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ABSTRACT

The coated fuel particle concept is a promising means
of minimising fission product release from a fully ceramic
dispersion fuel based on beryllium oxide for a high-temperature
gas—cooled reactor system, if techniques can be de#eloped
to produce ceramic coatings of high integrity which afe
impervious to fission products,

Alumina and beryllia coatings have been Suécessfully

deposited on U0, and (U,‘Th)o2 particles by the hydrolysis

2
of aluminium and beryllium chlorides with water vapouf in a
fluidised bed, The coated particles produced were evaluated
by metallographic examination, Knoop hardness meésurements;
acid-leach and air-oxidation testing, measﬁrement of alﬁha-
particle emission, chemical analysis, heat treatment, and
fission gas release measurements on post—~irradiation annealing,
Coating properties have been shown to be a function of
coating temperature, reactant feedrate ratio, and coating
rate, For coating temperatures in the range 500 to 1100°c,
best alumina coatings were deposited at 1000°¢ with an
AlClB/HZO molar feedrate rafio of approximately 0,36 and
a maximum coating rate of 2 to 3 microns per hoﬁr. At a
coating temperature of 1OOOOC; beét beryllia coéfings were
deposited using a BeClz/HZO molar feedrate ratio of about
0.5 and a maximum coating rate of approximateiy 3 microns

per hour, Initial beryllia coating runs at a fluidised



bed temperature of 1MOOOC failed to produce uniform dense
coatings, Evaluation results obtained for the alumina
coatings were consistent with published data and confirmed
the promise of aluﬁina coated fuel particles for use in |
ceramic nuclear fuels, but further work is required to
determine optimum conditions for the deposition of beryllia‘
coatings, |

Possible mechanisms of coating deposition have been
proposed, Coating buildup may occur as the result of a
‘heterogeneous non~cafalysed surface reaction, or a
homogeneous gas—phase reaction followed by transport of the
oxide product, or intermediate reaction products, to the
surface of the particles where crystal growth occurs, The
proportion of oxide deposited as”coating on the ﬁartioles
depends on the solids~gas contact in the fluidised bed,
Variations in coating properties with the conditions of
deposition are explained in terms of changes in reaction
eduilibria; the formation of intermediate reaction products,

and by classical nucleation and crystal growth theory,
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CHAPTER 1

INTRODUCTION

The Australian Atomic Energy Commission is making a
study of a high—~temperature gas-cooledireagtbr system moderated
by beryllia in which the fissile and.fertile méterial is .
dispersed as small particles throughout some-oriali of the
moderator (1), Fuel‘cycles of interestvuse uraniﬁm-233,
uranium-235 or commercial plutonium as the fissile_element,
and thorium—=232 as the fertile~element* ~ The_fuel"pafticles
should be at least 100 microns_in diameter-so'that'fiSQion
product damage is limited to the fuel particiés and.fheir‘
immediate surroundings leaving fhe matrixfsubstantially free
from this damage (2), |

To avoid certain limitations onvthe'temperature of the
outlet gas and thus be able to achieve steém cyclés-comparable
with those in use in the most madern conventiqnal power |
stations; the reactor core is to be complétely;ceramic
without metallic canning to contain fissipn pro&ucts, It
is desirable for the coolant Circuit to be free from fission
products to eliminate the need for expensive fission product
clean~up equipmént; and permit practical.méinténahoe of the
primary circuit components, A fully’ceramic'dispersion fuél
is reqﬁired which will retain most; if nof éll; éf the

fission products,
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The several possibilitiés for reducing fissidn produst
release to the coolant circuit include cladding the fuel‘v
elements with an impervious ceramic coating, and coating the
individual fuei pa;ticles with an impervious ceramic layer
before dispersion in the beryllia matrix; ‘Coafiﬁg of the
particles eliminates the possibility of fuel material:being.
exposed to the coolant gas anq allows better'fuel dispérsion
since particlés are then separated by a disténce at least
equal to two coating thicknesses; Moreover with a coating
which is dénser than the matrix, the fission producté may
be retained as far as possible at or near theif point of
origin in the fuelvparticles. - The éeramic.céated_fuel‘f
particle concept is avpromising means of‘minimiSiﬁg fissipn
product release from the fuel element,

Some of the properties of ceramic oxides bf interest
as the coating material are compared with thosé of UOZ’ Pu02,

and ThO, in Table 1, Physical propérties are taken from

2
Arthur (3,4) and cross section data from General Electric (5).
Beryllia coatings are most desirable since no.moderétor is
displaced by using it as the coating matérial; and it has a
higher thermal conductivity than the other oxides, -Alumina
shows promise on the basis of these properties; ihe main |
dlisadvantage of magnesia is its high thermal e#pansién
coefficient which gives rise to stressés iﬁ thé-coéting;

since the coating contracts more than the fuel particle on

cooling from the coating temperature, A general requirement



TABLE 1

CERAMIC OXIDES FOR COATING FUEL PARTICLES

Thermal Neutron

Oxide Crystal Form Melting Average coefficient| Thermal Con-
Point Ci of Linear Expagsio ductivity at | Absorption Cross
20-1000°C x 10 100Q°C Section for the

10~ cal/(cm) Metal barns
(sec)( C)

A1203* Hexagonal - 2050 8.5 1.5 0,23

BeO * . Hexagonal 2450 8.6 7.0 0,010

MgO ¥ Cubic 2800 13,7 1.6 0.03

’3102' (Fused) 1713 0.55 - 0.1

z2r0, * Cubic 2680 10,3 0.55 0.1

Tho,, Cubic 3300 9.1 0,71 7.5

'002 Cubic 2730 10.4 0,82 108 (for U235)

Puo,, Cubic 2280 11,4 = 300 (for Pu239)

* Coatings of this oxide have been deposited at the Battelle Memorial Institute,

U.S,A, Blocher et al

(6)
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for a densévcoatingvis a -high coating températureﬁ.-'Silica'
and zirconia are less suitable for use as the §oafiﬁg‘material
since they are subject to phasé changeé; and.have 16wér'
thermal conductivities and/or higher thermal neutron cross—
sections than beryllia and alumipa, ‘

Proaessés available foxr dépositing:oxides'aé:éogtings

on particles include - . B B

(1) applying a thick layer of sinterable céramic

- powder to the particles by a-"folliup“
ﬁethod then sinfering (7, 8), .

(2) coating by chemical vapour deposition, for
example, . depositlon of an ox1de by the
hydrolysis of a suitable halide,atrthe :
surface of the particles (9), |

(3) precipitation frpm:a fused salt meit, for.‘
example, ber&llia coated U02 particles
produced by the reaction of steam with ‘
a molten salt mixture of'UFu'— LiF - BeF2 (10),

The last method has not been used successfully for the
preparation of coated particles of the required.size, but
information is availlable concerning the successful use of
the other methods, -

Chemical wvapour depositioﬁ has been defiﬁéd_aé;fhe

deposition of elements or compounds in massi#e,forﬁioi és

coatings, by chemical reaction of the vapoufs of suitable



5%

compounds, usually at a heated surface (11)‘ -The fechnique
has also been called gas plating, vapour pléting;'vapQUr
phase metallurgy, molecular deposition, and vépour
deposition (12), The term chemical vapOur-destitidn is
preferable to distinguish this method from physical vapour
deposition processes such as vacuum‘evaporatidn, .One of
the advantages of cheﬁical vapour deposition is fhai deposits
are built up on an atomic or moleoulér sdale,.and the |
possibility of preparing materials of mnear theofétical
density is inherenf in the process, It therefore éppeared
likely that dense coatings produced by this method would have
better fission product retention dharacteristics_than could
be expected with sintered coatings;

In this study, the technique of chemioal'vépoﬁr
deposition in a fluidised bed, developed at the Battelle
Memorial Institute, U,S,A,, has been used to preparé.coatings
of beryllia and alumina and to establish the best conditions

for coating deposition,
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CHAPTER 2

REVIEW OF THE LITERATURE

2,1 Preparation and Evaluation of Coated Fuel Particles

2,1,1 Methods of Chemical Vapour Deposition

Methods for depositing coherent coatings of metals,
carbides, nitrides, boron, borides; silicony'silioides; and
oxides by chemical vapour deposition techniques have heen
reviewed by Powell, Campbell ‘and Gonser (13) : Uranium andh
uranium dioxide particles have heen ooated With.metals such
as chromium,niobium, nickel, tungsten and.molyhdenum”(lh);
The preparation of'pyrolytic carbon coatinge‘on uranium
dioxide , and thorium and uranium capbidesxhy the-theimal
decomposition of methaney acetylene, pfopane and naphthalene
is also being extensively investigated (15, 16 17, 18 19, .
20).

Considerable information is available on the oxide
coating of uranium dioxide particles; Most effort has been
devoted to alumina coatings by the Battelle Memorial Institutev
(BMI)s 1less work has been oarried out on beryllia, magne51a,
and other oxide coatings, Reactions suitable for depositing
oxides as coatings include.'. : - : |

(1) deposition‘of an oxide by hvdrolysis'of,ah

suitable halide at the surface to. be coated,

for example (6)



2 A1C1, .+ 3 HO =——A10. 4+ 6HCL |
3e) T P 20 (e)
BeCl, + HO BeO .+ﬁ2 HCL
() (g) (s) - (g)
BeCl, + H + CO, ==—=Be0  + 2HC1 + CO
20) ) A@ () @ (@

(2) thermal decomposition of a suitable orgénid compound
at the surface, for example, baéig befyllium
acetate (6) to give beryllia coatings, -

2,1,2 Methods of Particle Agitation

For any coating method} the particles must be ﬁéinfained
in relative movement during thévcoating operatién to.preVent
agglomeration of the particies and assist in the uﬁiformit&»
of coating build-up, Methods which have been used inélude,
agitation in rotating (21) and vibfatofy drums (14)y o
oscillatory pans (lh); spiral beds (22), and_fluidised
beds (9), The rotating,drum reactof and thg osoillafory
multipan reactor generélly have a limited uéeful temﬁerafure
range, and are suitable only for COatingS'produced'at low
temperatures, In the spiral bed apparatué, tﬁezéacting‘gases
entered the wall of the reaéting chamber tangéntiallyfand the
fuel particles were caused to spirai upward, The'vélocity
of the spiralling gases decreased as tﬁe hYdrauiié‘diémetei

of the chamber increased with height, and this permitted the



particles to fall from the gas stream, Thus, the particles
passed repeatedly through the reaction chamber, The

" fluidising efficiency"® of the bed was stated to be quite
high.

Nuclear Materials and Equipment Corporation (NUMEC) (14)
claimed the vibrated horizontal drum reactor was superior to
the fluidised bed reactor because

(1) scale up to larger sizes is more easily achieved
since agitation of the particles is produced .
mechanically, and therefore is independent of
the gas flowrafe required for fluidisation,

(2) gas flowrates sufficient for the purposes of the
chemical reactions involved in the coating
process are redqulred with no regard-to agitation
of the bed,

(3) apparatus can be fabricated from metal and is
therefore more rugged, shock-proof, and safer
in operation than glass, silica, or:ceramic
fluidised beds,

In the preparation of oxide coatings it is questionable
whether this last reason is Jjustified since operétion in the
range 1,000 to 1;40000 in the presence of the corrosive
atmospheres involved in chemical vapour deposition reactions
almost certainly forces the use 6f a ceramic material for
construction of the equipment, irrespective of the type

involved, Large gas flowrates are involved in the use of
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large fluidised bed installations, buf recireulatioﬂ of the
inert fluidising gas required with the fluidised bed
technique could be used, if it was econohieally justified,
It should be noted that for-the coating of enriehed uranium
dioxide particles, criticality considerations limit the
diameter of the fluidised bed te about 5 inches (23),

A comparison of the efficiency of operatien bf vibratory
drum and fluidised bed reactors using available data for
niobium and molybdenum coatings (14, 24) ehows that in a
fluidised bed reacter LO to 90 per cent of the metal fed to
the reactor as chloride was deposited as coatlng on the
parti¢les, compared with 5 to 25 per cent for the vibratory
drum reactor, The difference in performance is related to
’the effect of the larger free space in the reaction zone of
the vibratory drum reactof; compared with that of the
fluidised bed reactor, The operating efficiliency of the
fluidised bed.reactor thus appeaxrs superior to that of the
vibratory drum reactor, -

2,1.,3 Evaluation of Coated Particles

Coated particle properties hafe been evalqafed'by the
following methods (25): o |
(l)- Metallographic examination by light and.electfbn
microscopy, and X-ray diffraction techniques,
(2) Leaching in hot nitric acid, and testing of

oxidation resistance,
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(3) Measurement of alpha particle gmission,

(h)b Heat treatment and thermal cycling of coated
particles above the deposition temperature
of the coating,

(5) Measurements of compressive strengih and hardness,

(6) Chemical analysis, |

(7) Neutron activation and post-irradiation heating,

(8) Long term irradiations with high neutron doses,

In evaluation tests it is important to distinguish, if
possible, bétween the total failure of one odd coated particle
among many which perform well, and a slight general failure of
all the coated particles, Uniformity of coating thickness and
infegrity is highly desirable to clarify the interpfetation
of these tests, Preliminary attempts at the.impact testing
of individual coated particles were made to develop a means
of Qvaluating the integrity of every coated particle produced

in a batch, but a successful technique was not devised (26),

2,2 Alumina Coatings

2,2,1 Conditions of Deposition

Since 1959, BMI has developed the technique Qf-chémical
vapéur deposition of alumina coatings by the hydrolysis’of
aluminium chloride in a fluidised bed, Operation of a
fluidised bed for the coating of‘U02 particles has'been‘
discussed by Blocher et al (24)} who denoted the ﬁopfimum '

level of fluidisation" as the condition when the maximum bed

height was about four reactor diameters above the static
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bed height, Typlcal operating conditions for coating
deposition were given by Browning et al (9); r.Up,tb

95 per cent of the chloride was converted to the oxide in

the reactor, and a maximum of 75 per cent of the alumina
formed deposited as coatiﬁg} the rest becbming'éntrained‘dust,
Coating rates of 1 to 4 microns per hour have beén feporﬁed,
Fluidised bed reactors up to 5 inches in diaméter have been
used, and coatings up to 150 micromns thick havé been applied
to sz particles in the size range 44 to 350 microns in

diameter (9,23), Spherical UO_, particles have been used for

2
most of the coating studies, but no difficulties have beeh
experienced with angular particles (23) or withr(U”,'Th)O2
particles (27), .

The water vapour required for the hydrolysis reactién
may also be generated by the water-gas reaction; Which is
strongly temperature dependeﬁt; |

CO2 + HZZZI: H20 + CO

This method has been used successfully (28,29) for coating
beryllia tubes with alumina above 1100°C and it was shown
that the process gas oomposition and the opérating variéblés,
temperature and Reynolds number,affected the mature of the
coating produced, Initial work at 1;00000, using this reaction

for the alumina coating of UO,_, particles gave incomplete

2
hydrolysis of the aluminium chloride vapour (9), suggesting

that for the chloride rate used the water vapourrproduction
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rate was too low, Subséquently satisfactory coating
conditions were obtained at a temperature of l}hOOOC (30);

Some fine U0, dust, produced by the initial attrition

2
of the U'O2 particles during fluidisation befbre the alumina
coating is applied and by the occasional fractuﬁe_éf pafticles
during the coating ﬁrocess;‘may subsequeﬂtly‘be inéluded in
the coating during the depositién process, "Uraﬁium con-—
tamination of the coatings has been reduced toiléss than'10-6
of the contained uranium, that is, the uranium Qfxthe particle
which is coated, as deterﬁined by alphé-counfing techniques,
This was achieved by stdpping the coating process after 5 tb

6 microns of alumina had been deposited, and rin#ing the
coated particlesin nitricfaoidf Thevcdatiné.proqess.was then

recommenced in a clean reactor (9),.

