AND SLURRY AGGLOMERATED ! .

- POWDER LOT 096 —
_ 50/50 BLEND OF MICRO
— AS-REC'D AND 1400°C =1
B 3HR-Hz CALC. MICRO
136
ki
B % (AS-REC'D POWDER LOT 096 -
B . " MICRONIZED{& SLURRY -
3 : : 3 .
x AGGLOMERATED
A & 5 T !
| A - N
5 AS-REC'D POWDER LOT
e 136 MICRONIZED 8 SLURRY T
| AGGLOMERATED ~
— AS-REC'D 136 -
| 1200-8 HRS\ MICRO & DRY ]
| 1400-3 HRS PRESSED
I200 £4 HRS / ‘ g '
1400-9 HRS AS7REC'D 136 AS-RECD 096
\ DRY PRESSED & MICRO & DRY
i x S\ J : PRESSED
"CALC. no;giw HRSHa 136\ AS-REC'D 096 ~
2 RY PR
POWDER DRY PRESSED. —— ) 0 | ESSEDI | |
2 6 7 8 9 10 T

SURFACE AREA m2/gm
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FIGURE 72

’EFFECT OF SURFACE AREA ANO CALCINATION
ON GRA_IN GROWTH IN ThO, PELLETS
SINTERED AT I750° C IN Hy FOR 12 HRS

[~ PELLET GREEN DENSITY =
60 % FOR POWDER CALCINEDO
AT 1100°C OR GREATER !
| y=mx+b :
y=LOG GRAIN SIZE
m=SL.OPE
LOG (6.5.)=0.318 (S.4.)-.62]

CALCINED -
—  |I0°F DEW
| POINT

] | . ]

CALCINED"

d

I

OS =0+

AQADOIDI X 0 o ——@«

© 0

> O

“
~

| | |

136,1200-8 HRS, L/S, 2-MICRO,
Hp WET (110°F)

136,1400-3 HRS, L/S,2-MICRO, |

Hp WET (110°F)

50/50 BLEND 096/136
50/50 BLEND 136 D.P,
PRE-TREATED

50/50 BLEND 136 D.P

136, AS-REC'D, D.P, 2-MICRO
136, AS-REC'D,D.P,0-MICRO
136,AS-REC'D,SLURRY, 2- MICRO
136,1100-48 D.P, 2-MICRO

UNCALCINED.

136,1100-48 D.P, O-MICRO
096,1100-48 D.P, 2-MICRO
096, 1100- 48, SLURRY, 2-MICRO °
136,1100-18, SLURRY, 2-MICRO
136,1200-8 HRS,0.P,5-MICRO
136,1200-8 HRS, L/S, 2-MICRO ,
136,1200-24 HRS,D.P, 5- MICRO
136, 1400-3 HRS, D.R, 6-MICRO
136, 1400-3 HRS, L/S, 2-MICRO

136, 1400-9 HRS, D.P, 6-MICRO

096, AS-REC'D,D.P, O-MICRO
096,AS-REC'D,D.P, 2-MICRO
096, AS-REC'D,SLURRY, 2 MICRO

] - ] ]

_1

—

o) 2 4 6
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" APPENDIX A

GRAIN GROWTH IN SLURRY AGGLOMERATED ThO2

PELLETS

» Extensive granular segregafion'was observed
in the microstructure of thoria pellets
fabriéated from micronized-as-received and
micronized-1100°C-48 hour. air-caleined powder
lots 096 and 136 by the ’slur_ry a{,gg'l’o'merétion -

_ process, Section VII. It was theorized hat the
sintering atmosphere was able to penetrate the
pellet structure through separations betweenA
granules and vaporize the grain growth.inhibit-
ing impurity, Consequently, the grain size data
presented in Figures A-1 - A-12 may not be

representative and should be used with:discretion.4

221



eee

ASTM GRAIN SIZE NO.

