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PREFACE

This report was prepared as a chapter for the

third edition of the Reactor Handbook to be
published under the auspices of the U.8, Atomic

Energy Commission. This chapter surveys the informs-
tion on fabrication, characterization, performance,
and reprocessing of coated-particle fuels. Emphasis
is placed on pyrolytic-carbon-coated oxides and
carbides since the bulk of the development work has

been on these types of particles,
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PART B.FUEL MATERIALS

CHAPTER & COATED-PARTICLE FUELS

8~1 INTRODUCTION

The term coated-particle fuels denotes 100- to 500-u~diam micro-

spheres of plutonium, uranium, or thorium oxide or dicarbide coated with
pyrolytic carbon, silicon carbide, Al;03, BeO, or combinations of these
materials, These fuels find application in high-temperature helium or
COz=cooled reactors moderated with BeO or graphite. The primary purposes
of the coatings are to prevent undesirable reactions during fabricaticn
and in service and to contain fission products during irradiationm,
although in those reactors with purged elements, such as the Peach Bottom
Reactor, the latter function is not required. The advantages of coated-
particle fuels arise from their high service temperatures and their lack
of constituents with high neutron absorption cross sectiocns. A major
disadvantage is the relatively high fabrication cost. But this cost is
offset by the high thermal efficiency, high burnup, long life, and
neutron economy associated with thorium utilization, so that .overall fuel
cycle costs may be lower thanp those of competing reactor systems.:L

There is another type of coated-particle fuel which has been omitted
from this definition since it is discussed in detail in Chapter 9. Fuel
microspheres frequently are given metallic coatings before being fabri-
cated into plate-type, dispersion fuel elements. The metallic coatings
prevent fuel matrix reactions for incompatible systems or promote ideal

dispersions.



Depending on the particular reactor system design, the coating on
fuel particles functionally may serve any of several purposes.2 These
might include the following:

1. highly localized contaimment of fuel,

2. highly localized containment of fission product,

3. greater latitute in providing barriers for improved compatibility
with coolant atmospheres or materials of construction,

4. simplification of fuel-handling procedures by the elimination of
oxidation, hydrolysis, or fuel dusting,

5. protection of matrix materials from fission-recoil damage, and

6. improved distribution of fuel by the spacing provided by the coating.

The most important single function of the coating is to serve as a
miniature pressure vessel to contain fission-product gases and thereby i
prevent excessive swelling of the fuel., Stresses in coatings arise from
several effects, which must be considered in design:’

1. fission-gas pressure buildup inside the coating,

2, swelling of the fuel particle due to the accumulation of fission
products,

3. dimensional changes in the coating due to fast neutrons, and

4. damage to the inner layers of the coating by fission recoils.

Stress relief may occur as a result of creep.4 Spherical geometry appears

best for the brittle ceramic costings.

Coated-particle fuels evolved rather naturally from earlier forms
of all-ceramic fuel elements. The Tirst step in the evoluticn of such
elements was the impregnation of graphite rods with uranyl nitrate

followed by baking to convert the fuel to UQz. Irradiation tests on the




impregnated elements showed that they rapidly released fission preducts
which would severely contaminate the primary-coclant piping. The next
evolutionary step was to coat impregnated graphite bodies with an
impervicus layer of pyrolytic carbon or siliconized silicon carbide.
These coatings worked well for brief periods, but eventually shrinkage
stresses induced by irradiation resulted in failure of the coating. Once
the coating cracked, the release rates of fission products were equivalent
to the rates for uncoated bodies. Even a small pinhole had a catastrophic
effect.

The next step was to coat individual fuel particles. It was
reasoned that failures of a few coatings would nect be catastrophic,
because each coating contained only a small fraction of the fuel. The
first successful demonstration of this principle invelved Al,0sz-coated
U005 particles fabricated and tested by workers at Battelle Memorisal
Institute during development of fuel for the Sanderscon and Porter Pebble

Bed Reactor.?