2,2,2 Structure and Properties

Coatings deposited at 500 to 700°C were pOrous} of lowv
density, and amorphous in structure or poésibl&zéontained
gamma— and kappa-alumina, Above 900°C}vcpatings becamé more
translucent and dense, and showed the presenégfof'aiﬁha~v
alumina crystallites (6), Alumina coatings'deposiféd at
1000°C were translucent, of near theoreticéi density, and
consisted of small crystallites of alphé-élﬁﬁinéy with an
average size of 0,3 microns, dispersed in an'amdrﬁhous matrix,
Coatings deposited at 1400°C were highly érystalline with an

average crystallite size of 25 microns, tranqurént; densey
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void~free, and apparently consisted of colummnar gréins;
with grain boundaries extending from the.UOz_SubStrate to“
the coating surface (31;32),

The temperature of deposition was the most important -
variable in determining the nature of the coafing produced,
The coating rate and the nature of the substrateraiéo had an-
effect (6333); for example, a 1000°c coafing dePoSi%ed over -
an amorphous alumina layer did not show the same degree of
crystallinity as a 1000 °c coating deposited over a highly
crystalline coating (31), Little information is available
concerning coating rate, but Blocher (23) repqrted”that there
was no apparent difference in thé miérosfrubturg-éf.ooatingsf
deposited at 4 microns per hour and at lqwer fatés,

Heat treatment of coatings produced at.temﬁeratures in
the range 50000 to 900°C gave a more'cryétailiné étructure;
but a coating deposited at 1000°¢ ﬁas more.crysﬁalline‘than
one heat-treated at 100000,. Heat treatmeﬁt 9£;éoatihgs
deposited at 1000°C'gave rise to increased crystaliite size
(31). Some experimental work has been carfied'éufson'the
co—deposition of magnesium oxide as a graiﬁ groﬁﬁh iﬁhibitor.
in alumina coatings, in an attempt to produce coatings
capable of being heated above 1400 C without grain growth
and the assocliated loss of coating strength and integrity, \
for incorporatlon in oxide matrices, A concentration of -

1.4 per cent magnesia in coatings prepared at 1025 C did
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not significantly affect the grain size of the as-deposited
or heat-treated material, but 3,1 per cent magnesia in a
coating prepared at 14000C decreased the grain size, After
heat treatment for 15 hours at 150000 iﬁ hydrogen, the grains
of both doped and undoped coatings had- grown to-lO and 25
microns respectivelY; that is, the maximum grainfsiZe in the
doped coating was significantly less than in the undoped-
material (33),

Coatings deposited at temperatures in the.range 1OOOOC
to 122500‘exhibited a radially oriented alpha-phase alumina
structure with the crystallographic a-axis nearly coinciding
with the radial axis of the substrate particle, For coatings
deposited at IAOOOC, a different orientation has been observed
in some coatings in which the crystallographic c—éxis nearly
coincided with the radial axis of the partide (31).

Coatings deposited at 100060 have shown marked surface
protrusions when produced in both the fluidised bed and the
vibrating drum reactors (27); Coatings deposited at 1#0000
showed much fewer surface protrusions than the 1000°c
coatings (31), It has aiso been observed that coatings
with the highest silicon and magnesium impurity content have
the smoothest surface (34), Surface protruéiOns are
undesirable since they result in stress concentrations in
the coating during fabrication, which méy'leéd to coating

fracture, Attempts to minimise the growth of surface
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protrusions at 1000°¢ by interrupting the growth pattern

of the coating with a thin layer of amorphous alumina |
deposited at a lower temperature were successful, Coating
integrity was however, adversely affected, as determined by
air oxidation and acid leaching (31),

The hardness of coatings produced at 1000°C and 14000C
was equal to that of sapphire, but the crushing strength_of
U0, particles coated at 1400°C was only half that of 1000°¢
coated particles for the same coating thickness (30);
presumably because of the weakness of the radial grain
structure of the lhOOOC coatings, Evaluation of the integrity
of 140000 coatings based on acid-leach data of heat-treated,
alr-oxidised, or as—produced materials showed that the
coating integrity was inferior to that of a typical 1OOOOC
coating (31).

The mechanism and kinetics of oxidation of spherical
UO2 particles coated with alumina were studied by thermo-
gravimetric techniques (35;36), At temperatures below
150000; oxidation of the coated particles occurred by
diffusion of oxygen through the coatings, partial oxidation
to U308; and subsequent cracking and complete oxidation,
Tensile stresses in the coatings due to the difference in

thermal expansion of urania and alumina were obsexrved not

to be responsible for coating failure during oxidation at
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temperatures aboVe the coating depositionitempérature; even
though Daytonvand.Tipfoh‘(Bl) reported fhat‘the annealing
temperature fqr alumina coatings deposited“on ﬁoz'paificles,

at 1000°C was 1imited to 1250°C}Iﬁrevious evaluation tests
having indicated that cracking occurred.at_higher_températures;
Oxidation resistanée.of UO2 particles,cpéted yith alumina-at
130000 and 140000 was superior td that of ﬁarticles coated

at 1000°c,

2.2.3 Fission Product Retention Characteristics

Three types of experiments have beeéen carried.butHWith
aluminé coatings on U02 particles: |
(1) neutron activation experiments in Whiéh the
escape of xenon-133 is ﬁeasured ouf bf pilé
at tempera£ures above 1OOOOC,.af£ér a short
irradiation period;
(2) post—irradiationvmeasureﬁénts of the'fglease‘
of Xenon-133 recoiled into Singie Gstfal
alumina dﬁring neutron irradiation in contact
Wifh'UO2 powder,
(3) dirradiation tésts using stétid and sweep capsules,
In neutron éctivation experiments, U02.pérfiélés'coatéd
with 40 microns of dense alumiha, which had péSSéd'the
preliminary evaluation tests, showed xenoﬁ—lSB'releaée
fractions at 1300°C in the range 1075 to 1077 (9;37);‘ This

was of the same order as the uranium contamination iﬁ £he'
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coatings, and the xenon-133 was generally attributed to
this source, It is generally inferred that no xenon-133
is released through the coating,
Post=irradiation measurements of the felease of xenonf133
recoiled into single crystal alpha alumina during neutron

irradiation in contact with U0, powder were made in the

2
temperature range 500 to 150000 (38). The initial release
of xenon-133 during-the,post—irradiation:heat treatment was
very rapid, giving rise to a burst, Aftéf sevgrai minutes;
the release rate decreased, and the.variaﬁién:of cumulative
fraction release with heating time indicated a ﬁiffusion—
controlled procéss, The activation energy calculated from
the temperature dependence of the diffusion coefficients

for this release was 64 + 18 kcal per gram mole for an

13

exposure of 3 x 10 fission recoils per émz of surface area
in the range 1040 to 155°c. An activation energy of

9.2 + 2 kcal per gram mole was oaiculated for diffusion.<
below 1040°C at this exposure,  For higher radiéfionlr
exposures up to 1,5 x 1018 fission recoils per'cmz; only
the higher activation energy process was observed,

Trradiation of UO, particles (127 micron average

2
diameter) coated with 40 microns of dense alumina deposited
at 1000°C in static and sweep capsule tests (39) indicated
that dense as—deposited alumina coatings had essentially

complete fission product retention at 107000 for up to
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3 per cent uranium burnup, with fission producf release
ratios (R/B) of better than 1070 (release ratio = rate of
fission product release divided by rate of fission product
generation), but failed rapidly at approximately 100°C in

a thermal neutron flux of 1 to 2 x 1013 neutrohs (cm)?z(sec)—l;
Failure was essentially completelin‘a few hours, This low
temperature failure oécurred only at temperatures below
50000, Composite coafings of dense aﬁd porous alumina layers
did not significantly reduce loﬁ temperatufe failure, or
provide the same degree of fiséion product containment at
elevated temperatures as was obtained with fully dense
coatings, Annealing of dense alumina coafiﬁés did nof
improve their low temperature behaviour; Coated particles
supported in graphite matrices behafed similarly to
unsupported coated particles, although some of the fission
products were retained in the matrix at low temperatufes,
Recent irradiation results suggested that thicker coatings
‘on relatively porous U02 particles (less thaﬁ 92 per cent
theoretical density) gave better performance at low
temperatures,

Low temperature failure of alumina coated UO, particles '

2
has been attributed to radiation damage, Oxley and Townley
(33) suggested that radiation induced expansion of the UO2
particle was a major cause of failure, but fission recoil

induced strains'(ho;hl) in the coating and the buildup of

fission gas pressure within the cowating could also be
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significant contributing factors, Above SOOOQ; anneé1ing
of some of the damage was assumed to be sufficient to
prevent cracking, |
Currently work at the Battelle Memorial Institute is‘
directed towards the.préparation of cqated,parﬁicle speciﬁens
with composite coétings intended to resiét fissiognreCAil
damage, permit substrate swelling and the acoumﬁlétioﬁ 6f
fission gases, and 1imif crack propagation, Coafingé |
incorporating wvarious combinafions and selécfibng of porous
and dense alumina, beryllia, and pyrdlyfic carboh'layers‘on '
dense and pofous U02 pér{icles are being:evalué%ed;'. |

2.3 Beryllia Coatings

Beryllia coatings on U02 particlés have been.produced by
the hydrolysis of beryilium chloride, and the decomposition
of basic beryllium acetatey in'equipment.similar.to that used
for the deposition of alumina'coétings

2,3.,1 Coatings Deposited by the Hydrolysis of
Beryllium Chloride

Coatings prepared by the‘hydrolySis pf:berylliuﬁ chloride 
at 700 to lloooc’ if uncontaminated by-impuritiés_frém the ‘
beryllium chloride oricorrOSibn products'fromithe f1uidised
bed reactor, have been pbrous (densities as lqw és'uo.per
cent of the theoretical) with a spiny surface_in'fhicknesseS’
above twenty microns, Oniy coatings 6ontaminatéd_with 0.1
to 2 per cent silicon or aluminium have beén rélativély

smooth, dense, and transparent (6).
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Coatings deposited at 1400°C have been translucent,
dense, and of low porosity Wheﬁ deposited by either direct
water vapour hydrolysis or the'use of the water—-gas
reaction (42); The coatings consisted of small crystallites
of beryllium oxide in an amorphous matrix of the same
material, The crystal size was shown to be related to the
coating purity, Coatings with total impurity contents of
several thousand ppm had a fine grain structure-éf crystals
mostly in the size range 2 to 10 micrnné; a highly pure
coating was composed of crystals up to 70 microns along
the c-axis, Knoop hardnesses eqﬁal to that of high fired
beryllia (1300 to 1500 kg/mmz)' have been obtained (43).

The water vapouf/beryllium chloride féedrate ratio had no
significant effect on coating propertieé in the range 0,5
to 1.5 (30), |

Beryllia coatings deposited at 150000 had smooth
surfaces and consisted of large grainéoften equal to fhe
coating thickness (44); This‘largé grain size is considered
to be undesirable because of the anisotropy of radiation
damége in beryllium oxide, Fine grain—-size beryllium oxide
has been shown to withstand much higher doses of neutron
irradiation without micro-cracking thén coarse graih.
‘material (45), Furthermore, out-of-pile tests also suggested
that large grain coatings of alumina and beryllia are

inferior to those of a fine grain structure (44),.
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Coatings deposited at 95000 were cryptocrystalline in
structure (31), while coatings dépositédAat 1400°C were
highly crystalline with a radial grain structurg; the
crystallographic c¢-axis generally coinciding with the radial
direction of the'particle; that is, the groﬁth'direction_
Crystél orientation was less apparént for'coatingé deposited
at lower temperatures (46), |

Acidwleach and air-oxidation tests have shoﬁn_the best
beryllia coatings obtained so far to0 be inferior to good
alumina coatings, This has been attributed to generél
porosity in the beryllia coatings rather than to cracks or
failure of a fraction of the coatings (42); but recent data
(43) iﬁdicated that the impurity content of the-coatings may
have a significant effect;’ Coatings with 1es§ than 200 ppm
calcium and 500 ppm silicon qontamination havé shown best
acid-leach resistance, but no significant correlation with
aluminium content has been observed, Nonuniformity of
coating thickness and uranium contaminatibn.ijthe cbatings
have also been problems with beryllia ébatings; -Thé_causeﬁdf_
these difficulties has not yet beeﬁ defined (33).

It was considered possible that an intermediate product,
beryllium hydroxide; was fofmed by the hydrolysis of beryllium
chloride, and that this might be the cause of pprOSity in.
the beryllia coatings, To overcome this] the"direct‘

oxidation of beryllium chloride was investigéted;, The
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reaction rate was found to be negligible at 100000, and at
lhOOOC was increased by only one order of magnitude, No
further use was made of this reaction (31),

2.3.2 Coatings Deposited by the Thermal Decomposition
of Basic Beryllium Acetate

Beryllia coatings prepared by the thermal decomposition of
basic beryllium acetate in hydrogenJ&om 50Q to 90000 have been
contaminated with 2 to 8 per cent carbon (6;&7); These coatings
were transparent and glassy smooth, with apparently high
densities, The presence of 10 mole per cent water vépour in
the reactant atmosphere greatly increased the deposition rate

at 500°C, but oxidation of part of the U0, was observed,

2
Coatings prepared by the basic beryllium acetate method have
released varying quantities of water wvapour when heated in
vacuum at 5000C, and have shown varying solubility in nitric
acld, Attempts to prepare beryllia coatings at 140000 by
this method have been unsuccessful due to premature
decomposition of the acetate which caused blockages in the

reactor (42),

2.3.3 Fission Product Retention Characteristics

Only limited dataare available for the radiation tésting
of beryllia coated.UO2 particles U02 particles (average
diameter 127 microns) coated with 60 microns of dense beryllia
failed rapidly during irradiation at 100°c (32); When

irradiated at 900°C, fission product release ratios (R/B) were

in the range 10_8 to 10—7 indicating mo failure, after nearly
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3 per cent burnup of the uranium (33)'»’Beryllia'coatings
appear to perform in the same manner .as alumina coatings
with good performance at elevated- temperature but rapid

failure at low temperature,

2,4, Mechanism of" Coating Buildup by Chemical Vapour
Deposition , . : .

Little”information is available'concerning-theimechanismi
of coating buildup‘using‘cheﬁical‘vapour depositioni. |
techniques, 'In.generaly it dis assumed thatfbothia'
heterogeneous surface reaction giyingeriSe to,the coating
and a homOgeneous gas—phase reaction producing dust take
place (32, 48, 49), In the alumina coating of beryllia tubes
however), Van Houten et al (28) reported that the reaction Was_
apparently a gaseous phasey non—surface catalysed reaction
Just how nucleation and crystal growth occur as a result of
the various chemical reactions is not‘understood:

Assuﬁing aiheterogeneous‘surface’reactiondgiyeetriSe
to the coating, the mechaniem of ooating.buildup:ray.be
explalned by classical nicleation and growth theory (50) in’
which growth apparently occurs more readily at kinks and
step sites than on smooth crystalgplanes,' Thus the'growth'
of a crystal could result from | |

(1) +the transport of the reactant mpleculee from

the vapour phase to'the:adsorbeddetategon

the surface,
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(2) migration of surface adsorbed species to kinks
and step sites, (the migratihg.spécies could
be either the reactant mblecules; molecules of
intermediates in the overall;depQSitibﬂ reactibn;:
orvmolecules of the final product)_

(3) accretion of product molecules at growth éites

to give a growing crystal, .