FIGURE a-1
EFFECT OF SINTERING TIME AT 1750°C-ON GRAIN GROWTH IN ThO, PELLETS
FABR:CATEC FROM POWDERX LOT 096, MICRONIZED, AS—RECEIVED, SLURRY
AGGLOMERATED WITH:1.75 w/o CARBOWAX -0.2 w/o STEROTEX (ADDED DRY)
AND PRESSED TO A GREEN TARGET DENSITY OF 57 %

6 Qe =1, 12 HR @ 1750°C
GD=573 gm/cc .
X €D=9.605 gm/cc o " o0

60-567 gm/cc

-9, 1-1/2 HR @ 1750°C
$0=9.651 gm/cc O 712 HR @

60=538 gmics X
SD=9.567 gm/ce

\~1-3, 0HR@ I750°C
G6D=5.74 gm/cc
SD=9.528 gm/cc

12 & OROO—OL AN
A < " PCWCER SURFACE AREA=10.28 m2/gm
\ PRETREATMENT:. 925°C-3 HRS -CO,
13 - JAN . x NGTATION: NO, SINTERING TIME,
1-5, 1/2 HR @1750°C GREEN DENSITY, SINTERED
N GD=5.66 gm/cC DENSITY Y/ AA
SD=9.529 gm/cc
14
| | ] | 1 ! ] | ] | | ] ] 1 1 | ] | | | | I I | ]
0] 40 8C 120 160 200 240 280 320 360 400 440 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10”3 INCHES (LONGITUDINAL SECTION)
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ASTM GRAIN SIZE NO. -

: R FIGURE: "A-2 s -
EFFECT OF SINTERING TIME AT I750°C ON GRAIN GROWTH IN Tho2 PELLETS
- FABRICATED FROM POWDER LOT 096 AIR CALCINED AT 1100°C FOR
48 HRS, MICRONIZED, SLURRY AGGLOMERATED WITH |.75 w/o CARBOWAX —
0.2 w/o STEROTEX (ADDED DRY) AND PRESSED TO A GREEN TARGET DENSITY OF 57 %

POWDER SURFACE AREA:5.29 m2/gm

PRETREATMENT: 925°C - 3 HRS - CO,
" NOTATION: NO., SINTERING TIME .
GR'N DENSITY, SINTERED DENSITY LX

3-1, 12 HRS @ 1750°C
GD:5.74 gm/cc
SD=8A54Igm/cc

‘ X A e oo oo /x/ of
@X A XM X A N X X
o A& . ax x ma < X a-x—am%

ADOO s O O O LO b 06 o O

/—3 9, 1-1/2 HRS, GD = 5.80 gm/cc, SD = 8.374 gm/cc

00 A AD Q O 00 ROBYON A& B
"o 00 0 O

3-3,0HRS, GC = 5.84 gm/cc, SD = 8.243 gm/cc

~—3-11,'5 HRS
GD=5.86 gm/cC
' SD: 8.354qm/cc

O

— —CO—O0—— oo 3T U D 00 0, Qo —
) Q'."\iil(:ﬁ-’tr\’,‘l‘ ’ O - O ‘ | - ) O
N T TN T YN U S SN S SN N S SO UL I SN TR LN OO SN TR SO B
6] 40 . 80 120 |60 - 200 240 280 - 320 360 400 - -440 480 520

DISTANCE FROM PELLE.T :URFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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ASTM GRAIN SIZE NO.

FIGURE a-3

EFFECT OF SINTERING TIME AT 1750°C ON GRAIN GROWTH IN Th02 PELLETS

FABRICATED FROM POWCER LOT 096, MICRONIZED, AS-RECEIVED, SLURRY

AGGLCMERATED WITH I.75 w/0 CARBOWAX -0.2 w/o STEROTEX (ADDED DRY)
ANC PRESSED TO A GREEN TARGET DENSITY CF 61%

12 HRS @ 1750

POWDER SURFACE AREA=10.28 m2/gm
PRETREATMENT: 925°C-3 HRS-CO,

®
NOTATION:NO., SINTERING TIME, GREEN /
DENSITY, SINTERED DENSITY ®

Ov

] | | I N B |

5 HR. :
ored e 01060 6

®-® 113,12 HRS @ 1750°C

GD=6.23 gm/cc
SD=3.662 gm/cc
X=X 1-23, & HRS @ 1750°C
-6D=5.15 gm/cc
Sk= 9.645 gm/cc
O=0 1-21, 1-1/2 HRS @ 1750°C
GD= 5.16  gm/cc
Sb= 3.609 gm/cc
| i | | ] ] 1