In a purge capsule irradiation test, they obtained noble-
gas release-rate-to-birth-rate (R/B) ratios shown in Fig. 8.1. From ini-
tial values of 2 X 1077, the R/B's rose as burnup proceeded and individual
ceatings failed. Although final R/B'S were higher than desired for the
application, the low initial values and the low rate of increase of

release with burnup pointed clearly to the promise of the approach. Post-
irradiation examination of the BMI capsule showed that most of the coatings
which failed were near the surface of the fuel element. These failures,
initially attributed to low matrix restraint near the element surface,

were finally shown to be the result of irradiation damege to Al;03 at

temperatures below 1000°C.
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Attention turned quickly to pyrolytic-carbon-ccated UC, particles.
Carbon had the advantage of complete compatibility with both fuel and
graphite up to at least 1600°C. 1In addition, coating fabrication by the
pyrolytic decomposition of hydrocarbons was found to he a relatively easy
process., Pyrolytic-carbon-coated UCs or (Th,U)Cg particles were selected
as fuel for the OECD Dragon Reactor, the German Pebble-Bed (AVR) Reactor,
the U.5. experimental UHTREX and Peach Botitom reactors, all graphite-
moderated and helium-cocled. Pyrolytic-carbon-coated fuel particles are
now alsc being considered for use within a S5iC matrix for advanced COz-
cooled AGR's.

Recently, pyrolytic-carbon-coated U0, and (Th,U)0, particles have
been ghown to be attractive. Initially, 1t was thought that these mate-
rials would be incompatible above about 1200°C, but excellent compatibility
was found up to at least 2000°C, even after extended irradiaticn. The
basic compatibility is attributed to the retention of CO by the pyrolytic-
carbon coating. Onée the equilibrium CO partial pressure 1z reached, no
further reaction occurs. Both coated oxides and carbides are being
considered for use in the Fort 5t. Vrain Reactor being developed by
Gulf General Atomic for the Public Service Company of Colorado.

A‘problem which has arisen with pyrolytic-carbon-coated fuels is
the migration of solid fission products through the coating. WNoble gases
are very effectively retained by an intact ccating, but certain solid
fission products, such as barium and strontium, migrate through the
coating at high temperatures and escape from the fuel elements. Silicon
carbide effectively bars solid fission-product migration, and its use as

a barrier or sealer layer in conjunction with the pyrolytic carbon is



receiving increased attention. This type of coating was used in the
first and second charges of the Dragon Reactor.

Concurrent with the development of pyrolytic-carbon-coated fuels was .
the development of BeO-coated U0z for use in a BeO matrix. In spite of
its toxicity and high cost, Bed is attractive because it acts as a
neutron generator due to the (n,En) reaction which occurs. Emphasis has
waned in this direction because of low-temperature irradiation damage to
BeO that causes grain-boundary separation and eventual pulverization.
There is still interest in using beryllium with graphite-matrix fuels in
HTGR's, for this appears to be the only way to make an HTGR breed. Work

on BeO-coated fuels has been abandoned.

8.2 FABRICATION

j .
A complete deseription of coated-particle~fuels fabrication must
include fuel-kernel preparaticn, coating application, and fuel element

fabrication. The variety of processes for each of these steps will be

discussed in this section.

8-2.1 Fuel Kernels

A wide variety of fuel kernels has been produced to meet the needs
of various reactors. These include the compounds UOz, UCz, UC, PuOlg,
ThOz, and ThCp and mixed compositions such as (Th,U)0z, (Th,U)Ca, and
(U,Pu)Og. For some applications, diluents such as excess carbon or ZrC
may also be included to reduce the rate of velumetric heat generation or v
the fission density. Each compound or mixbture of compounds has its
peculiarities and regquires a different processing technique. For example,

whereas carbides must be handled in an inert atmosphere during processing,




many oxide compositions can be handled in air. With pure UQp, care must
be taken to prevent conversion to Us0z. For each composition, one usually
uses unique conditions of temperature and cycle duration for sintering

or melting.

For a given composition there are a number of important parameters
to control during kernel fabrication: impurity levels, density, particle
size range, sphercidicity, and abrasion resistance. Impurities may
capture neutrons or affect the properties of the kernel. Either a high
or low density may be desired, but in either case careful contreol is
necessary for a consistent fuel loading. Some designers prefer a low-
density microsphere because void volume for fuel swelling is provided
within the fuel itself. Others prefer a high-density kernel and a porous
inner coating. A narrow range of particle sizes within a given batch of
particles is preferred to produce a uniform loading of fuel within an
element. At the same time, the rate of rejection goes up as the particle
size range is reduced. Thus, one must balance one factor against the
other. Good spheroidicity is preferred for consistent coated-particle
performance and can be achieved readily by most processes. Good abrasion
resistance reduces the contamination picked up by the ccoating during the
coating operation.

The types of processes which have been used to meet these criteria
for various kernel compositions include (1) powder rolling and sintering,
(2} particle melting, and (3) sol-gel.