The surface reaction between the reactaht mplecules:coﬁld
occur either in the initial adsorbed positions or at the
growth sites, The presence of-dislocations, for exampley a
screw dislocation generéted by an iﬁpurify atom which has -
been engulfed by a growing layer, Wouid énable steps to
advance indefinitely without necessarily requiring theb
nucleation of new layers (ﬂ8), ' |

Dayton et al (32) suggested that porous coatings were .
deposited at low temperatures perhaps because fhe oxide
nucleated in the gas phase and subsequently attached itself
to the surface of the fuel particles, or poséiblﬁ owing to
the deposition of intermediate products such aé_quhalides
or hydrated oxides which were subsequently cdnﬁéfted.to
the oxlde with corresponding density changes, mAt‘higher
temperatures, it was postulated that eitherzthe gas phase
nucleation tendency was reduced as a result of a‘shift in
the reaction equilibrium, or the intermediaté*prodﬁofs did

not form, or the material recrystallized quickly, so that
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dense coatings were obtained;‘ The microcrystailinity of
dense vapour deposited alumina coatings has been atfribufed
to the large number of growth sites formed by the frequent
energetic collisions of the partiCIes in the flui&ised‘

bed (27).
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CHAPTER 3

AIM OF THIS INVESTIGATION

When the present investigétion was begun in>1ate 1961,
much of the information presented in Chapter 2 had not been
published, However, the promisé of alumina co_at.ed‘U'O2
particles had been established (9;51) and work had begun on
the preparatioﬁ of beryllia coated U02 particles, In generaly
a systematic study of the variables in the coating of fuel'
particles had not been éarried out, Work at BMI had
apparently consisted of a 1imit¢d study of the effect of
coating conditions on coating properties, and ﬁhe pﬁeparatién
of specific coated particle specimens for irradiation testing,
The 1attér aspect had received the major emphasié;‘ |

For this study to be a contribution to the rapiﬁly
expanding field of research into coated particles, it was
recognised that effort should be devoted to the systematic
investigation of the variables affecting‘coatiﬁg deposition
in an attempt to optimise coating properties, :Thié implied
a study of the effects on coating properties of variables
such as reactant feedrate ratio and coating ratey wﬁich had\
apparently been neglected by bther workers,

The technique of chemical wvapour depositidn,in.a flﬁidised

bed was chosen as the most promising method of coating
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deposition, and the hydrolysis of aluminium chloride and
beryllium chloride with water vapour were selected as the
reaction systems, The deposition of alumina coatings was
first investigated and subsequently beryllia coating
conditions were studied, Preliminary coating runs were
made using (U,Th)b2 fuel particles, but UO, jarticles were
used for most coating runs since evaluation of the coatings
by acid-~leach and air—oxidation testing was moré readily
performed in this case, The kinetics of the hydrolysis
reactions and the behaviour of the fluidised.bed'were‘of
interest only in so far as‘they influenced the conditions

of coating deposition;
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CHAPTER 4

PREPARATTON AND EVALUATION OF COATED PARTICLES

4,1 Supply of Feed Materials

The fabrication of sintered UO, and (U,Th)0, fuel

2
particles with a density greater than 95 per cent of‘the
theoretical, is described in Appendix T, |

The preparation of beryllium chloride required for the
beryllium oxide ooatihg'studies is described in Appendix II,
Beryllium chloride obtained from Brush Beryllium Co; wés also
used in this work, Laborétory grade anhydrous élumihium‘
chloride was used forvfhé alumina coating studies,
L,2 Equipment | o

4.,2,1 Low Témperature Units

The apparatus used to coat particles of UOZ and (U‘,‘Th)b2
with alumina and beryllia at temperatures up to 1100°C was
essentlially the same as that reported by Browning et al (9),_
Figure 1 is a schematic diagram of the coating:épparatus,v
Because of the téxicity hazards associated With the use of
beryllia and uranium and thorium'oxides; the equipment was
located in glove boxes maintained at l-~inch Wéter preésure
below atmospheric conditions, Eigures 2 and 3‘are phqtogfaphs
of the equipment used for the alumina and beryl}ia;coating

studies, The glove box used for the beryllia coating Work

included facilities for the cleaming and decontamination of
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equipment items, but the alumina coating eQuipment could ﬁe
removed from its glove box for cleaning, ‘

The fluidised bed reactor consisted of a jd:mm vycor
tube with a conical bed suppdrt and a 2 mm reétriction at the
bottom of the bed, The argon fluidising gas and fhe‘ chloride
vapour were iﬁtroduced into the reactor ét-the bottoh of thé
bed, and the watervvapbﬁr was carried info'the bed.with an
argon carrier gas through a vycor tube extending from the
top of the reactor, The reactants were introduced separately
to prevent premature hydrolysis, and ﬁixing occufred in thé
fluidised bed, A disengaging spéce at the tdp of'the.reactor
minimised loss of fuel particles from the bed, Dust”trabs'
and glass wool filters removed alumina dﬁst;from the exit
gas stream, The hydrogen chloride préduced in the hydrdlysis"
reaction was scrubbed from the exit gas iﬁ a water absorber,
before it discharged to the ventilation s&étem.

The fluidised bed and the chloride vapouriser,ﬁére
heated by nichraome wound resistance furnaoes;.and their
temperatures controlled b& reference to ¢hrome1—alume1
thermocouples, The fluidised bed temperaturé was measured
with a stainless steel clad thermocouplé expoéed to_the“
reaction conditions and inserted into the fluidised bed
through thé water vapour inlet tube, The watei-véﬁouriser
was heated by a resistance heating ﬁantle and the temperatUre

measured with a thermometer
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Argon was metered to the water vapouriser, chloride
vapouriser, and the fluidised bed reactor, 'Noﬁ;return valves
were provided iﬁ these lines, Manometers>fqr determining
pressure drops fhroughout the system were included, The
line from the chloride vapouriser to the fluidised bed
reactor was heated with a resistance heating element to
prevent condensation of ﬁhe chloride in the line, Trace
heating was used withythé alumina coating equipment énd a
"hot‘finger" was employed with the beryllia coating abparatus,

4 ,2,2 High Temperature Unit

Initial beryllia coating runslat 140000 were made using
equipment similar to the low temperature unit;.with a fluidised
bed reactor consisting of a 30 mm I, D, alumina tube with a
cast conical bed support of alumina cement (cone angle 570), '
The performance of this equipment was unsafisfactory since

2
fluidised bed agglomerated owing to poor'flﬁidisation,

approximately 30 per cent of the U0 particlés charged to the -
Figure 4 shows the equipment subsequently used for

coating U0, and (ﬁ,Th)b2 particles with'berylliqm oxide at

1400°c, It was located in the/same glovebox'used fqr’the

low temperature beryllia coatiﬁg‘studies whén.that'work was

completed, The apparatus was made up of a stati§ bed

beryllium chloride producer and a fluidised bed cbating reaotor,1

The beryllium chloride was prepared in situ by the chlorination
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of beryllium turnings and passed directly to the fluidised

bed The water vapour was carried into the bed with an

argon carrier gas through an alumina tube extending from the
top of the reactor,

The beryllium chloride producer consistéd_qf a 30 mm
I,D, alumina tube, sealed at the bottom withia néopréne
rubber stoﬁper, and a graphite gas distributor resting on a
vycor bed support, The beryllium chloride producer ﬁas
heated with a nichrome resistaﬁce heater controlléd by
reference to a chromel—alumel thermocouple between the reactor:
wall and the furnace former, Chlorine and argoﬁ_were fed
into the bottom of the bed and the beryllium.chloride passed
to the fluidised bed reactor above,

The fluidised bed reactor~consisted of a 30 mm I,D,
alumina tube connected to the beryllium_thoride.produCer
by a cast alumina.connecting piece which formed the bed
support for the fluidised bed reactor; A cone angle of 370
was used since, at 140000, a 57o cone gave unsatisfactory
‘fluidisation in initial runs and Browning et al (20) had
reported a 370 cone to be superior to a 57°_cone in the
pyrolytic carbon coating of UO2 and U02 particles, |

The coating reactor‘was heated with a mbiybdenum wound
resistance furnace, after a platinum woﬁhd furnace pr@ved
unable to operate consistently at 140090; : A‘blanket gas of

3 per cent hydrogen in nitrogen was used to protect the

furnace winding, The fluidised bed temperature was measured
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with a platinum - ﬁlatihum 13 per cent rhqdium'thérchouple
positioned for convenience between the reactoi wall and the
furnace former, A check at lhOOOC againsf a thermocouple
immersed in the bed showed that the lattér‘gave'a reading
10°c lower than did the outside thermocoﬁplé; :This
temperature difference was:nof:significantlyraffeéted by
variations in the fluidising:gas Velocity”withiﬁ the.range
of interest in this work,

4.3 Procedure

4.3.1 Low Temperature Unit

The apparatus was gssembled ahd'léak*féstéd_affer
weighing the chioride vapourdser .and the water vapquriser,.
The fluidised bed'reactpr wés'then heated_to“theréoating
temperatuire, As the operating temperature was approached, a
weighed quantity of fuel particles was-aaded; fhe bed_being
fluidised with argon, Both vapourisers were tﬁén heated to
their operating temperatﬁres with nb gas flow fhfough the
chloride vapouriser and the argon carrier.gas bypéssipg the“
water vapouriser, :Wheh the fluidised‘bed reachéd.thé coating
temperature, controlled flow of argdﬁ thrOugh3thé vapburisers
was commenced, The progress of the hydrblyéis reaction was
followed by titrating the hydrogen chloride.dohtenﬁ'of the
water scrubber with a 3M sodium_hydroxide“sqlﬁﬁibn at 10 |

minute intervals, The feedrates of the reaotanfslwére-
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controlled by adjusting fhe temperatﬁréSIOf fhe'vépourisers;
The water vapour feedrate was;based‘on:préviﬁus calibiatibn
égainst the vapouriser temﬁeratﬁre;'and,tﬁe_beryiliuﬁ chldridé
feedrate was controlled on the basis of the titration of tﬁe
absorbed hydrogen chﬂofide, |

When the coating operation was terminatéd;'the‘gas‘flow v
to the Vapourisérs, and the péwer to allvfurﬂacesiweré‘shut‘
off, but the fluidiéing gas was mainfained; 'Whén 5901;.the:
apparatus was disméntled; and,changes in weight of the fuel
particles,; chloride vapouriser, and water'ﬁapouriser_were
determined, o

4.3,2 High Temperature Unit

About 10 g of beiyllium turningswere'éddéd'to:tﬁe
beryllium chloride producer, and the equipment was assembled
and leak tested aftér»weighing the water Qapouriser,..The‘
fluidised bed feactor and the beryllium chloriderproducer Werei
heated to their respective operatingvtemperaturés, The water
vapouriser was also heated to its,operatingntemperature with
the argon carrier gaé by~passing'it, As thé flﬁidised bed
“operating femperature was approached, a‘weighed quantity of
fuel particles was added, the bed béing fluidiéed With argon,
When all equipment items were atfthe required‘operating
temperatures, chlorine was passed to the ber?lliuﬁ.chloride
produéer and argon gas flow through thg Watef vafbufiéef wés
initiated, The.water vapour feedrate.was déntroiied'by-

adjusting the temperature of the vapouriser, and the beryllium’
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chloride rate was controlled by the ch'lorine: gas :f‘low to the
producer, The progress of the'hydrolysis reaction'was
followed by titrating the hydrogen chloride content of the
water scrubber with sodium hydroxide solution at 10 minute
intervals, |

When the coating.0peration was terminated; fhe‘chlorine
flow to the beryllium chloride producer, the argon to the“
water vapouriser, and all furnaces and heaﬁers-nere shut
down, The fluidising argon gas stream was maintained, When
cool the apparatus was dismantled and ohanges in weight of
the fuel particles, beryllium turnings; and watef vapouriser
were determined, | - | | |

4.4 Evaluation Tests

L.4 1 Metallggraphie BExamination

Metallographic examination and Xﬁray diffraotionv
analyses were carried out byithe Physical Meteilurgy‘GrOup at
the A,A,E.C,.Research Establishment, Coated particles were
mounted in an araldite or cold-setting resin pellet'which‘
was incorporated in a bakelite nonnt The specinen was
metallographically polished, and examined microscopically
up to 1000x to determine the. coating integrity, thickness,
uniformity, porosity, andnpenetration‘of the coating into
the substrate, X~-ray diffraction analySie.waeinsedffOr

characterisation of the coating structure,: The Knoop hardness
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of the coatings was measured with a Leitz Durimet Micro-:
hardness Tester,

4 .4,2 Chemical Analysis

Chemical analyses were carried out by the?Analytibal,
Chemistry Section at the A A.E.C, Research Estabiishqié'ﬁt, o
Standard analytical methods were used'for‘detérmihétibn of
the composition of the coated particles; Tﬁe'ﬁéiéhf fractioﬁ» '
of coating material and the presence of silicdn?impurities
in the coating were found using spéctrophotomefficftecﬁniques;
and residual] chloride ion in the coating was mgasured by a -
silver chlioride turbidometric method, |

4.,4,3 Acid-leach Testing

Acid-leach tests of coated particles wéreimade using
7.5 M nitric acid at 90°C,  About O,2ito 2'g;samples of
coated particles were leached with 10 ml of acid for an
initial 6 hours to dissolve any uncoated paf#icies; or
particles with cracked coatings, and then,leached.for a second
6 hours to determine the general porosify.qharaoteristic df
the coating, Initially leach tests were mgde wifhogt agitation,‘
but most tests used agitated Qonditions, Acid»ieaching with ‘
agitation was carried out in vertically mouﬁted spaled :
capsules rotating about a horizontal axis at 9 rﬁm, - The
leach solution was analysed for uranium, ahdﬁdissblved coating
material in some cases, by spectrophotometric'@efhods;

Acid-leach testing of coated (U,'Th)O2 parfiqleS'Wasf

also made using 7.5 M nitric acid cmntaining_0,005_M sodium
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fluoride, since traces of fluoride ion are'ﬁeeded to dissolve
thoria,

b4 .4 Air Oxidation Testing

Alumina and beryllia coated TO, partigléS were Weighéd-
before and after heating at 1000°C in air for one hour to
determine the integrify of thebboéting, If the;coating was
permeable to oxygen the uranium dioxide oxidiSed tb'uranium

oxide U'308 with a resultant volume increase which fractured

the coating and allowed complete oxidation of the UO

2

Subsequent acid—leach‘testing was used to confirm the failure

particle,

of cbatings; Air oxidation‘testing‘was hbt applicabie to
coated (U,Th)0, particles.