L=\ 1-17, 1/2 HR @ 1750°C
6D=6.22 gm/cc
SD =9.659 gm/cc

<>-(>| 15, 0 HRS @ 1750°C
=z GD =6.20 - gm/c¢C
SD =9.605 gm/scc

[ A P RRTE N N YT NI SRR NN R S

0 40 80 - 120

- 160 200 240. 280

320 - 360 400 © 440" 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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. L . v

FIGURE 4-4
EFFECT OF .SINTERING TIME AT 1750°C ON GRAIN GROWTH IN Th02 PELLETS
' FABRICATED FROM POWDER LOT 096 AIR CALCINED AT IIOO°C FOR
48)HRS MICRON! 'ZED, SLURRY AGGLOMERATED WITH 1.75 w/o CARBOWAX
0. 2¢w/o STEROTEX (ADDED DRY) AND PRESSED TO A GREEN TARGET DENSITY OF 6I %

l
=2

— T 'l_lz;,l- T o N L »1',"1:"_-'1-_-1,‘ S A R

— .~ - e e S ¢
. POWDER SURFACE AREA = 5.29 m&/ gm
: PRETREATMENT: 925°C - 3 HRS - CO,
! 3-21, 1-1/2 KRS @ 175)°¢C s NOTATION: NO., SINTERING TIME,
: GD:'6.2 gm/ec 7 ’ GR'N DENSITY, ‘SINTERED DENSITY
$D: 9.110 gm/cc ' , .

3-23, 5 HRS
6D=6.10 gm/cc
. SD= 92|:gm/cc

3-13, 12 HRS@ 1750°¢C
G6D=6.13 gm/cc
SD= 9.154gm/ccC

I3

e

Q'Q 7

3-17, 1/2 HRS @ 1750°¢C
GD=6.18 gm/cC. - .. - o .
so: 893¢gmscc - VY T - . N

B R T S A R N - S
[ I N S Pl NGNS LS4 (N AT NN PO Y [N WY S SN U SRS [NCA SRS L S N

1t

40" . 80 "= 120 .. .I160: .200. . 240 280 320 .360: 400 - 440. " 480 520
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10”3 INCHES (LONGITUDINAL SECTION)
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9

o SR s FIGURE A-5 . . Cte
EFFEST OF SINTERING TIME AT [750°C ON GRAIN GROWTH IN Th02 PELLETS
" FABRICATED FROM POWDER. LOT 136, MICRONIZED, AS=RECEIVED, SLURRY
AGGLOMERATED WITH I.75 w/o CARBOWAX -0.2 w/o STERODTEX (ADDED DRY)
ANC PRESSED TO A GREEN TARGET DENSITY- OF 57%

T I P T T N | | Il T 1 I P 'I,l 1 I |

e POWDER SURFACE AREA £8.10 m2/gm a -
PRETREATMENT: 925°C -3 HRS - CO,

NOTAT.CN. NO, SINTERING TIME,
GREEN DENSIEY SINTERED
-DINSITY

2-6, 22 4RS @ 1750°C
GD=5 857 gm/cc .,
SD= : '
«——2-1, 12 HRS @ 1750°C

*9-0.9 \ 60=3.80 gm/cc 4 oo

= SD=9.598 gm/cc

. ° ®
0 0'08-0:00—0-0-0 X X X

: 2-11, 5 HRS, 6D=5.78 gm.CC, SO =310 gm/cc
X O {

e OOOO O X X

-

XXORX®@X X OXX@RALAR® X X XX O O

MOXNX

cloo@xo Oodaa A O A A

AA Q0O AA AXA FAWANNENYANNEVAN

A N o) A * 2-9,1-1/2 HIS
—2-5,1/2 HR © 1750°C : GD=5.79.gmscC
" 6D=5.84 gm/cc 'sD=9.549 gmrcc
: sD=9.491gmscc

| | | | | | | | ] ] ] ! ] i ] | | | 1 | | ] | ]

o) " 40 80 120 160 20C 240 280 320 360 4Co 440 480 520
DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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FIGURE 4-6