Some processes involve a combination of these techniques. These

processes and their advantages and disadvantages will now be considered.



Powder Rolling and Sintering

The powder rolling and sintering process has been used extensively

for microsphere production. &t

Finely divided carbide, oxide, or metal
Dpowders with or without suitable binders, such as camphor, kerosene, or
aluminum stearate are used as starting materials. For some types of feed,
an inert atmosphere is required to prevent oxidation. If the feed con-
tains more than one constituent, the materials are coprecipitated or are
thoroughly blended, generally by ball milling.

The blended mass is then divided into uniform particles of the
proper size by cold pressing the blend and forcing the compact through a
gsieve, by extruding spaghetti and chopping it, or by continuocusly adding
fine powder to seed spheres on a gyrating table. Particles produced by
either of the first two processes are then Tormed into spheroids by a
rotating drum or planetary wheel, With the third process, the feeding
of powder is discontinued when the proper size spheres are obtained. At
this point, particles which are too large or small may be removed by
sleving and recycled with additional feed.

A flowsheet for UQ, particle preparation by prepressing, granulation,
and sieving is shown in Fig. 8.2. The U0, powder is cold pressed at
15,000 psi and forced through a 20 mesh screen. These granules are
re-pressed to a specified density (which determines the final sintered
density) and regranulated. Sieved fractions of the proper size range are
then made spherical and sintered. Rejects and fines are recycled. The
ease of recycle is cne of the attractive features of the powder process.
Since the final density depends on many variables, particularly the
characteristics of the starting powders, it is necessary to develop fabri-

cation detalls experimentally for each type of powder being used as feed.
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Once spherical particles of the proper size have been obtained, they
must be sintered. The sintering atmosphere and temperature cycle must .
be controlled carefully during this step. Bintering is usually done in
vacuum, since this expedites the removal of volatiles at the beginning
of the cycle and of gaseous reaction products at higher temperatures. A
controlled heating rate is mandatory, for too rapid evolution of veolatiles
ruptures the sphere. Typical feed materials and reaction sintering condi-
tions are given in Table 8.1. Spherical U0z particles after sintering in
hydrogen at 1950°C are shown in Fig. 8.3. These are typical of products
obtained by powder techniques.

The final steps after sintering are tumbling to separate particles
and sieving to separate out doublets and fines. The kernels are then
ready for coating. -

Advantages of the powder rolling and sintering process are ease of
scaleup for production, low cost, ability to preduce almost any desired
density, and ability to produce a wide variety of compositions, many of
which could not be obtained by melting. Larger particle sizes, up to

2000 p, can be achieved by this process rather than by alternatives.

Particle Melting

Particle melting has been used widely to produce fully dense spher-
oids of UCs, ThCs, and mixed carbides.*?™7 Melting is also possible for
oxide particles, but is less attractive because of the higher melting
points of U0z and ThO, compared to those of UC,; and ThC,; and because of
the higher volatility of the oxides. Sol-gel techniques to be discussed -

later have supplanted melting processes for oxides.
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Table 8.1. Typical Reaction Sintering Conditions

for Fuel Microspheres

Reaction Sintering
Feed Preoduct Tempsrature Atmosphere Tempirature Atmosphere
(°C) (°c)

U(metal)+C  UC,UC, 200 Vacuum 1800 Vacuum
UC+ZrC {(zZr,U)C 2000 Vacuum 2000 Vacuum
UOz+C UC,UC> 1600 Vacuum 1800 Vacuum
ThO +C THC, ThC 1950 Vacuun 2000 Vacuum
02 U0z 1750 Hydrogen
ThO» ThOp 1750 Air
ThO »+U0 2 {Th,U)02 1750 Hydrogen 1750 Hydrogen

Puls Pul, 1400 Ajir
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Pig. 2.3. Spheroidal U0, particles after Sinteri'ng' at 1750°C in
hydrogen. Grid squares are approximately 350 u, ~Bubmitted by Cak
Ridge National Laboratory, July 1968,
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Various melting processes may be used for carbides. The most impor-
tant processes are (1) bed melting, (2) plasme melting, and (3) consumable
electrode arc melting.