4. 4,5 Alpha Emission

The alpha emission from soﬁe coated particles with
coating thicknesses greater than the range'of aipha'particles
in the coating matérial; ﬁamely 12‘ahd’ldjﬁicron§ for beryilia
and alumina respectively, was measﬁred tq‘eétimate_the
uranium contamination in the coatings, Approxiﬁately O;2 g
of coated particles was placed as a ménolayer:on-a counting
chamber tray, and thé alpha emission from the coated ﬁarticles
was measured in a zinc sulphide scintillationlcoﬁnter; The
background count was taken before and‘aftér.ééchiéetermination,'
From these measurementsg ﬁranium confaminatipn:in'thé.coatihg‘

was calculated assuming uniform distribution of the uranium
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in the coating with no self-abisorption of alpha particles,
and allowing for the efficiency of the counter, and the
absorption of alpha particles in the coating, Appendix IIT
gives the.derivation of a correction factor to'a11ow for the
absorption of alpha particles in the coating,

4 ,4,6 Heat Treatment

To demonstrate the effect of a heat treatmenf process
similar to that required for fabrication 6f fuel specimens
on the integrity of coated particles;‘samples of partic1es
were heated in alumina trays at 150000 in nitrogen forxr 2
hours, in a molybdenum wound sintering furnaée;' ﬁéat,treated'
samples were then evaluated by metallogréphié examinationy .

etc,

4.,4,7 Xe—~133 Release on Post—~Irradiation Heating:

These measurements were made by Palmer aﬁd Whitfield
(52). A sample of coated particles was sealéd in an air
filled silica ampoule and irradiated in a thermal neutron

flux of 1 to 2 x 1017

nv at approximately IOOOC for the
required time, The sample Was.then allowed to'stand for

7 days to allow essentiaily all the iodine-133 to decayAfo“
xenon—~133, The neutron activated sample ﬁas fransferred fo
apparatus for measuring the xenbn—lBS reléased from the

specimen when heated to temperatures in the range 9005130000,

The xenon-133 gas released from the specimen wés continuously:
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pumped off, separated from iodine and tellurium isotopes
by a hot copper gauze trap, and condensed in a bed of
molecular sieves Liﬁde type 5A, cooled by'liQﬁid nitrogen,
The trapped xenon-133 gas was continuously monitored with
a scintillation counfer and a single channel gamma

spectrometer set to count xenon;133 selectively,
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CHAPTER 5

RESULTS OF COATED PARTICLE STUDIES

5.1 Summary of Experimental Data

Tables 2, 3, 4, 5 and 6 in.Appéndix IV give a summary
of the experimental data on the preparation and evaluation
of the alumina and beryllia coafed fuel pérticles,

A mass balance on the fuel particles ﬁés calculated
as a percent of the particles charged to fhe bed, using
data for the chemical analysis of the recovered coatéd
/particles as well as for uncoated pértiqlesg.héld up on
the walls of the reactor and in the disengaging>space by
oxide dust, The mass balance wés commonly less thén 100 .
percent because of spillage of particies due fo experimeﬁtal
difficulties in the dismantling of equipment within a glove-
box, The percentages of partiéles charged to the flddised
bed which were recovered as coated particles are also shown,

The conversion efficieﬁcy of the hydroiysis réactibn
was calculated from the quéhtity of chlqride rea&ted to |
produce the amount of hydrogen chloride absorbed in fhe
water scrubbers relative to the feed of chloride-td_the
fluidised bed, |

The bed efficiencies reported giVe the Wéighﬁ of oxide

deposited as coating as a percentage of that available in |
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the feed to the fluidised bed, Since complete,repovery,

of the particles was not possible in every_basg; bed |
efficiencies could not be calculated from the increase in
weight of the bed and therefore were calculated on the basis
of the chemical analysis results for the recovered. coated
particles, In the cases where essentiall? completé_feCOVery
of the particles was,achieved;‘check célculations of the

bed efficiencies based on the increase in weight of thé bed
agreed satisfactorily with those reportéd in Tébles 2 and 5,
The bed efficliency may also be calculated from the thickness
of the deposited coating) assuming a coating of'theoretical
density, This gives a maximum estimate for the bed_ efficiency
and may be used as a further'chéck on the efficieﬁoies
calculated by the other methods; although it is very sensitive
to particle diameter and coating thickness especially for
thin coatings, Tabie 7 gives.typical reéults-comparing the
values of bed efficiency Qalculated by’the three methods,

The rate of coating build-up was also calculated on the
same bases, The rates reported in Tableé 2 and 5 are based
on chemical analysis of the recovered goéted,partiéles,

The Knoop hardness of the coatings is'expressed as. the
mean + standard deviation, based on 6 f§.8 impréssions per

sample,
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TABLE 7 - COMPARISON OF METHODS FOR

CALCULATING THE BED EFFICTENCY

Bed Efficiency (%)

Run Based on Based on | Assuming-
increase chemical | 100% theor,
in weight analysis density

coating
A19-T 35 36 29
A20-T 34 33 33
A21-T 31 31 45
A22~-T 31 33 32
A23~-T 26 34 5L
A24 =T 25 25 22
A25-T 28 34 68
B9-T 33 33 35
B10-I 36 38 35
B11-T 34 32 34
B13-I 35 39 36
B14~T 30 L2 50
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Acid leaching results are reportéd as the percent of
uranium, and thorium if applicable, dissolved relafife to
the amount of uranium and thorium as the oxides contained
within the coating, Similarly, air oxidation résults are

expressed as the percent of UO, oxidised relative to the UO2

2
contained within the coating, The extent of:éoating-
dissolution is given as a percent of coaﬁing material present,
as determined by chemical analysis,

The presence of silicon and chloride ion impuritieé in
the coating are expressed as parts per million by weight of
the coating material, Uranium contamination inrfhe cdating is
expressed as the percent of the substrate material indicated
by alpha counting to be distributed in the outér fhiékness of

the coating, equivalent to the alpha range in that material,

5.2 Results of Alumina Coating Studises

5.2.1 Conditions of Deposition

Sintered particles of (U,Th)0, and UO,, with a denmsity
greater than 95 per cent theoreticaly were coated with alumina atb
temperatures in the range 500 to 1100°% and coating rates

of 1 to 20 microns per hour to give coatings up to 65 microns

in thickness, Runs of up to 6 hours duration wéie made

usually with a 50 gram bed of particles in the size fange -72
+100 BSS, and an argon fluidising gas rate of approximately

2.8 litres per minute measured at STP,
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Hydrogen was used by Browning et al (9) as the inert
fluidising gas, but in this investigation érgon was preferred,
for greater safety in glove box operation, Calculation of
the minimum fluidising gas'velocity; using the ggneralised
equation given by Leva (53) and assuming the flﬁidising gas
is heated to the bed temperature, indicated the hydrogen
flowrate of 3,0 litres per minute used by Broﬁning'et al was
7 to 8 times the minimum fluidising gas flowrate required,
The argon flowrate used in this work was calculated on the
same basis, |

Figure 5 shows the conversion effioiency ofithe
hydrolysis reéction fér a fluidised bed temperature of 100000
as a function of the feedrates of the reactanté; .For a molar
feedrate ratio of the reactants A1013/H20 of'_o,33~. (which
corresponds to 100 per cent excess water vapour based on
stoichiometric requirements) or less, conversion efficiencies
in the range 80 to 100 ber cent were generally qbfained,
Lower conversion efficiencies were achie&ed with increased
ratios of the reactanfs, The conversion efficiency decreased
with increasing aluminium chloride feedrate, for.AlCl /H 0
ratios in range 0,28 to O 38 (Figure 6).

Usually 30 to 40 per cent of the alumina fed to the
fluidised bed as aluminium chlofide was deposited as coating
on the particles, The conversion efficienéy of the hydrolysis

reaction and the per cent of alumina deposited as coating were -
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only slightly affected by using beds of particles in the size
range 50 to 200 grams, Variation in partiéle size, in runs
where coatings were built up in a number of sfeps to about
4O microns in thickness, had no effect on the performance of the
fluidised bed, TFigures 7 and 8 are graphs of data &which
suggest that the bed efficiency and the conversion efficiency
of the aluminium chloride hydrolysis reaction deoyeaged with
increasing fluidising gas flowrétes, The 1inés'dfawn through
the data have been fitted by the method of leastHSquéres,
taking the fluidising gas flowrate as the independenf vériable,

The conversion efficiency of the h&drolyéis feéction‘
increased with increasing fluidised bed temperature in the
range 500 to 110000 as shown in Figﬁre 9. Figure'io
indicates however that the’bed efficiency was greatéf at
the lower temperatures,

The alumina coating rate at a fluidised bed temperature
of 1000°C is shown as a function of the reac?antrfeedrates
in Figure 11, The coating rate is apparently a linear function
of the aluminium chloride feedrate for AlClB/HZO feedrate
ratios less than about 0,6, At higher ratios; for water
vapour feedrates of 0,033 fo 0,06 g/min,, the coating rate
appears to pass through a maximum and then decrease with
further increases in aluminium chloride feedrate,

Scatter in the experimental points is attributed to

variations within the range of Water vapour feedrates
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represented by each line of these figures, random errors in
measurement, and variations in the.quality of fluidisation
in the wvarious runs, The latter is attributed to variations
in the fluidising gas velpcity and to the difficulty of
reproducing the bed geometry when new fluidised bed apparatus
was fabricated due to breakages, In particular, the central
position of the gas inlet tube and the 2 mm restriction at the
bottom of the bed were difficult to maintain accurately,

5.2,2  Structure

Coatings deposited at a fluidised bed temperature of
500 to 900°C were porous (Figure 12) with mean values of
Knoop hardness (measured with a 25 gram 1oéd).in_the range
90-~700 kg/mmz, At a fluidised bed temperature of 100000,
the coatings produced were generally relatively dense and
translucent (Figure 13) with Knoop hardhesseﬁﬁ>£o 3200 kg/mmz,
For coating rates of 1 to 3 microns per hour, coatings with
the highest Knoop hardnesses were deposited with an AlClS/HZO
molar feedrate ratio of 0,35 to 0,38 (Figure 14), The Knoop
hardnesses are shown as the mean + standard deviation, For
AlClB/HZO ratios of 0‘28;— 0,45, the Knoop hardnesses of the
coatings produced decreased with increasing coating rate
above 2 to3 microns per hour (Figure 15), :'For an A1013/H20
ratio of 0,35 and a coating rate of 20 microns'per hour, a
coating with a mean Knoop hardness of 960 kg/mm2 was obtained,
Coatings deposited at 11006C (Figure 16) Weré apparenfly |

similar in properties to 1000°¢ coatings,
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Figure 12 - Alumina Coated UO2 Particles
(Run A35-I)
Coating Temperature 9OOOC
Coating Thickness 25 microns

Y

X250
Figure 13 - Alumina Coated UO2 Particles
(Run A44-T)

Coating Temperature 1000°c
Coating Thickness 12 microns
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Figure 16 - Alumina Coated U0, Particles
(Run A42-T)

Coating Temperature 110000
Coating Thickness 11 microns

X250
Figure 17 - Alumina Coated UO, Particles

(Run Al3-VT) &

Coating Temperature 1000°¢
Coating Thickness 40 microns
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There was some evidence of layering in coatings
deposited at 1000°C and built up in a number of steps, as
indicated by concentric rings of small pores (Figure 17),
Penetration of the alumina into the substrate was also
observed in some cqatingé deposited at 1000°C and llOOOC,
suggesting the possibility of a dore—coating_reaction which
prbduced a liquid bhase at the coating temperature, In
general, no marked surface protrﬁsions were observed, although
surface protruberances up to 25 microns long were detected on
some coatings, The properties of coatings deposited, under
similar reaction conditions, on UO, and (U,Th)o2 particles
were not apparently influenced by the nature of the substrate,
In alumina coatings deposited on U'O2 particles.in a number of
steps, the coating layef adjacent to the substrate appeared
to be more dense than the outer layers, but mo variation in
Knoop hardness was observed,

X—ray diffracfion analysis of coatings deposited in the
range 750 to 110000 revealed a finely orystalline alpha-phase
alumina structure, There was some evidence of a glasSy
amorphous phase in coatings deposited at about 100000; this
agrees with results on alumina coatings deposited at 1000°c
and reported by Dayton and Tipton (34), ‘Eiamination of a
coating deposited at 5OOOC showed an apparent lack of
crystallinity, suggesting that the crystallite size was less
than the detectable limit for this technique, that is, probably

less than 0,05 microns,
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5.2.3 Acid-Leach Tests

Acid-leach testing of alumina coated (U,Th)02 particles
with nitric acid was unsétisfactory owing to variablé thoria
dissolution, since a catalysing ion such as fluoride ion is
needed in the nitric acid to dissolve thoria, . In a system
where no. such catalysing ions are present excepf those due
to random impurities, dissolution of the thorié.can be
expected to be variable, These gcoated particles.were also
leached with 7,5 M nitric acid containing 0,005 M sodium
fluoride to blanket the effect of random impurities énd
enhance thoria dissolution, and the results ére.compared in\
Table 4 with those obtained previously, Under these
conditions consistent thoria dissolution results were obtained,
but significant corrosion of the coating also occurred; giving
a false impression of coating porosity, /

Leaching of alumina coated U0, particles was shown to

2
depend on the agitation conditions during leaching, "Acid
leaching with agitation was carried out in vertically mounted
sealed capsules rotating about a horizontal axis at 9‘rpm,
The observed differences in the leaching results with and
without agitation were shown to be significant statistically

(Table 8),



48,

TABLE 8

EFFECT OF AGITATION IN ACID-LEACH TESTING

Run Leaching without Leaohing'with', . "Significance_?

agitation agitation . = | of observed
. ' : —— ~difference
No, in} U diss- No, in U diss~ . | in results
sample | olved % sample olved % B R
A19-T 4 10,25 + 0,02 4 0.40 + 0,10 | 3% level
0-6hrs e T R
A23-TIV 4 0.016+0,005 | 9 | 0,023+0,011 | 25% 1level
0~6hrs - S L , :
A23-TV 4 0.006+0,0005 5 0,0029+0,0015 3% level
6=12hrs o , = -

These results suggest that diffusion ofithe aéidiihrough théf
coating is mot the controlling step in the 1eaching process,
and if it is assumed that the coatings are impermeable, then
in the acid-leach test, uranium dioxide exposed as: partly coated
particles or surface contamination is probably being dissolved
In the case of porvus coatings, the coating substrate is also
dissolved, : ‘ _ . | _ |

Acid-leach testing of sz.particles coatedJﬁith aiumina
at a fluidised bed temperature of 1000°%c indicated'that‘coafingsv
deposited with an AlClS/HZO molar feedrate.ratio'of'approximatelf'
0,36 and a coating rate of 2 to”3 microus per.houf-gavevm0st
protection to the U02 substrate, For sueﬁ.afooatiug 12 microns‘:

in thickness (Run B19-I), 0,1 per oehtiof thexnntained.urania'
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and 0,08 per cent of the alumina coating were disSolved'in the
second 6~hour leach, | _

For a coating built up to 40 microns in fhickness in six
steps under these condiﬁibns with an éqid cleéning sfage after
each step to minimise uﬁania surface contamination (Run A43-VI),
0,016 per cent of the contained urania was removed.in the
initial 6~hour leach, 0,00l4 per cent in a second 6~hour period,
and 0,00055 per cent in a third 6-hour-peri§d,~ _Agid leach
testing of a coating built up td.uo microns ih'fhickness in 4
steps under the same conditions without intermédiafe-cleanup
(Run A23—IV), removed 0,023 per cent of the~contained.urania
in the first 6-hour leach and 0,0029 per ceﬁﬁ iﬁ the.second
6-hour period, These data indicate the effectiveﬁess of acid
cleanup steps in reduoing uranium cbntamination:in'tﬁe“coatings,
The particles were weighed‘before.and aftér[ﬁeating ét lOOOOC
in air for one hour and no significant oxidation of_the contained
UO2 was detesteds subsequept acid 1éach testing confifmed that
no coatings were ruptured in this test, ‘

Acid leaching of fuel particles coated with aiumina ét
temperatures in the'fange 500 to‘1100°c dissqlvé&ZVarying |
amounts of the coating maﬁerial (see Tables 3 éné 4);'. These
results indicate the effect of coating températﬁre én the‘ﬁaturé
of the coafingsbproduced; in partibular thglﬁorQSity of coafings

deposited at temperatures below 900°C,
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5.2,4 Coating Contamination

Fuel contamination measured in alumina coated particlés
varied from 0,002 to 0,6 pef cent of the contained substrate,
In coatings built up in a number of steps to.abdut hb microns
in thickness (Runs A23-IV and AhB—VI), intermediate acid-
cleanup (Run A43-VI) reduced the uranium contémination:to
acceptable levels,‘as determined by acid-leachitesting and
measurement of’alpha-particle emissioh, .