EFFECT OF SINTERING TIME ‘AT 1750° C ON GRAIN GROWTH IN ThO, PELLETS FABRICATED
FROM POWDER LOT 136 AIR CALCINED AT 1100° C FOR 48 HRS,MICRONIZED, SLURRY:

AGGLOMERATED WITH .75 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND PRESSED

TO A GREEN TARGET DENSITY OF 57 %

=4

4-6,22 HRS @ 1750°C
GD=5.694 gm /cc ..
SD=

O . -
0 ' 0Ooo

- 0a aupu

uoubn

'FOWDER SURFACE. AREA =5.55 m2/gm
PRETREATMENT: 925°C-3 HRS-CO>

NOTATION: NO., SINTERING TIME, GREEN DENSITY, SINTERED DENSITY

J} : 1/2 HR /—4 1,12 HRS, 5.70 gm /cc,9.420 gm/cc
11 : - .
9.029 ‘ —1-1/2 HR
: L @ [
4-9
|2 FI/2HR @ o0 9 O o o o
5.71 gm/cc - ——
9.182 gm/cc L L 00000
13 ANO ° L
4-11,5 HRS,5.67 gm/cc,9.334 gm/cc
OO
14 - NGO XXX . -
\4—-/\—'-")\‘ 4-3,0 HRS,5.70,3.997 gm/cc
N AN o . : '/,,
PN D N N I I I I Sy I Y T | | I
0 40 80 . . 120 +160 200. 240 280" 320 360 ° 400 440 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10™3 INCHES (LONGITUDINAL SECTION)
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FIGURE 2-7

EFFECT OF SINTERING TIME AT 1750°C ON GRAIN -GROWTH IN ThO, PELLETS FABRICATED FROM

POWDER LOT 135, MICRONIZED, AS-RECEIVED, SLURRY AGGLOMERATED WITH I1.75 w/o CARBOWAX -
0.2 w/o STEROTEX (ADDED DRY) AND PRESSED TO A GREEN TARGE]'*.DENSIT.Y ‘OF 61%~

T T T T T T T T T T T T T T T T T T T T T T T T T

POWDER SURFACE AREA = 8.1 m2/gm

PRETREA™MENT: 925¢C-3HRS - CO,

-+ NOTATION: NO., SINTERING TIME, GREEN DENSITY,

7 ‘ . SINTERED DENSITY

2-13, I2HRS @ 1750°C
30 =5.16 gm/cc

RS, @ 1750°C.

SD = .75
30 = 9.759 gm/cc 2-23, 54 .
' 30 =6.20 gm/cc .
. SD =9.747 gm/cc
o o Y o0 ° > g
® 0T e 0/ vo— oo\o ® —
QDX PN B DY PX X=X Y@ @=L XD X-@ B D a-x—o DX - § ®

2-21, 1-1/2 HRS, GD = 6.20 gm/cc, SI* = 9.679 grr/cc

AALA

2-15,0HRS @ 1750°C’ ‘
A GD = 6.13 gmscc 4
SD = 9.674 gm/cc
L2.17,1/2HRS @ 1750°C
GD = 6.18 gmscc
SD = 9.634 gmscc
14 F . ' - A - ; o -

] ] | | 11 ] ] 1 - | ] | | | | ] | S R — ] ] ]
o) 40 80 . 20 i60 200 © 240 280 320 . 260 400 .440 - 480 520
DISTANCE FROM FELLZT SURFACE ALONG CENTER DIAMETER X 1073 INCHES (LONGITUD[NAL SECTION)
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FIGURE &4-8
EFFECT CF SINTERING TIME AT |750°C ON GRAIN GROWTH IN ThO PELLETS FABRICATED FROM
POWDER LOT 136 AIR CALCINED AT 1100°C FOR 48 HRS, MICRONIZED, SLURRY AGGLOMERATED WITH
1.75 w/o: CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND' PRESSED TO A GREEN DENSITY OF 61%