In the bed-meiting process, granules of UOp, ThOp, or mixed oxides
of the proper size, which are produced by techniques described in the
previous section, are blended with a large excess of graphite powder or
lampblack. The beds, with widely separated fuel particles, are then
heated in vacuum to above 245¢d0;ﬂﬁhé approximate eutectic melting points
of the carbides., A contfoliéd'hééﬁiﬁg raté.ﬁiibwé the CO to be removed
during reactidh'of tﬁé'indeé Wifﬁ;tﬁéfcéfﬂoﬁ. 'This_étép occurs in the
temperatﬁre'rahgé ZQOQufﬁ 250@?@:  Sﬁﬁéfés'aré:fbﬁﬁéd tpon melting
because of the éﬁffaéé_teﬁsiéniathhé.mdlteh=§arbide phése. The bed is
then ccoled, and the fuéi-jafﬁiéleé.éfe.ééparated from the carbon powder
by sieving. Typical prodﬁc%s.éféféﬁbﬁn.iﬁ Fig. 8.4,

Arn interesting feattré.of %ed;iélﬁéd carbide particles is the pro-
eutectic graphite often found bﬁ'thé;surf;éeiand as crystallites within
the spheres. A microstructﬁfe.Sﬁaﬁiné.fﬁé'gréﬁhiﬁé is shown in Fig. 8.5.
There is an advantage if the layér'of graphite at the surface is
continuous: It reduces the tendeﬁcy for'the fuel particles to react
with impurities in the noble-gas atmosphere used in subsequent handling
of the particles and inhibits uranium migration in service,

Plasma melting is an alternative to bed melting. This proceés was
tried,ls but not adopted, for fuel production for the Dragon Reactor
and was used by Carbon Products Division of Union Carbide to produce

fyel for the AVR Reactor.'® Details of plasma melting have not been

given in the literature, but the process simply consists of dropping
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Fig. 8.4, Bed-melted UC, Microspheres, nominally 250 p diameter,
30x. Submitted by Oak Ridge National Laboratory, July 1968,
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suitable feed granules through a plasma. The process has the advantage
that 1t is continuous instead of reguiring intermittent batch production.
The product is similar to the bed-melted product.

The fabrication of (UO S 7)C microspheres by consumable-electrode

G.

20 The electrodes consisted of

arc melting has been described by Gibson.
a homegeneous blend of U0y, Zr0p, and carbon., An arc was struck hetween
two of these electrodes, and liquid (U,Zr)C, which formed at the ends of
the electrodes, dropped off and solidified as microspheres. The density
and shape of the product were good, but there is question regarding
the ability to produce a product with good control of particle gize,

Gibson stated that the yield was over 90% in the —100 +325 region, but

closer tolerances undoubtedly would result in higher rates of rejection.

Sol=Gel Process

The sol-gel process for fabricating fuel microspheres consists of
%hree steps: (1) preparation of an aqueous sol, (2) removal of water to
give gel particles, and (3) firing of the gel particles under controlled
conditions to remove volatiles, sinter to high density, and cause chemi-

cal conversion if needed. ' 28

The process has the advantages of being
amenable to a remote fuel recycle process and of yielding fully dense
spheres at much lower sintering temperatures than are required for
alternate processes, The sol-gel process was developed originally for
Tho, sols,>*s?? but has been applied more recently to U0y, PuOz, and

mixed oxides.? 27,29

Spherical products with diameters of 50 to 700 n
and densities of 90 to 100% of theoretical have been produced.?® By i
adding carbon sols to appropriate oxide sols and going through a final

reaction step, one can also produce sol-gel carbide fuels,?”
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3ol Preparation. — Fuel materials for sol preparation generally

consist of nitrate solutions of thorium, uwranium, or plutonium since they
are the normal form of product of an agueous reprocessing scheme. Thus,
the use of nitrate leads to a direct fuel cycle. Conversion of the
nitrate into an oxide sol involves the following four steps.29

1. Reduce or oxidize to the best valence. U{IV) and Pu(IV) are
preferred for urania or plutonia sols.

2. Convert the metal nitrate into a hydrated oxide.

3. Remove excess nitrate and nonvolatile impurities. For instance,
NH,NO3 or NaNOs; must be removed if the hydrous oxides are precipitated
by NH;OH or NaOH,

4. Disperse the oxide as a stable gol. Thoria colloidal particles
are formed by steam denitration at temperatures up to 500°C. Sol forma-
tion involves dispersion of these particles in an aqueous medium of the
proper pH. For urania and plutonia, colloidal particles are formed in
solutions or as wet precipitates. ©Since urania readily oxidizes to the
(VI) valence state, particle formation is carried out under reducing
conditions in an inert atmosphere. Since thorium, however, has only the
(IV) valence state, step 1 is not required nor is it necessary to provide
a controlled atmosphere,

Mixed scls may be formed in two ways. One way is to mix two pure
gols., This may be done readily if attention is paid to the pH of each
sol. Mixed urania-plutonia-thoria scls may be prepared in any proportions
desired. Thoria-urania sols with uranium-to-thorium ratios of less than

0.1 may be prepared by adding UOs or uranyl nitrate to thoria sols. The
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U(VI) is adsorbed on the surface of the thoria particles. Reduction to
the (IV) state is accomplished during or after sintering.