Silicon and residual chloride ion conceﬁtrationsbin the
alumina coatings were in the ranges 300 to 1400 ppm and.240
to 12,400 ppm respectively, These impurity coﬁtents could.
not be correlated with 6peratihg variables such as coating
temperature or reactant feedréte ratio, nor.could éoating

propexrties be related to them in any way,

5.2,5 Fiésion_Gas Release Measurements

U0, particles coated with 4O microns of alumina,
deposited at 1000°C with an A1013/H20 molar feedraté ratio of
approximately 0,36 and a coating rate of 2 to 3 microns per
hour (Run A23-IV), were evalﬁated by neutron activation and
post irradiation annealing (7),‘ A sample of.the particles
was irradiated in a thermal neutron flux of l,t§ 2 x 1013 nv
for 65 hours at approximately lOOOC, Xenon-133 release was
measured for successive post dirradiation annealing

experiments in the range 900 to 130000, The cumulative

fractions released are shown in Table 9,



51,

TABLE 9

XENON-133 RELEASE FROM ALUMINA COATED
U0, PARTICLES

Samole Annealing Annealing Cumulative Fraction |

p Temperature Time Xe—=133 Released
o _ .
C

1 900 5.5 hours 6.9 x 10:4
1000 o 2.8 x 10_2
1100 5 4,7 x 10

2 1000 3 1.9 x 10'3
1100 18 5,0 x 10'_‘2
1200 5.5 1.1 x_lo;z
1300 2 1.4 x 107°

At 900 °¢ and 1000°C an initial burst of gas was obserVed
followed by a slow diffusion—controlled release, This initial
release may have been due to imperfections in some of the coatings,j
though this is unlikely on the basis of the initial evaluation
tests, or to surface contamination of the coatings. At 110000
similar behaviour was observed initially and thereafter
irregular bursts of gas occurred, probably associated with
failure of individual particle coatings, Thils explanation
is supported by the observed increase in the sizerand frequenoy
of the bursts of fission gas at 1200°C and 130000; Tensile
stresses in the coating due to the difference in thermal
expansion of urania and alumina were possibly responsible for
coating failure at annealing temperatures above the Coating

deposition temperature of IOOOOC,
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5.3 Results of Beryllia Coating Studies

5.3.,1 Conditions of Deposition

Most of the beryllia coating runs were made at 1000°¢
to produce coatings up to 4O microns in thickness at coating
rates of 1 to 8 microns per hour. , under conditions similar to
those used in the alumina coating runs, Some preliminary
coating runs were made at a coating temperature of 146000,

Beryllium chloride prepared by the chlorination of
beryllium metal turnings and also material obtained from Brush
Beryllium Co, showed no apparent differences in performance in
beryllia coating studies, Details of semi-quantitative
spectrographic analyses of samples of the two materiéls are
given in Table 10 for comparison, The presence.of.muéh
greater amounts of coppery chromium and nickel in the beryllium
chloride produced by the ohlorinafion of beryllium tﬁrnings is
attributed to corrosion of the metering equipment, and gas lines
leading to the apparatus,by the chlorine, |

The conversion effioienoy of the beryllium.ohloride
hydrolysis reaction at 1000°C is shown in Figure 18, For a
constant water vapour feedrate, the efficiency falls with
increasing values of the BeClg/HZO molar feedraterrgtio, . Within
the range of the variables studied and the accuraoy.of‘the
available data, increasing the water vapour feedrate apparently
has no effect on the conversion efficiency, |

Usually 30 to 40 per cent of the beryllia fed to the

reactor as beryllium chloride was deposited as-coéting on the
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TABLE 10

SPECTROGRAPHIC ANALYSIS OF BERYLLIUM:CHLORIDE'_

Order of Concentration ppm

Element Brush Beryllium Co, Chlorination of
.| Be Turnings

Mg 500 500
Ca 100 500
Al 500 20 - (
Si 500 500 - 2000
Cu 20 ‘500 '
Fe 500 500
Cr Not detected 100
Ni Not detected 500 = 2000

1i, Na, K, Cs, Sr, Ba, Sn, Pb, P, As, Sb, Bi, Ag, Au,

¢n, ¢cd, Hg, Ti, Zr, V, Mo, W, Mn, Co, B, Nb, In, Th,

Ta were not detected,

particles, for BeClZ/HéO feedrate ratios less thén.0,8,
Variation in particle‘size and hence éurfacé area in runs
where coatings were built up in a number of steps'to'about,
30 microns in thickness héd no significant éffecf on the

efficiency of the fluidised bed, At higher values of the

feedrate ratio, less than 20 percent of the;okide was

deposited as‘coating on the jpaJ:'ticlevs,r
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The beryllia coating rate is shown as a function‘of
the reactant feedrates in Figure 19, The beryllia coating
rate is a linear function of the beryllium chloride feedrate
for BeClZ/HZO ratios less than 0.7 within the limits and
accuracy of the experimental data, Scatter in the
experimental points is attributed to the same factors
outlined for the alumina coéting data,

5.3.2 Structure

Metallographic examination of beryllia coatings
deposited at 1000°C_indipated that in all éases‘surface
protrusions had formed on the coatings (Figure 20),  The
protrusions became more prominent as the coating +hickness
increased, All coatings were microcrystallihé and
apparently porous on the fine scale, Coatings were most
dense near the particle—obating‘interféce and’along the spine
of the spikes, and more porous in the regions fofmed by
adjoining protrusions (Figure 21), No evidénce of layering
was observed in coatings bﬁilt up in a number of Steps and
there was good cohesion bétween the coatings and_the'
substrate, |

The variation in Knoop hardness of the coatings with
molar feedrate ratio of the reaétants BeClZ/HZO_is shown in
Figure 22, for coatiné rates in the range 1,3 to 3;5 microns

per hour, The Knoop hardnesses are shown as the mean +
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PIGURE 19 BERYLLIA COATING RATES AT 1000°C



X250
Figure 20 - Beryllia Coated U02 Particles
(Run B14-I)

Coating Temperature 1000°c
Coating Thickness 15 microns

X250
Figure 21 - Beryllia Coated UO, Particles

(Run B14~IV) £

Coating Temperature lOOOOC
Coating Thickness 40 microns
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standard deviation, . A B6012/H20 ratio of apﬁroﬁimately 0.5
appears to give the hardest coating for a maximuﬁ coating rate
of about 3 microns per hour, At higher coating rates and
other reactant ratios, more porous coatings Weré produced,
Tnitial beryllia coating runs at 1400°C féiled to |
produce a uniform coating, The‘coatings depositéﬁ consisted

of a thin, coherent, dense layervof beryllia on the U’O2

surface and well developed columnar grains of béryllia up
to 40 microns long attached to fhis layer with their c-axis

generally normal to the U0, surface, Later runs produced

2
coatings which were relatively dense and cOnsiétgd Qf a layer :
of granular beryllium oxide‘generally one to £ﬁ§'grains thick.
(Figure 23). Most of the grains were 1ess than_lO micréns

in diameter, The éverage Knoop hardness of the.coatings

was in the range 1100 to 1200 kg/mmz.

5.3.3 Permeability Tests

Acid-leach and air oxidation tests of thé€bery1lia“
coated U0, particles indicated fhat coatings'dépoéited at“
1000°c did not give satisfactory protection 6f:fhe urania
under these conditions, TUp to 75 per cent.of the_éontaiﬁed
U0, was oxidised by heating the particles At'looo°c in air
for one hour, as determined by weighing the sample before énd'

after this test, Acid leaching of the coatéd.partiéles with

7.5 M nitric acid for 6 hours at 90°C under agitéted'
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Figure 23 - Beryllia Coated (U,Th)O2 Particles
(Run B19-T)

Coating Temperature lhOOOC
Coating Thickness 8 microns
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conditions dissolved as much as 80 per cent of the beryllia
coating as well as up to 96 per cent of the coﬁtained ufania,
Least beryllia was dissolved from coatings: deposited With a
BeC1l /H 0 molar feedrate ratio of 0.5 to 0,6, Evaluation
of a coating of this type, built up to 40 microns in
thickness (RunBl4-IV), indicated fhat 50 per centfdf the
contained urania was Qxidisediin the standard air oXidatipn‘
test and that 25 per cent of the beryllia‘éoafinglaﬁd 40
per cent of the contained urania were removed in the first
6 hours of the standard acid-leach test, These data
indicated the porous nature of coatings-depaéited.at a
fluidised bed temperature of 1000°C, -

The only coating deposited at 1000°C which showed
merit on the basis of these teSts was subsequently found
to contain 16 per cent silicon contamination (Run B5-I) and
therefore was not considered for further evaluation at this
stage, since such impurities ﬁould camplicafa irradiafion
studies, UO particles coated with beryllia at 1400 °c
(Run B18~I) also gave promising results in acid—leach tests,

5.3.4 Coating Contamination

Measurement of the alpha particle emissian from the
beryllia coated particles indicated,uranium.contamination
in all coatings of the order of 0,05 tb 1,iner aent of"
the contained uranium, Silicon contaminationrin the'coatings

was generally in the range 2000 to 8000 ppm,falfhough coatings
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deposited in Run B5~I contained 16 per cent silicon_ This
coating showed improved‘performanoe over othor beryllia
coatings deposited at 1000°C, as indicated in Table 6, but

no other relationship between coating conditions or coating
properties and impurity levels was observed,..'Residual
chloride ion concentrations in the coatings of ﬁp to 2900 ppm
were detefmined, |

5.3.5 Effect of Heat Treatment

Only small ohanges were observed in beryllia coatedb
U0, particles (Run 14-IV) after heat treatmept at 1500 o
in nitrogen for fwo houﬁs (Figure 2L). Slight'densificationr
of the coating appérently occurred resulting in iess porosity
in the rogion of’protrusions; and slightly greétér Knoop -
hardness, Air oxidation testing indicated that the beryllia
coating did not give adequate protection to the contdned
urania after heat treatment although it was slightly better
than in the as—produoed condition, Approximately 7 per cent.

2
50 per cent oxidised in the as~produced oondition;'

of the U0, was oxlidised after heat treatment oompared with
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Figure 24 - Beryllia Coated UO, Particles

(Run BI14-IV) 2

Coating Temperature 1OOOOC

Heat treated 1500 C in nitrogen
for 2 hours
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CHAPTER 6

DISCUSSION OF RESULTS

6.1 Conditions of Deposition

6,1,1 Performance of the Fluidised Bed

A comparison of the per cent of oxide depoéited as
coating (the bed effﬁiency) and the percent of chloride
hydrolysed in the fluidised bed reactor (the cdnversidn
efficiency) indicates that, within the accurac} of the
experimental data, the ratio df tﬁese two quaﬁtities is
apparently independent of the reactant feedrétés (Figures
25, 26), In addition, this ratio was not influencéd by
variation in particle size in runs where coatingslwere
built up in a number of steps, and only slightly affected
by variation in the mass of the bed of particles, bﬁt.it de~-
creased with increasing fluidising gas flowrates (Figure 27),
This suggests that, of the chloride hydrolysed in the reactor,
the proportion which becomes coating on the paritilcles depends
on the solids—-gas contact which is a function of the quality
of fluidisation, For a given fluidised bed'reaction system,
the quality of fluidisation varies with the geometry of
the bed and the fluidising gas velocity,

Similar results have been reported by Ciborowski and
Wronski (54;55) for the condensation of naphthalene in a

cooled fluidised bed, In their work, the efficiency of
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condensation, defined as the ratio of the amount of
naphthalene crystallised in the bed to the total amount in
the feed to the fluidised bed, varied from 70 to 100 per
cent and was not influenced by the mass of the bed and the
diameter of the particles in the bed, but decreased with
increasing values of the fluidising gas velocity, Thesé
results indicated that, under the conditions of super-
saturation in the bed, condensation of the naphthalene was
not limited by the velocity of crystallisation, It was
concluded that thebyield of crystallisation on the particles
was principally controiled by the process of éelf-nucleation
of the sublimate in the gas phase, Ciboroﬁski'and Wronski
proposed that the conditions of aggregative fiuidisation
observed in their work were favourable to self nucleation
in the gas phase, An increase in the veldcity,of the gas
flow caused an increase in the degree of heterOanéity of
the bed, and this févoured self-nucleation in accordance
with the results obtained concerning the dependence of the
efficiency of condensation on the fluidising gas velocity,
Similar arguments could be adwvanced to expléin the
results obtained in this investigation, The flow of gas
through a gas-solids fluidised bed occurs as gas bubbles
rising through the bed with a wake of particlés ﬁhich travel
with the bubble and give rise‘to solids mixing, and as

interstitial gas flow remote from bubbles moving upwérds
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through the dense phase at abproximately'the minimum_'
fluidisation velocity regardleSS'ef the overall,flowrate
through the bed ( 56)’ Observation of the behaviour of the
fluidised bed in a perspex model at raom temperature using
argon as the fluidising gas indicated that the conical shape
of the bed support and the single~eqnstriotion'at.the bottom»
of the bed tended to promote bubble fOrmation,L' Arceyﬁsiu-
amount of wviolent bubble acsion is considerea f0 be/desirable
to give uniform solids mixing in the bed,band to bfeakjup
potential agglomerates of particles and prevent the formation
of doublets, for example, by bridging'during‘ceeting |
deposition, | E

For a given fluidised bed temperature, decfeas1ng the
fluidising gas rate reduces the volume of - gas bubbles passing
through the bed and a greater proportion of the reactant
gases contact the particles to produce coating.on the particles,
Similarly for a given fluidising gas flowrate, reducing the |
fluidised bed temperature decreases the ratio of gas velocity
to the minimum fluidising velocity ( /f min) and consequently
changes the quality of fluidisation promoting_less bubble
formation, As a result,,there is less fendency to ges
phase nucleation and more of the oxide:debOSitS'as'cbating
on the particles, Changing the reaction tempefeﬁure may
however influence factors other thanvtbe“quelity of = |

fluidisation and care must be exercised in the ihterpretation
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of such data, For example, a change in‘the reaction
equilibrium at a lower tenperature could-giVe rise to an
intermediate product which might have oompletely different
nucleation characteristics to those of the reaction-productb
obtained at a higher temperature, |

6.1,2 Kinetics of the Hydrolysis Reactions

Correlation of the data obtained for the kinetics of
the hydrolysis reactions is not possible because of the
limited results ‘available and the complex1ty of the reaction
system, The conversion efficiencies obtained are integrated
results over the fluidised bed reactor, Since the fluidised
bed apparatus used was small in diameter (nith a length to
diameter ratio for the bed of 0,5 to 1,0), uniform solids
mixing can be expected but little gaswmixing would be
achieved (57). On this basis the fluidised bed reactor
probably corresponds more nearly to a nlug-flow tubular'
reactor than to a perfeotly mixed tank reactor, -.Thus
computation of rate equations to describe the kinetics of the
hydrolysis reactions is not justified on the basis of the
existing data,

A qualitative comparison of the results obtained in
this work with typical rate curves given by Yang and.Hougen
(58) for catalysed and uncatalysed gaseous reactiOnsigivesvan
indication of theitypes of reactions bossibly involved in the'

coating of particles in a fluidised bed, 'Figure'28'is a
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graph of the rate of hydrolysis of beryllium chloride at
1000°C as a function of the partial pressure of beryllium
chloride in the feed to the fluidised,bed ‘The'reaction
rate apparently passes through a maximum value as the
partial pressure of beryllium chloride increases beyond the
line AA and subsequently decreases to the points B. A
similar curve can be obtained for:the hydrolysis of aluminium
chloride at 100000,  These curves‘are_oflﬁhe sane type as
those given for initial reaction rate as a funcfion of mole
fraction of -the reactant by Yang and Hougen (58) for |
bimolecular gaseous reactions at a surface where either
surface reaction or deSOrptionvof a reaction produet is,
controlling, and for a non—catalytic homOgeneousrgas phase
reaction, |

Operation of the fluidised bed apbarafus in runs where
the gas Inlet tube broke during the run and alloWed the
water vapour to by-pass the bed (Run A46—II) indicated that
hydrolysis of aluminium chloride oocurred to essentially the
same extent although presumably no oxide was'deposited-as
coating after the break. The.presence of the-fuel particles
is therefore mnot required for‘reaction‘to_occur‘ y‘This. N
suggests that the hydrolysis reaction is not catalysed by
the surface of theparticles, although a:surfaoe—reaction’

could still be responsible for coating'buildup;,'The formation
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of dust which is carried from fhe bed is in éccordance with
the existence of a homogeneous gas phasé reaction, .