T T -1 1T T T 71T T T T T T T T T T T T 7T T T T T T T°
a 0 POWDER SURFACE AREA; 5.55 m2/gm
PRETREATMENT ; 925°C - 3 HRS - CO,
— o0 0O NOTATIONNO, SINTERING TIME, GREEN DENSITY, —
.SINTERED DENSITY
a @]
4-18, 22 HRS (@ 1750°C _
GD=6.21 gm/cc
@ SD=
ooao )
4-13, 12 HRS @ 1750°C . . L
GD= 6.1l gm/cc o -
SD=9.521 gm/cc /
\ 0 o o0
QOLOQ e0 o0 000 o0 o / ‘
[ ®9 ‘o e o oo
_24-23, 5HRS @ 1750°C v . . .
Gl)=6.13gm/cc - ;
— SD=9.247 : XL X
gm/cc $3=9.542 gm/cz v 4 o ‘ .
\ XX XX ) I X X )X X,

-, X XXX X X XX X X -
172 HR @ X XX X : X X X X 2R @
1750°C . ) : . . S 1750°C -

| GD=6.15 4-21, 1-1/2 HRS @ 1750°C 1-1/2 HRS @ l\ _

gm/cc i 6Dz 6.1 gm/cc 1750°C : Y

SD=8.312 -\ K SD=8.952-gm/cc. - N ook

. gm/cc A . . . . o ‘ -]
(0 R Y A CR B RN N TR Y (RN DU NN NS NAN NS N | l L1
(o} ;- 40 : 80 . I20 160 - - 200 - 240 . 280. 320 360 400 . 520

DISTANCE FROM PELLET SURFACE ALONG. CENTER DIAMETER X 1073 INCHES (LONGITUDINAL SECTION)
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~-FIGURE 4-9 .
EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN ThOz PELLETS PRESSED

FROM MICRONIZED, AS-RECEIVED POWDER LOT 096 SLURRY AGGLOMERATED WITH 1.75 w/o

CARBOWAX-0.2 w/o STEROTEX 7 ADDED DRY) AND SINTERED AT 1750° C FOR 12 HRS

XX T T T T T T T T T T T T T T T T T T T T T 1

L 1-1,%.73 gm/cc,9.605 gm/cc i A : AL

, 1-25,5.64,9.614 gm/cc
Y/ L A AVA @ A A A DDDDD D

8 xf bonoca OOt S®0Ca OO © O

ol 1I00A e, .8 a,n,n I K N TLER HIHEH
s OO x\ 6 QDX O X=X=%- P @=X=X"%. 0. X —0. 0.0, awﬁ.x.o,
O XX7 @ o § ® / { [ 1 ) o
: \ " . |-l3,6£3 gm/cc,9.662 gm/cc 1-33,5.985 gm/cc,9.639 gm/cc

IO [— . .0’ .
N X 1-29,5.98 gm/=¢,9.683 gm/cc
9 ‘ o OO O GO o O O O/ O : -

7 [ AVAYLY A Fa JAY AVAWAW, W, W, W, W, N, WA VAWAYE A O, 4 1A YA 'A A

N o Q0C O 000 0O O 00 00 O O00 O
0] O 00 O
2 -
POWDER SURFACE AREA:10.28 m2/gm
PRETFEATMENT: 925°C-3 HRS-CO>
13 - NOTATION: MO, GREEN DENSITY, SINTERED DENSITY
14
| IS I A (N AP (NN NN N U N U IO N NS N (N S N S, N N NI R S N N
0 40 80 120 160 200 240 280 320 360 400 . 440 480 520

DISTANCE FROM PELLET SURFACE ALONb CENTER DIAMETER X 1073 INCHES (I.ONGITUDINAL SECTION)
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FIGURE &-10

EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN ThO, PELLETS PRESSED FROM
1100°C - 48 HRS AIR CALCINED, MICRONIZED POWDER LOT 096 SLURRY AGGLOMERATED WITH
1.75 w/o CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750°C FOR I2HRS

I I : I | I | | | | | | ] | |

POWDER SURFACE AREA: 5.29 m2/cm

— PRETREATMENT: 925°C- 3 HRS -CO,

NOTATION NO., GREEN DENSITY, SINTERED DENSITY

3-33, 6.35 gm/cc,
9.183 gm/cc

'3-37, 6.66 gm/cc,

9.219 gm/cc

-13, 6.13 gm/cc, T
9.154 gm/cc o o

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10”3 INCHES (LONGITUDINAL SECTION)