Since the formation of urania sol is more complicated than the
formation of thoria or plutonia sols, which have (IV) valence in the
fully oxidized state, the general flowsheet for urania sol formation has
been chosen for illustration in Fig. 8.6, First, a uranous nitrate solu-
tion is prepared by reduction of uranyl nitrate with hydrogen in the
presence of a platinum catalyst. Next, the solution is adjusted to a pH
of © by addition of NH4OH resulting in the formation of the hydrous
urancus oxide. After being washed, the oxide is dispersed by the addi-
tion of nitric and formic acids and then by heating. The presgence of
formic acid helps maintain U{IV) and simplifies precipitation and
washing.24 The final urania sol is about 4 M with a NOz-to-uranium ratio
of about 0,17, a COOH -to-uranium ratio of about 0.1, and a U(IV)-to-
uranium ratio of about 0.85,

Formation of Gel Microspheres., — After the appropriate sol is

prepared, it is converied to gel microspheres by forming droplets in an
appropriate apnhydrous organic liquid, such as 2-ethyl-l-hexanol, and
extracting the water, Spherical particles of 10 to 1000 p diameter have
been obtained in this way. The maximum droplet size is limited since
veryrlarge drops will distort. A surfactant ig added to the sol to
prevent coalescence of sol drops with each other.

A variety of techniques has been used to disperse sol droplets in
the organic drying medium, including two-fluid nozzles, rotary feeders,
vibrating capillaries, electrostatic nozzles, falling drop disper-

29,30

sions, and stirring of the two immiscible liquids. Characteristics
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of the products of the three most used techniques for producing the
larger sizes are given in Table 8.2, Bize yields for a stirred system
are shown in Table &.3, Although vibrating capillaries show the greatest
uniformity of preoduct, two-fluid nozzles are generaily preferred because
of their reliability and ease of control over a wide range of drop sizes.
Single two-fluid nozzles consistently give 90 wt % of the product within
t15% of the mean diameter.?® A schematic diagram of the single two-fluid
nozzle is shown in Fig. 8.7. Typical 8% U0,~Th0; microspheres produced
by this method are shown in Fig. 8.8 as gels and after sintering.

A schematic of the column for forming sol-gel microspheres is shown
in Fig. 8.9. The sol is injected at the top of a typical glass column.
The droplets arg suspended or fluidized by & circulating upflow stream |
of 2-ethyl-l-hexanol, which is continuously dried by distillation. As
water is extracted from the droplets, their density increases so that
their settling velocity increases. Eventually they settle to the‘bottom
of the column and are transferred to the product drier. After being
dried, they are calcined to form dense microspheres.

Sintering of Gel Microspheres. — (el microspheres as extracted from

the spheroidizing column are less than 40% of final density, éontain
large guantities of volatile compounds such as water, nitrates, organic
solvents and surfactants, and yet have remarkable strength and abrasion
resistance. The physically adsorbed volatiles are removed by heating in
steam or in vacuum at temperatufes in the range 200 to 400°C, Care is
required during heating to prevent a rapid reaction which occurs near
350°C between the organics and nitrates in the gel. Too rapid energy

release will result in explosion of the particles. Above 350°C, the
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Table 8.2. 7Product Sizes of Calcined Thoria Microspheres
from Three Dispersers?®

Two-Fluid Vibrating Pree-
Nozzles Capillaries Fall
Drop
Number of feed capillaries  Single  Six Single Four Four 19
Capillary diameter, u 250 425 425 480 480 400
Sol feed rate, cm®/min 1.2 24,17 1.2 19.2 9.6 9.6
Vibration fregquency, cps 40 200 50
Predicted mean size, u 270° 230 330°  310° 390°
Amount of sample, g 540 10,200 314 720 480
Weight per cent in:d
30/35 or 500—590 p 97.9
35 /40 or 420500 u 0.1 0.8
40/45 or 350420 . 0.2 61.9 1.1
45 /50 or 297-350 u 2,9 0.2 98.3  30.4 37.6
50/60 or 250~297 L 92.0 3.0 1.5 62.6 0.4
60/70 or 210~250 u 0 85,8 7.0
—70 or < 210 p 5.3 10.9

Sg01 feed: Thoria sols of 3.0 M Th, sol drop diameters of 2.35 times
diameters of theoretically dense ThO, product.

bFrom two-fluid nozzle equation.
®Prom number of drops per cycle and flow rate.

d . .
From use of U.3, Sieve Series screens.