6.2 Coating Properties

6.2.1 Best Coatiﬁg Conditions

Coating properties have been shown td be a function of
coating temperature, reactant féedréte ratiog-and_qoatihg
rate, for the coating'temperatures investigated, #he‘best\
conditions of coating deposifién'have béeﬁ_deferminéﬁ.i For
coating temperatures in the range 500 to51100?0,”best alumina
coatings were‘depositedbat 1000°¢ with aﬁ aluminiﬁm chloride/
water vapour molar feedrate ratio of approximafely}0;36 and a
maximum coating rate of‘z to 3 microns per houf;,"At a
coating temperature of iOOOOC, best beryllia coafings were
deposited using a berylliﬁm chloride/wafér ﬁapour feedrate
ratio of approximately 0.5 and a maximum coating rate of
aboﬁt 3 microns per hour, Preliminary béryllia coating runs
at 140000 failed to produce uniform dense.doatiﬁgs;‘but
indicated the possibility of satisfactoryfcoéting deﬁosition
at this temperaﬁure. ' 7

These results are in genefal agreement wifh information
repbrted by BMI workers and reviewed in'Chabfer 2;. However
no data have been published préviously indicéting'an effect
of reactant feedrate ratio and coating rate-on éoating
properties, At a coating temperature ofHIOOboc; Blocher

(23) reported no apparent‘difference‘in fheﬂmicrostructure
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of alumina coatings deposited at 4 microns per hour‘anddat
lower rates, but no information Was'given for highér coating
rates, Beryllium chloride/water vapour feedraté.ratios in
the range 0,67 to 2,0 had no significant'effect on the
properties of beryllia coatings deposited at 1400 G (30)

The evaluation results obtained for the alumina coated
fuel particles are comparable With the published data and
confirm the potential of alumina coated fuel_particles for
use in ceramic nuclear.fuels,v A1l beryllia ooatings |
deposited at 1000°C were porous,and failed to.proteotsthe
substrate in evaluation tests, Heaﬁ:treatment at 150000 in
nitrogen for two hours did not significantly improve their
properties,  Initial beryllia coating runs at 1400 C failed
to produce uniform dense coatings, but the possibility'of,,
depositing dense coatings at this temperature was indicated,

6.2.2 Effect of Reactant Feedrate Ratio

The optimum reactant ratios determined'in>this..
investigation wrrespond to 80 to 100 per cent_excess water
vapour based onvthe stoichiometric requirements for the
hydrolysis reactions, Similar results'haie'been'reported hyi
Knudsen et al (49) for the preparation of‘uraninm dioxide |
particles by the simultaneous reaction of.stean and hydrogen
with uranium hexafluoride They found that, at'70000 in
the presence of a large excess of hydrogen, particles with

the highest density were obtained in runs where the excess
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steam used was in the range 75,to 140 per cent of the

stoichiometric requirement based on the reaction

UF, + 2H20 + HZ‘—_—UOZ + O6HF

Material of lower density was produced in runs in which a
small amount of steam or a large amount of steam was employed, -
These results agree surprisingly for such different reaction
systems and indicate the importance of the ratio of the
reactants on the properties of the deposited material,-

This effect can possibly be explained in terms of the
formation of intermediate products in the hydrolysis reactions
which subsequently decompose to give the éxide; with
corresponding density changes, after further iayérs of
coating have been deposited, For example, in the presence
of a large excess of water vapoﬁr the hydrolysis of beryllium
chloride could produce beryllium hydroxide Which subsequently

decomposes to beryllium oxide in the following manner,

BeCl, + 2H,0 == Be(0H), + 2HCL

Be(OH), ===Be0 + H,0

Similarly, an excess of beryllium chloride could result in
the formatioh of beryllium oxychloride, which could then

decompose to beryllium oxide thus -
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BeCl, + H,0 —=Be(OH)C1 + HC1l

Be(OH)C1 =——= Be0 + HCI1

Between these two extremes, the 0ptimum'c6nditions exist
where the effect of the subsequent decomposition_of_the
intermediate products, if they exist at these”conditions,
is least pronounced,

6,2,3  Effect of Temperature

The effect of deposition temperature on coating
properties can also be explained on a similar basis, Changes
in the reaction equilibria with temperature could influence
the formation and decomposition of intermediate products,

An alternative explanation of Déyton et ai (32) suggests that
recrystallisation of the coating material in the_as~depﬁsitéd
condition to give a dense coating may occur more readily at-
higher temperatures, With further increases in coating
temperature, grain growth efféqts adversely affect coating
integrity,

6.2,4 Effect of Coating Rate

The po?osity of coatings prddﬁced at higher coating
rates may be explained,in terms of crystal grbﬁth effects,
Under conditions of rapid coating deposition, interaction
between growing crystallites of the coating-matérial céuld
occur, producing enclosed porosity within the coating, At
lower coating rates however, more ordered grbwfh occurs to

give a uniformly dense coating,
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6.2.5 Effect of Coating Impurities

The presence of uranium contamination in the coatings
has been established, and intermediate acid cleanup steps
were successful in minimising this problem im aiuming coatings
built up in a number of runs, The uranium coﬁtamination is
attributed to the attrition of particles before the .
commencement of coating deposition and the'bréakége of
occasional particles in the fluidised bed;'foliowed.by
incorporation of the uranium dioxide dust in the coatiﬁg;
as it builds up, |

The presence of silicon and residual chloride ion
impurities in the coatings could not be correlated with .
operating variables, or in general with the prqperties of
the deposited coatings, However the 16 per cént silicon
contamination in the beryllia coatings producéd in Run B5~T
was apparently responsible‘for the improved performance of
these coated pérticles in evaluation tests, More déta are
needed to elucidate these effects, Siiicon contamination is
attributed to random impurity contents in the aluminium |
chloride and beryllium chloride feed materials; With some
contribution from corrosion of the wvycor appératus, 'The
presence of residual chloride ions can be accounted for as
intermediate reaction products or adsorbed.beryllium chloride
which was trapped in the coating as further deposition

occurred,
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The presence of impurity atoms or moiecules during
coating deposition will producegimperfections in the growing
coating which serve as nucleation sites for further
crystallites, Thus in the presence-of‘only small amounts
of impurities, the growth of a crystallite mayrproceed
uninterrupted by further nucleation to giteglarge.columnar
grains as reportedAin Chapter 2, ‘Alternatively'if ahlarge
number of impurity atoms are preSent; neW'crystallitesrwiilu
be nucleated frequently and the average crystailite'sise‘for
the coating will be much smaller, |

6.3 Mechanism of Coating Deposition

The limited data available for the.performance of the
fluidised bed and the kinetics of the hydroly81s reactions
do not permit the determination of the: mechanism of coating
deposition, although explanations of the type set out in
Chapter 2 can be proposed which are in acoordance With the’
experimental data, | These proposals have~been indicated in
the preceding Sections in the disoussiOn.of'therr |
experimental results and are summarised here,

It can be hypothesised that a homogeneous'gas phase
reaction producing dust and a heterogeneous-non—catalysed
surface reaction accounting for coating deposition cccur
Alternatively, the hydroﬂysis reaotion may ocour solely in
the gas phase followed by migratiOn of some of the ox1de |

product, or intermediate reaction products,hto the_surface of
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the particles where nucleation and crystal growth occur to
produce the coating, In either case, the proportion of
oxide deposited as coating is a function of the quality of
fluidisation and the solids-~gas contact in the fluidised bed,
Variation in coating properties with the reactant
conditions can be attfibuted td changes in the equilibria of
the reactions and the formation of intermediate reaction
products, The effects of increased coating raﬁe on coating
porosity and the presence of impurities on crystallite size
can be accounted for by classical nucleation and crystal
growth theory in terms of interactions betwéeﬁ.growing
crystallites at high coating rates and the nucleation of new

crystallites by impurity atoms during coating deposition,
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CHAPTER 7

SUMMARY AND CONCLUSIONS

Alumina and beryllia coatings have been deposited on

U0, and (U,Th)o2 particles by the technique of chemical

2
vapour deposition in a fluidised bed, Hydrolysis_of
aluminium chloride and beryllium chloride with water vapour
were selected as the reaction systems, Coating properties
were evaluated by metallographic examination, Knoop hardness
measurements, acid-leach and air-oxidation testing, measure-
ment of alpha-particle emission, chemical analysis, heat
treatment, and fission gas release measurements on post-
irradiation annealing, Cpating integrity was shown to be a
function of coafing temperature, reactant feedrate ratio,
and coating rate,

For coating temperatures in the range 500 té 1100°C, .
best alumina coatings were deposited at 100000 with an AlClB/_
H20 molar feedrate ratio of approximately 0,36 and a maximum
coating rate of 2 to 3 microns per hour, Theralumina
coatings deposited under these conditions wererdense and
translucent with Knoop hardnesses of up to 3200-kg/mm2.
The evaluation results obtained were consistent with

published data and confirmed the promise of alumina coated

fuel particles for use in ceramic nuclear fuels,
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At a coating temperature of 10®O°C, best beryllia
coatings were deposited using a BeClZ/HZO molar feedrate
ratio of about 0,5 and a maximum coating rate of about 3
microns per hour, All beryllia coatings produced at 1000°c
were porous, and heat treatment at 150000 in nitrogen for
two hours did not significantly improve their properties,
Initial beryllia coating runs at a fluidiséd béd temperature
of 1400°C failed to produce uniform dense coatings, but
indicated the possibility of satisfactory coating deposition
at this temperature,

Explanations for possible mechanisms of coating
deposition have been proposed, Coating deposition méy occuxr
as a result of a heterogeneous non-catalytic surface reaction
or a homogeneous gas—~phase reaction followed by transport of
the oxide product, or intermediate reaction products, to
the surface of the particles where nucleation and crystal
growth occurs, The proportion of oxide deposited as
coating is a function of the solids-gas contact in the
fluidised bed, Variations in coating properties with
the conditions of deposition may be explained by cﬁanges in
the equilibria of the reactions, the formation of intermediate
reaction products, and by crystal growth theory,
Determination of the mechanism of coating deposition‘is a

sub ject for much further investigation which will need to take
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into consideration the mechanism and kinetics of the
hydrolysis reactions and the complex heterogeneity of a
gas—solids fluidised bed, |

Further work is required to determine optimum conditions
of deposition for beryllia coatings, Long term irradiation
testing of both alumina and beryllia coated parficles; in
the as~produced condition and as fabricated fuél specimens),
is necessary to evaluate thelr fission-product retention
characteristics under reactor operating conditions, An
analysis of the cost of coated particle preparation will
also be required in the final assessment of the coated particle

concept,
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APPENDIX T

FABRICATION OF FUEL PARTICLES

I,1 Basic Process

Kilogram quantities of dense, near—-spherical particles

of U0, and (U,Th)O2 were produced using conventional ceramic

2
processes to provide substrate material for the coated
particle wdrk, The processes were essentially similar to
that developed by Jones and Reeve (59), and the basio steps
are shown in Figure 29, Since uranium and thorium oxides are
radiocactive and toxic materials, they were céntained in powder
handling glove boxes maintained at one inch of water pressure

below atmospheric conditions during fabrication (Figure 30),

I, 2 EQQ Particles

Natural uranium dioxide powder, nominally -300 BSS
Mallinckrodt Ceramic Grade, was compacted at 8 tsi into
pellets 3/4 inch diameter and 3/8 inch ﬁigh in a steel die
using a small hand press, or, in later stages of the
experimental work, into pellets 4 inch diameter and 1 inch
high in steel dies usihg a 1000 ton press,. Thé pellets were
reduced to =1/4 inch in a mortar and pestle, crushed in a
Glen Creston micro-hammer mlll and sieved to a size about
20 per cent greater than finally required, Rounding by

vibratory shaking gave yields of approximately 70 per cent
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Figure 30 — Powder Handling Glove Boxes
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of mear-spherical particles, The rounded UO2 particles

were sintered, in alumina trays filled to a depth of 1/2 inch,
for 2 hours in a hydrogen atmosphere at 145006; using a
molybdenum—wound resistance furmnace, Hydrogen'was used as

the blanket gas over the molybdenum winding, The sintered
particles were sieved giving yields of particles ih.the
required size range of approximately 70 to.SO pei cent with
densities of 95 to 97 pér cent of the,theofetical 10,95 g/cmB;
measured with an S,G, bottle using xylené és the immersion

liquid, Figure 31 shows the particles produ@éd,

1.3 LU,Th)OZ Particles

Fuel particles of (U,Th)O2 with an atomic ratio of
TU:Th of 1:50 and 1:20 were fabricated by a similar route,
Thoria powder calcined at 900°C for 12 hours was wet ball-
milled with uranium for up to 40 hours in a polythene jarv

using alumina grinding balls, This milling operation broke

2 2

and ThO2 particles to give a fine and uniform mixture, The

degree of mixing was considered satisfactory'if no particles

up aggregates of UO_, and ThO2 and dispersed ihdividual Uo

of U0, and ThO, of more than 10 microns in diameter could
be disinguished at a magnification of 100, and if the majority
of particles were less than 5 microns in diameter, Following

pressing, crushing, rounding, and sieving, particles in the

required size range were sintered in hydrbgen for 2 hours at



Figure 32 - (U,Th)o2 Particles =72+100 BSS
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17OOOC to give densities of 95-98 per cent theoretical,
Figure 32 shows the particles produced,

Examinatién of metallographically polished, sintered
(U,Th)O2 particles (U:Th:xl:ZO) by an electromn proﬁe micro—
analyser showed that the Ui:Th ratio was uniform‘ffbm
particle to particle, and on the 5 micron scale.in any one
partiéle, the variatidn in the nominal composition was
+ 5%, Since the grain size of the particles ﬁas about 25
microns, this meéns the uranium dioxide and thofium dioxide

were present as a near homogeneous solid solution,
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APPENDIX TIL

PREPARATION OF BERYLLTIUM CHLORTIDE

Some of the beryllium chloride required for beryllium
oxide coating studies was produced by the methpq of direct
chlorination of beryllium turnings in a stafic bed, developed
by Carter (60).

IT.1 Apparatus

Figure 33 is a diagram of the apparatus, The équipment
was located in a glove box because of the toxicity hazards of
beryllium and its compounds, Argon and chlorine ﬁere fed
through metering equipment and a non-return valve to the
silica reactor, A mercury manometer pressure relief devide
was provided, The reactor was heated by a nichrome wound
resistance furnace, The beryllium chloride was condensed
into the vapowiser used in the coating experiments, to avoid
moisture pickup during transfer of the hygroécoPic material,:,
The condenser waé maintained at 250 to 280°C by means of a
second nichrome wound resistance furnace, A "hot finger",
consistihg of a nichrome fesistance heater,-prevented
condensation of the beryllium chloride in the connexion
between-the reactor and the condenser, - The eXcéss chlorine
was scrubbed from the inert gas with 25 wt per cent caustic

soda solution, and the inert gas discharged to the exhaust



Hot Finger ==#.

Resistance Furnaces

Chlorination
Reactor.

Exhaust

1 ¥ = ”'_ﬁj (s Exhaust «

Graphite Gas - -
X .,.__—-———'S?Stributor.
' \&/ '
Nitrogen
Intet Glass Wodl Chlorine Scrubber.
_ Mercury trap Scrubber Caustic soda solution
Chlorine
Intet. . Chlorine Detector.