X X=X X XX XX X XX Ao -
3-1, 5.74 gm/cc, ’ "
O Ao X X X X X _asmgm/ccxx X
= Q. a A M O . . OO0
/ _ XY A A OO0
3-25,6.61 gm/cc,A - B - ) '
— 8.259 gm/cc R0 OO O-Q O O=—=Y"20O0Ly OO0 O
o)e) Q o "o O
— OO0 O OO O O oo
o 0 OO 3-29, 5.94 gm/cc,
9.005 gm/cc
| O 9 OC0O
AN N NN (Y TS NS N N MR ity I NN NN G SRS AN HOC N AL N
40 " 80 120 160 . 200 240 - 280 320 360 400 440 480 - 520
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: | FIGURE &-11 : 4
EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN ThOo PELLETS PRESSED
FROM MICRONIZED AS-RECEIVED POWDER LOT 136 SLURRY AGGLOMERATED WITH I.75 w/0

CARBOWAX -0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT 1750°C FOR 12 HRS

[

|

I

T T 1

edf

T T T T T T T 1

2-33,6.38 gm/cc,9.723 gm/cc

i

|

!

| | | | I | |
Y2-37' 6.51 gm/cc, 9.706 gm/cc

o o0 ) o0 0 —
00 epelie 06 00000 s0e 0O oo
peedl O oo\ ®sen0n N . 0 —
‘z‘:‘ 2-29,6.03 gm/cc .
9.72 gm/cc 0O Yo 9000
o a -a 2-13,6.1€ gm/cc, B
R ' 9.759 gm/cc
D: XRO VX
o xO x O \ XX XX —
QO A X=X RrORreX=X) X ® ‘:
/ A : "

AAATALOVA AL AVA TATADCATAVA A, ATALA AAA. —

2-1,580 gm/cc,9.598 gm/cc A c A OO 'o
' , ' O O O O —
POWDER SURFACE AREA=8.10 m2/gm ,
A PRETPEATMENT : 925° C-3 HRS - CO, &
‘¢ O L R e OO O _ —
QRO O O O O O D . 2-25,5.64 gm/cc,9.545 gm/cc
O O OO O —~
o NOTATION : NQ, GREEN DENSITY
SINTERED DENSITY
< OO | _
| 1 | | | i l | I | ] | | 1 1 | -1 | | ] | | | ]
40 80 120 160" 200 240 280 320 360 400 440 480 520

DISTANCE FROM PELLET SURFACE ALONG CENTER DIAMETER X 10"3 INCHES [LONGITUDINAL SECTION)
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ASTM GRAIN SIZE NO.

FROM AIR CALCINED 1100°C-48 HRS, MICRONIZED POWDER LOT 136, SLURRY AGGLOMERATED WITH

FIGURE A-12
EFFECT OF PRESSED DENSITY ON GRAIN GROWTH IN Th02 PELLETS PRESSED

1.75 w/0 CARBOWAX-0.2 w/o STEROTEX (ADDED DRY) AND SINTERED AT I1750°C FOR 12 HRS

5 4-37,6.54 gm/cc, 9.554 gm/cc
a / oaoao a

o O 0 o0 0oo
oaoo 00 a0oaa 00.@0 0

‘i..__./\.../ \..._.[

®
4-33, 6.33 gm/cc, 9.577 gm/cc

-

4-13, 6.11 gm/cc, 9.521 gm/cC

0 A )
O\ W X=X=XLO-O@X X=X \/x-x-x X 82 ?x o¢ X
QOO WOrOxX~X LRKRG OX OO O LAV -
\ .
A AXO A G
4-29, 5.95gm/cc, 9.424 gm/cc
A AbAAN & A A L a YA —

OO QORCOO AL RROODBDBLRD [aY
A ’ AO POWDER SURFACE AREA: —

4-1,5.70 gm/cc, 9.420 gm/cc 5.55 m2/gm
4-25,5.57 gm/cc, 948 gm/cc PRETREATMENT . 925°C-3 HRS-CO,

NOTATION. NO., GREEN DENSITY, —
SINTERED DENSITY

DISTANCE FROM PELLET SURFACE ALONG fENTEprLAMEiEB;xqoi3|NCHES (LONGITUDINAL SECTION)
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