Silver nitrate soluton

FIGURE31 APPARATUS FOR THE PREPARATION OF
BERYLLIUM CHLORIDE.
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system, This scrubber also indicated the completion of
reaction, When the reaction ceased, an increase in bubbling
rate due to the presence of unreacted chlorine was observed
in this scrubber,
IT.2 Procedure

Approximately 10 gramsof beryllium metal turhings'were
loaded into the reactor, and the equipment assembled, The
apparatus was flushed with nitrogen at 0,651/min and the
reactor heated to.60000, The chlorine was then fed to the
reactor at 0.3 1/min and the nitrogen rate reduced to
0.31/min, When the chlorihation commenced, the heét_of'
reaction was sufficient to maintain furthér reaction, The
reaction temperature wés controlled below 900°C by reducing
the chl&rine flowrate as required, When the reaction was
complete, the chlorine was shut off and the-ﬁitrOgeh contihuéd
to pass through the apparatus to carry over any low boiling
point chloride impurities from the condenser,

The beryllium chloride condensed as a dense needle~like
crystalline mass, The yields of beryllium chlqride obtained
correspohded to apprdximately 90 per cent chlofination of‘

the beryllium turnings,
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APPENDIX TTT

ALPHA PARTICLE EMISSION -FROM COATED
FUEL PARTICLES

This derivafioﬁ gives a method of calculating the
proportion of the total alpha parficles emitted_by-ﬁranium atoms
in the outer thickness of the coating, equivalent t6 the alpha
range in the coating material, which will escape from the
coating, The alpha emission rate determined with the
scintillation counter can then be corrected to give the
total alpha particle emission rate,

'Consider a coated fuel particle with a coating
thickness greater than the range//C)of an alpha particle in

the coating material, and an outer radius R,

Consider alpha emission of an element dZ at a point A

in the coating which is distance Z from the surface, where

z<ﬁ,
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Assume (1)‘ Alpha emission at any point iﬁ the

coating is disotropic,
(2) The range of all alpha particles is equal,

(3) Alpha emission occurs throughout the
coating due to uniform contamination

of the coating,

(4) No absorption of alpha-pafticles occurs
in_contaminant particles,
For an element of surface subtending'dg at point A
and distance r from A,
fractional solid angle subtended at A_by a circular
element of width r d6 and radius r sin®

27trsin 0 rde

= 2
Lhyr

_ sin 6 de

- 2

To determine the fraction of alpha-~particles emitted
in the coating which aétually escape from the surface of the
coating, this expression needs to be integrated for the
range of -

6 =0 .to © = QL where T =/47

and for
Z

i

0O to Z=/0.

For point A, the fraction of all alpha-particles emltted

which actually escape from the surface of the coating’is
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°L

§1§¥Q de where 6. = the value of 6 when r =
. /

Integrating this expression for all values of Z to
account for all alpha-particles emitted within a shell at

the surface which ii/o in thickness;

P (e
L sin Q'dO dZ
total fraction of alpha = 2
Jo o

particles escaping _ - :

Expressing OL in terms of/ﬂ, R, Z
R® = /:2 + (R-2)% + z(R-z)/o cos 8
e . op = cos™t 2ZR —/92 - 22
2(R—Z)/

Hence, total fraction of alpha particles released

e

= %7 JC [-cos 9] ;L dz
4 [ 2 2
= 1 1 - 2ZR—~ L. =7 ] az
2 fo 2(R-2)p |

v v 2 | . N
1 3 R R~p
=-27'[f+ +‘é—-/'-f/§‘}loge ]
Sample Calculation:

|

For Run A43-VI, the size range of the UO, particles

is =724100 BSS, that is 152-211 microns,
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.

. . Mean UO2 particle diameter

I

182 microns

Coating thickness

It

40 microns ,, Table 2
. . Mean outer radius of the

coated particle = R 131 microns

I

Range of an alpha particle
in alumina = //D

1

10 microns
Hence, substituting in the above equation,
fraction of alpha particles

released from the outer 10
microns of alumina coating = 0,26

Therefore the totél number of alpha particles emitted by

uranium atoms in the outer 10 microns of coating = 0126 =

3.85 times the alpha emission rate measured with the

scintillation counter,
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APPENDIX IV

EXPERTIMENTAL DATA

Tables 2, 3, 4, 5 and 6 give a summary of the
experimental data concerning the prepérafibn and evaluation

of the alumina and beryllia coated fuel=particles.

Table 2 Primary Experimental Data for the Alﬁmina

Coated Fuel Particles

Table 3 Evaluation Data for the Aluminé Coated

Fuel Particles

Table 4 Acid leach Data for Alumina Coated (U’,Th)O2

Particles‘

Table 5 Primary Experimental Data for the Beryllia

Coated Fuel Particles

Table 6 Evaluation Data for the Beryliié Coated

Fuel Particles



TTTTTT T TABLE 77— PRIMARY EXPERIMENTAL DATA

FOR THF._ALUMINA COATED FUEL PARTICLES

Fusl _ Particles . ':;:::r. Reactant __ Conditions Time :'i':l:; ::::" ;‘:;"" ‘j‘;‘;:"“ E‘;;:c_ f_;::;‘:‘ Coating Rate
of of Argon falci [Hzo uc13/ Average of coated {coated }balance |[Effic~ [iency |ness microns |g/{hr) Comments
Run Material| Lot No. pensityParticle Ped Bed Rate rate rate H,0 Total Run Parvi- fand re-|on fueljliency per [{g of
size ° 1/min. lg/min. lg/min, | o Pressure cles covered hour bed}
g/ec | B5S.p & pE ST mtio [T el X s x | % PR i
Al-T vo, 1 9.87|-100+4150} &S 950 2,55 0.58 | 0,12 0.65 790 0.7% - - - 66 - 5 6.7 - f-:s::::.l:'
AL-IT | - - - L Y 950 | 2.35 0.26 [0.13 } 0,27 ‘816 | so |36.8 75 - 88 - 20 3.0 -
A2-1 u,m)02 42,47 9.73|-h4k+72 59.8 750 4.6 0,31 | 0,13 0.32 860 4.5 21,9 84.5 - i) 43 32 7.1 0,062
A3-I  {u,Th)o, kgéu 9..72 -72+100 | 48.2 | 1000 | 3.15 0.72 ] 0.22 | 0.4s 83 2.25 |17.9 91.5 - 74 26 20 8.9 |o.10
Ay-1 U,Th)o,| 63 9.63|-72+100 | 46.5 1000 2,35 0.48 j 0,11 0.59 880 L 3.5 28.7 89,2 - 85 43 17 4.9 0.11
AS-I- H.Th)oz 72 9.84}-72+100 | 50.0 900 3.2 0.35 { 0.10 0.47 810 4.5 8.5 84,0 - 55 26 9 2,0 0,050 -
A6-1 (u.*rh)o2 66 9.68|-72+100 | 5.8 1050 2.8 ‘0,80 { 0,12 0.90 820 2.0 12,5 88.5 - 21 16 b ) 1.5 0,07
A7-1  [U,Tn)0,} 56,74 9.861-72+100 | 48,2 1050 2.8 1.16 | 0.13 1.2 820 1.25 | 15.0 7.7 - 23 18 3 2.0 0.13
A8-I  Ku,Th)o,| 74,77 9.83f-724100 | 49,0 | 1000 | 3.0 0,91 {0.12 | 0,35 810 3.25 | 44.2 - - 82 - 65 20 0,24
A9-I  XU,Th)o,177,79 9.83|-72+100 | 50.5 9ot | 2.85 0.66 10,23 | 0.39 810 3.0 16.8 86.5 - 34 20 3 10.3 | 0.067
alo-1r fu,Th)o,| 70,81 9.79{-72+100 | 50.3 700 | 3.0 0.50 | 0,12 | 0,56 810 5,0 [21.9 67 - 33 20 32 8.0 0.070
Al1-I (U,Th)o,| 86 9.80|-72+100 | 50.1 1000 3.1 0.17 10,13 0.18 800 4.25 { 148.3 9.1 95.1 85 48 10 2.4 6,040
Al2-1 [U,Th)o2 BgiBP 9.881-72+100 | 52,6 1000 2.8% 0,20 §{ 0,12 0,22 850 5.0 20.4 88.0 88.0 33 51 6 1.2 0.051
A12-11 | - - - - - |so.1 | 1000 | 3.0 0.25 } 0,12 | 0,28 8% 5.0 {350 89.5 - 7h 35 13 1.4 | o.0u4
A13-1 fU,Th)o,[9%,97 | 9.95|-72+100 | 30.1 | 1000 ] 1.6 0.13 {005 [ 0.35 | 80 10 |29 | 99.0 99.0| 99 39 1 1 0.027
Al3-1I - - - - - 49.2 1000 2,65 0,29 | 0,033} 1.28 840 4.0 Jio.0 90 - 43 20 8 2.0 0,028
Alh-I u,'l'h)()2 102,105 9.83f-72+100 | 97.3 1000 2.30 0.3 0,042 | 0,96 820 2.0 - - - 18 - 2 1 - No sample
107 retained
Al4-1I1 - - - - - 98,2 1000 2,45 0,63 { 0,06 1.42 840 1.75 | 4.4 - - 21 (17) Y 1.1 -
Al5-X vo, 163 10,.74|-72+100 | 50.3 1000 2.% 0.29 | 0,064 | 0,61 810 3.5 |w0.0 96,0 97.0 62 23 7 2.0 0,032
Al16-1 vo, 168 10,74 |-72+200 | 50.7 1000 2,85 0,17 { 0,046 | 0,50 830 4.0 }j10.9 95.2 97.8 90 39 8 2.0 0,031
A17-1 | vo, 163%68 '10,71}-72+100 { 30,1 1000 | 2.70 0.36 | 0,050 | 0,97 810 3.0 | 9.6 81,2 95.8 | &1 18 3 1.0 | 0,035
Al1B-1 vo, 171 10.60(-72+200 | 50.3 1000 2,55 0.11 o048 | 0,31 830 |} 3.5 5.9 99.2 100,0 | 100 a6 3 1.7 0.018
Al9-I vo,, 174 10,68§-72+100 | 50.4 1000 2.50 0.21 1 0,078 | 0,36 80 | 6.0 |17.12 98.8 99.8 89 36 12 2.0 0.034
A20-1 vo, 174,180} 10,71|-72+100 50,7 1000 2.60 0.18 0,067} 0,36 870 5.0 12,0 vgg_z 100, 6 95 13 10 2.0 0.030
A21-I { wo, 180,183 10.73]-72+100 | s50.2 1000 | 2,75 0.18 | 0,670 | 0.35 820 | 5.33 [12.% 95.0 | 100.0 35 31 14 2.6 | 0,027
A27.1 vo, 183,189} 10.78}-72+200 | 51,0 | 1000 | 2,90 0.1 {0.79 { 0.2s 810 | s.0 | 7.7 98.8 99.4 93 13 6 1.5 | o.02x
A23-1 vo, 192 10,74 ~72+100 | 50.8 1000 2,70 0,20 [ 0,081 | 0.33 820 L 2.66 ] 8.0 96.0 98,1 96 B 10 3.8 0.033
Ad-IT) - - - - - |s2.8 | 1000 | 2.60 0.24 | 0.077 | 0.52 800 | 3.25 |22.7 97.8 97.8| 85 s3 17 2.2 | 0,059
azy-111| - - - ] - - 3500 |00 |29 | o2 [oos|o03 | 810 }§ 5o [554 99.5 | 9.8 s 2 3 3.5 | 0.0
AD-IV | - - = |- - |48 {1000 280 | 020 oo078] 035 | s | 55 |u.s 99.8 | 99.7] 92 37 43 1.7 | o.036
A2y-1 | vo, 192 | 10.74({-72+100 | 50,5 | 1000 | 2.65 0,22 0,16 | 0,18 s10 | 5, 7.1 100.0 | 1000 86 25 5 1.7 | o.02s
A23-1 | vo, 192 | 10.75/-72+100 | 50.0 | 1000 | 2,65 0,29 Jo,13 ‘| o.28 80 | 295l 97.8 97.8}1 89 34 17 6.2 | 0.045
a26-1 .| vo, 192 | 10.78{-72¢100 | s0.2 | 1000 ] 2.85 0.3 | o.as | o108 | 800 3.75 [19.1 101.5 | 101.5{ 62 82 a5 9.3 | o.063

€8



TABLE 2 (Conlinued

PRIMARY EXPFRIMENTAL DATA FOR THE ALUMINA COATED FUEL PARTICLES

O Resctant consivions Tiee oL e | Tn [ome rtee. o oree | cortine ave
of eraturef Argon |AlCL RO A1C1,/ [Average of coated [coated [balancelEffic~ |iency ness microns [g/{hr) Comments
fun |Materiad Lot [ensity|Particle] Bea of [rate |rate’ |rate H,0 3" lTotar |R™  |perti- and re-|on fuelliemcy per |(g of
No, Size Bed 1/win. |g/min, {c/min, Pressurel houra jcles covered hour bed)
B.S.S. € o |s.T.®: :::;o :;a}.;g ng;t < < < ¢ leterons
A27-T | vo, 194 10,74 )~-72+4100} 49.7 1000 2.75 .46 0.19 0.33 810 2.75 21.7 88.2 88,2 87 52 16 5.8 0.10
A28-1 | vo, 205 | 10.76 | -72+100} s0.1 900 2.90 0,22 0.076| 0.39 800 §.17 1%.5 95.8 96.7 9% 50 17 4,1 0,040
Az0-1 uo, 205 | 10.76 }-72+100| 50.5 700 2,55 0,21 0,085 0.33 800 2.83 13.1 97.6 97.8 8y 56 15 5.3 0,053
A30-1 UO2 205 10,76 }-72+4100 50.3 300 275 0.23 0,081 0.38 810 2,67 11.3 98.2 98,2 78 44 13 k.9 0,048
A31-1 uo, 205 10,76 | -72+100 | 50,2 500 2,80 0.19 0,073} 0.35% 830 4.0 18 3 85.4% 85.8 89 56 18 4.5 0,056
A32-T | o, 207 | 10.45 [-72+100| 51.0 900 2.75 .21 0,065} 0.4)3 830 5.0 17.3 97.% 97.9 81 43 17 3.4 0.042
433-T | uo, 207 | 10,45 |=72+100 [ 100, 1 1000 2.80 0.23 0,081 | 0.38 820 3.92 7.8 99.3 99.5 90 51 6 1.5 0.022
A%~ | U0 207 | 20,45 |-72+100 | 149.3 1000 2.75 0,22 0.081{ 0,37 840 4.0 5.5 98.8 99.3 89 42 4 1.0 0.0144
435-T | Vo, 209 | 10,59 |-72+100 | 49.8 900 2,853 0.23 0.080} 0,39 810 5.0 23,0 92.4 95.6 85 51 25 5.0 0,060
A36-1 vo, 209 10,59 {-72+1C0 50.4 1000 1.88 0.21 ©.080 0.35 880 1.33 5.1 99.2 99.4 93 41 A 3.0 0.040
437-T | Uo, 209 } 10,59 | -72+4100 ]| 50.0 1000 3.65 | 0.24 0.076 { 0.43 810 2 .42 9.7 76.8 97.0 90 31 1% 5.8 0.04Y
AJ8-T uoz 209 10,59 |-72+100 50.4 1000 2,50 0.20 0,080 0,34 790 3.17 9.9 98 .8 99 .4 91 37 8 2.5 0.035
A30-1 | UO, 209 | 10,59 {-72+4100 | 49.8 700 2,85 0.19 0.10 0,26 810 4.0 1% .7 99.6 { 100.8 90 50 21 5.2 0,043
A40-1 | vO, 211 | 10.39 |-72+100 |- 50,2 700 2,80 0,19 0,087 | 0,29 800 2 5 5.0 96.6 98.0 91 20 10 5.0 0.017
A41-1 vo, 211 | 10.39 |-72+100 50,0 1100 2,58 0.30 0.115| ©,35 830 1.67 7.0 98.6 98.6 ‘89 33 5 3.0 0.045
A4z-1 | U0, 273 | 10.3% |-72+100 | 50.6 1100 2,5 0.22 0,096 | 0.31 840 4,17 144 100.8 | 101.2 96 41 11 3.8 0,040
A43-1 |10, 273 }10.34 |-72+4100 | 51,0 1000 2.73 0,21 0,080 | 0.35 800 3.5 10.6 95,2 95,8 90 35 - - 0.034
A43-1T | - - - - 49.0 1000 2. 74 0.23 0,080 0.39 800 1.% 15.8 100.0 99.8 .69 37 - - 0,042
AL3-1IY - - - - 50.2 1000 2,73 0.3 0:095 | 0.4% 820 1.83 2r.0 99.8 98.6 79 24 15 - 0,035
Ay3-TV | ~ - - - 49,6 1000 2,62 Q.25 0,086 | 0,39 810 3.67 29.1 98.8 99.8 64 26 - - 0.031
A43-v - - - - 50.3 1000 2.78 0.2) 0,081} 0,38 810 3.0 40.2 95.0 94 .4 87 55 - - 0,044
A43-v1 | - - - - 49.4 1000 2,63 0.27 0.078 0,28 830 3.83 46.2 101.3 101.7 71 24 40 - ¢, 029
Abh-1 uo, 270 10,38 |-72+100 | . 50,0 1000 { 2.75 0,22 0,081 | 0.37 820 Is5.17 17.1 96,0 96.2 92 38 12 2.4 0,040
A35-I KU,Th)o, | 259 9.56 |-72+4100 | 50.5 1000 2,66 0,22 0,084 | 0.35 800 17 15.% 96.7 97.3 93 52 13 3.1 0,044
A46-1 |- 259 9.56 [-72+100 | 50,0 1000 2,54 0,21 0,078 | 0.36 83 3.0 9.8 90.2 90.4 95 37 - - 0.036
ALo-1T | - - - - 49.3 | 1000 } 2,64 | 0.21 | 0.073] 0.39 | 820 }4.33 |12.0 98.5 | 98.5 90 s - - 0,006 t 0 inlet tube
. gokc during run

A47-T  fuo, - - -72+4100 | 50.0 1000 1.7 0.22 0,085 f 0.35 860 ;.0 12.8 98 & 98.6 9s 16 - - 0.037
jALB-1 | UO, 312 - ~72+4100 } 50.5 1000 3.10 0.21 0,081 ] 0.33 830 ] 10.6 1034 | 103.6 92 a2 - - 0,030
A49-1 fU,Th)0, R19,310 9.50 |-72+100 |200,0 1000 | 2,47 [ 0,23 | 0,089} 0.35 I 850 .0 2.0 98.9 | 99.5 78 a6 - - -

48
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TABLE 3

EVALUATION DATA FOR THE ALUMINA COATED FUEL PARTICLES

* The asterisks indicate acid-leach tests made under agitated conditions,

Acid Leach Acid Leach U as surface Chemical
Knoop 7.5M l'[NO3 7.5M I-{NO3 contemination Analysia of
Run Hardn;ac 1st 6 houre 2nd 6 hours As pro- After 12 Coatings
kg /mm duced hours
U diss, JAl diss | U diss, |Al diss, leaching si c1”
: % % £ _pom ppn |
Al-I - - - - - - - - -
Al-TI - 0.05 {«0,005 - -
A2-1 310+ 40 - - - -
A3-I - - - - -
A4-1 14204540 - - - -
A5-I - - - - -
A6-1 - - - - -
A7-1 - See Table 4 - - - -
AB-T 9604270 - - - -
A9-I 130+ 20 - - - -
A10-I 90+ 20 - - - -
All-I 13004170 - - - -
Al2-X - - - - -
Al2-11 25804710 - - - -
Al)3-I - - - - - - - - -
Al3-II - - - - - - - - -
Aly-T - - - - - - - - -
AL4-TT - - - - - - - - -
Al5-I 19704730 2, 0,05 1.9 0.13 - - 670 1700
A16-1 | 26304540 0.6 0.08 2,7 0.09 - - - -
Al7-X 1290+ 90 - - - - - - - -
A18-1 24004680 8.0 0.8 0,8 0.18 - - - -
Al19-I 31004800 0,'40' 0.4 0.1 0,08 - - - -
A20-I - 1.0 0,03 0,2 0.1 - - - -
A21-1 23104330 4.3 0.13* 0,15 0,015 - - 300 . 3200
A22-1 20704130 2.4 0,04 0,20 0,009 - - 920 3600
A23-1 -} - - - - - - - -
A23-T1T 26003510 0.25% - 0,049 - 0.4 - - -
A2)3-I1I - 0,047 - 0,003 - 0,02 0.03 - -
AZS;IV - . 0,02; - 0,00':9 - 0,008 - 650 500
a2u-1 145004170 | 19 - - - - - -
AZ5-I 16204160 3.2 - 1.5 - 0.6 - - -
A26-1 60s 5 | 70 - - - - - - -
A27-1 13804250 0.63 - 0_.16 - - - - -

Results of acid-leach tests without agitation have no asterisk,
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TABLE Continued

EVALUATION DATA FOR THE ALUMINA COATED FUEL PARTICLES
Acid Leach .A°1dHL:nl‘8h u l: .:rf::. Chemicel
. o
g::::... 7.5M HNO4 7.5 3 contemination (A;::ti:;: of
Run kg/lmz let 6 hours 2nd 6 hours A:u:,::_ A{.:;:.lzi
U diss, Al;iu, U ;1.:, Al ;13-, < ‘1,;0111“4 ms,: pg;
A28-1 - - 0.21" - - - - " 660 980
A29- 350+ 210 - 1.1 * - - - - 1400 3200
A30-I 640+ 170| - - - - - - - -
A31-1 700+ 210 - 54 " - - - - 1100 12400
Aj2-1 - - - - - - - - -
A)3-1 2590+ 920 - - - - - - - -
AJ4-T 3200+ 900| - - - - - - - -
A35-1 200+ 60 - - - - - - - -
A36-1 1_40+ 590 - - - - - - - -
A37-1 780+ 170 - - - - - - - -
A38-1 19904+ 330 - - - - - - - -
A39-I 360+ 140 - - - - - - - -
A4O-I - - - - - - - - -
AbL-T - 205" - <t - - - - -
Ay2-1 1820+ 180 | 3.5 | 0.20 o.68° | - - - 980 -
A43-1 - - - - - - - - -
A4)I-11 - - - - - - - - -
AL 3-TII - . 38" | - on*| - - - - -
Al 3-IV - 0.021"| - 0.0049| - - - - -
A4 I~V - 0.00';; - 0.0033 - - - - -
A4 3-VI 2620+ 610 0.016* - 0,00Ik - <0,003_ =<0 ,002 470 240
Ayu-1 29508 710 | 214" - 0.08" | - - - goo |20
TULS { 2810+ 710} - - - - - - - -
Al 6-1 - - - - - - - - -
ALG-TT - - - - - - - - -
A4 7-1 - - - - - - - - -
ALB-X - - - - - - - - -
AL 9-T - - - - - - - - -
* The asterisksindicste acid-leach tests made under agitated
conditions, Results of acid-leach teats without agitation
have no asterisk,




TABLE 4 - ACID-1EACH DATA FOR THE ALUNINA_ COATED FUEL_PARTICLES

;:;i_icu Acid leach 0-6 hours 7 5M mw3 Acid leach 6-12 hours 7.5M mmj Acid lemch O-6 hours 7.5M }mo3 + 0,005M] Aeid leach 6-12 hours 7.5M maog + O, 005M
Run U:Th - e
ratio U dies, ITh diss. Th/U Al dies, |U disse, Th diss, Th/U Al diss. | U diss. Th dies, {Th/U Al diss, U gdiss, Th diss._ Th/U Al diss,
diss, dies, disa, diss,
] . b3 .3 3 k] % % b.] % % %
Al-11 - 0.3 - - - 0,007 - - 0.2 0.8 - - 2.2 1.0 - - 0.1
A2-1 58 0.3 0,01 2 0.8 0.1 0,001 <1 0.2 6.3 2.3 20 4.3 10 7.2 48 0.2
A3-1 54 0.3 0,08 1% - 0,03 0,001 23 0,08 6.2 5.8 37 1.9 6.4 6.0 45 0,2
A4-I 63 0.2 0,003 1 1.4 0,05 0,002 <2 0,02 2.4 1.0 27 0.34 0.9 0,7 47 0.1
A5e1 60 0,06 0,002 2 0.1 0.02 0.02 86 0,06 7.6 5.2 41 0.15 B.§ 5.4 37 0.09
A6-T 56 - - - - - - - - 13 10 42 0.25 5.2 3.9 43 0.2
A7-1 64 - - - - - - - - 22 13 37 0.33 16 10 40 1.3
A8=-T 58 0.3 0.03 [ 0.5 0.08 0.15 111 0.03 20 14 42 0.14 31 2y kh 0.9
A9-1 63 0.6 0.02 2 1.5 0.3 0,01 2.2 0.5 13 6.8 33 7.5 22 15 42 5.4
Al0-1 66 6.3 0.006 1 3.3 0.0% 0.02 26 0.3 12 7.7 43 10 22 17 59 6.8
All-1 56 - - - - - - - - 11 8.% 41 0.45% 17 135 48 0.5
Al2-1 53 - - - - - - - - - - - - - - - -
Al2-11 53 - - - - - - - - 0.8 1.1 55 0,32 1.2 1.8 73 0.9
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TABLE 5 - PRIMARY EXPERIMENTAL DATA FOR THE BERYLLIA COATED FUEL PARTICLES

Fuel Particles Reactant Conditions Analy-|Parti- !}atar- Conver-{ Bed Coadng{ Coating Rate
run [ ater- | 1ot wo | beastss|paraerd of  |overe. [irEen [2eChe [mg0  [mecry/ favermse |75 | 2205 Contaa fomtancelBitic [Tancy [rews |meo[T/B0) | comonts
ial g/cc Size Bed of Bed 1/win g/min, [g/min, [mSle pressure Run i;:; ::ve::d en Fue eney hour bed)
., B.S.S. 8. % at ratio |mm Hg houra by wt,
- S.T,P, Bel % < % % wicrons

Bl-I  [U,Th)o} 88 9.82 |-72+100| 50.1 1000 2.7 0,10 | 0,16 0.14 790 1,75 1.7 98.4 99.2 98 29 3 1.7 G010
Bl-IT 47.7 1000 2.1 ¢,79 | 0.14 1.27 810 1.5 7.2 99.3 99.8 45 13 11 7.3 0,042
B2-T ° (U.Th)ﬂz 91,93 9.80 [-72+4100{ 50.0 1000 2,85 0.18 | 0,13 0.31 800 4.5 9.7 99.4 99.4 92 35 14 3.1 0,02}
B3-1 u,Th)o,] o3 9.94 {-72+100] 351.8 1000 2,95 0.20 | 0.10 0.45 800 5.0 l12.8 100.0 | 100 % 93 40 14 2.8 0,029
81 u.'rhjo 99,102 | 9.78 |-72+100] 48,2 1000 2,92 0.31 | 0,078 0,89 820 3.0 6.3 95.4 97.2 71 18 3 1 0,022
BY-1 vo, 153 10,71 ]-72+100) 51,6 1000 2,2 0,16 { 0,077 0,47 800 5.75 7.2 99.'3 102.7 91 28 12 25 0,016
B6-I vo, R57,15% 10.64 ~72+4100| 50.% 1000 2.79 70.12 0,067 0,40 810 1.5 2.34 - - (82) (36)' 8 5.3 0_.016 [BeCl_ leak from
B7-X uo, 160 10,76 |-72+100| 49,6 | 1000 2,96 0,25 { 0,081 0,69 810 6.0 10.6 88.3 90.0 88 19 16 2.7 0,020 pparatus
B8-I LY, [89,192 [10.80 |-72+100| s0.1 1000 2,76 0.18 | 0,080 0,51 820 3.17 3.2 96.6 98,2 - (15) é 2.0 0,010 §g:;l;,;-xnbrnke
B9-1 o, 192 10.74. | -72+100{ 49.9 1000 2.89 0,102| 0,078 0,29 810 7.5 E-X) 99.2 | 100.0 97 33 10 1.3 0,013
B10O-I Uozb 192 10.74 ~72+100] 49.9 1000 2.9 0.2 0,096 0,56 820 5.0 15.0 99.0 9$9.2 9% 38 14 2.9 0,035
Bl1l-I o, 192 10,73 |-72+100] 50.0 1000 3.03 0,59 { 0.17 0.6% 820 2,66 13.2 100.8 | 101,2 95 32 15 . 5.6 0,057
Bl2-I vo, 205 10.50 |-72+100] 49.% 1000 2.83 0.96 | 0,15 § 1.3 860 1.17 7.1 82,1 82,1 39 o 1s 9 7.7 0,065
B13-1 vo, 208 10,50 |-72+100] 49.8 1000 2,95 .19 { 0,083 0.51 820 5.0 10.5 97.2 98.8 9% 39 14 3.5 0,029 -
B13-IL 49,1 1000 2,89 0,28 } 0,078 0,81 800 4.5 24 .1 96.5 97.1 62 36 30 3.6 0,040
B813-111 50.3 1000 2,95 0,25 { 0,071 c.79 820 %.83 34 4 98 0 98.2 76 34 50 2,1 0,032
Bl14-1 vo, 208 10,40 |-72+100{ s51.3% 1000 2,92 0,18 | 0,068 0.59 800 5.0 12,5 96.2 96,2 92 42 15 3.0 0.029
Bl4-IT 59.7 000 | 2,92 0,187] 0,077 0,55 810 5.0 221 97.8 98.0 91 4 26 2,2 0,025
B14-111 50,0 " | 1000 2,93 0.185{ 0,075 0.5 800 4.0 29.3 96.3| 97.3 87 .35 a2 1.5 0,025
Bl4 -1V 1 49.8 1000 2.87 0.185| 0.075 .56 790 4.0 36.1 89.2 98.0 92 35 40 2.q 0,027
B15-1 U('J2 RO7, 209 10.3 «72+100] 49.9 1400 1.9‘; 0.33 | 0.080 0,93 80O 1.83 8.4 85.3 102 4 77 35 - - ©.050
Bl16-1 vo, p07,245 |10.4 -72+100] s0.0 1300 2,02 0,23 | 0,093 0,56 800 2.0 5.8 78.% 86.4 (64) (29) - - 0,031 f;f,:%,iﬁik from
B17-1 uo, 292 10,42 |-72+100] 50.0 1500 3.5 0.23 | 0,088 0.59 800 2.5 11.5 - - 57 - 27 11 0.052
B18-T vo, 292 10.52 |[-72+100] 30.1 1400 3.5 0.30 | 0,073 0.74 810 5.5 39.4% - - 78 - 31 7.4 0,10
B19-I u.*rh)ozl 219 9.35 }-72+100] 504 14500 3.8 0.3 { 0,080 0.84 810 2.5 8.7 - - 61 - 8 3.2 0.038
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TABLE 6
EVALUATION DATA FOR THE BERYLLIA COATED FUEL PARTICLES
Acid-leaching Air Chemical Analysis U as sur-
Knoop lst 6 hours Dxidation of Coating face con-
Run hardness ogidiaed . - ::::m(:;‘
kg/mmz U dies, Be diss, Si Cl produced)
% % % ppm ppm
Bl-I - - - - - - -
B1-TI 280+ 140 - - - - - -
B2-1 850+ 240f - - - - - -
B3-I 1210+ 220 - - - - - -
By -1 - - - - - - -
B5-1 - 6.0 17 ~1 160,000 1600 0.08
B6-X - 95 80 - - - -
B7-I 980+ 270{ 91 69 b1 8,400 240 0.05
B8-I 1300+ 150 - - - - - -
B9-I 1050+ 240| 96 60 - 1,700 2900 -
B10-I 13404+ 390} 95 13 75 - - -
Bl1l-I 1010+ 190| 93 62 68 - - -
B12-1 520+ 150 - - - - - -
B13-1 1480+ 90 - - 64 3,200 2000 0.5
B13-II - 91 39 - - - 0.16
B13-III |10704+ 120} 57 29 15 5,100 320 0.26
B14-I 1270+ 160| 92 37 36 5,800 | 2500 0,19
Bl4-11 - - - - - - 1,0‘
B14-III - 39 43 -~ - - 0.3
BL4-Iv  |1360+ 80 | 40 25 50 1,800 | <70 0.5
B15-I - - - - 3,300 240 -
B16-~I - - - - 5,700 - -
B17-I - 87 8.4 - 3,500 730 -
818-1 1100+ 190| 3.2 3.5 - - - -
B19-1 1190+ 240 =~ - - - - -
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