Table &.3. Size Yields for Thoria Microspheres
from Stirred System®

Stirring Weight Percent in Size Range

Speed, rpm < 150 um 150—210 um 210250 um > 250 um
330 31.8 24,0 20.7 23,5
350 3h.2 274 22.8 15.6
370 42.5 35.0 21.2 1.3

fvields are very system-dependent.
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——  |~—1/8-3/16 in. ID

Fig. 8.7. Two-fluid nozzle for forming scl droplets. Reprinted

from reference 24.
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Fig. 8.8. Gel and 1150°C sintered 8% urania-thoria microspheres.
Reprinted from reference 31,




TWO-FLUID NOZZLE

24

GRNL DWG 64-8248 R3

AQUEQUS SOL FROM
SYRINGE PUMP

TO DISTILLATION

SYSTEM 4————T
6-in. DIAM ——
12 in. i 0-3/|| 0-1
3-in. DIAM y 0702 GPM GPM{JGPMH
CENTRIFUGAL -
PUMP
) CUNO .
40 in. A FILTER
FROM
DISTILLATION SYSTEM .
2-in. DIAM__{ _ I
'n 2 ill'].__.....i-‘i
3-in. DIAM 6 in. SOLVENT: TANGENTIAL INLET ,
F

[y S
PRODUCT COLLECTORT I

OLVENT: AXIAL FLOW

Fig. 8.9. Gel microsphere forming column. Reprinted from reference 24,
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chemisorbed species are evolved. Finally, sintering begins above about
600°C. Densities above 90% of theoretical are readily achieved at 1150°C
if the proper heating sequence is followed.

Alternatively to the nitrate feed process for making sol-gel micro-
spheres, a variety of other processes may be used. Chloride solutions
have been substituted for the nitrate with varying success, Urania sols
of much higher molarity have been made, but the fired microspheres some-
times have an undesirably high chlorine content. Other gelation processes
have also been used. A process was developed by which hexamethylene
tetramine is added to a carbon-bearing sol immediately before formation

of spheroids.Bl

When these sols are injected into hot paraffin at 90°C,
they harden in a few seconds. Spheres Y0 to 80% dense were obtained by
sintering to 2000°C. Care was required in removing the ammonium nitrate
formed on deccmposition of hexamethylene tetramine. The explosive nature

of ammonium nitrate limits the batch size for the internal gelation

process.

g-2.2 Coating Procegses

A wide variety of devices has been used for coating particles,

2,324 2

ineluding fluidized beds, entrained beds,43 and rotary drum

coaters.*?

For one or more reascns the last two processes have been
abandoned. Thus, discussion will be limited to the fluidized-bed
process. Equipment design, operating procedures, and materials selection

vary widely, depending upon coating material — whether pyrolytic carbon,

oxide, or carbide — and details of coating structure desired.
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Further process modifications are dictated by production rate,
batch size, and necessity for semiremote or remote operation when recycled
Tuel is being handled. ©Since the most important single variable in the
coating process 1s coating material, this section will be divided into

subsections on pyrolytic carbon, oxides, and carbides.

Pyrolytic-Carbon Coatings

The process for coambting fuel particles with pyrolytic carbon in a
fluidized bed involves the pyrolytic decomposition of a hydrocarbon gas
at suitable elevated temperatures. Commonly used hydrocarbons include
acetylene, methane, propane, propylene, and benzene., All these hydro-
carbons are sufficiently unstable that essentially complete decomposition
to carbon and hydrogen will occur at useful coating temperatures (above
1000°C). The decomposition processes are complex, and a series of
different species of high molecular weight is produced before complete
decomposition is achieved,** The production of tars and other wastes is
a common problem in improperly operated coaters.

Even though decomposition is nearly complete at equilibrium for the
hydrocarbons commonly used in coating, the process may be endothermic or
exothermic, depending upon the particular hydrocarbon used. Standard
heats of formation for various hydrocarbons are shown in Table &8.4.
Acetylene decomposition is highly exothermic, whereas methane and propane
decompose endothermically. Propylene decomposition is essentially
athermal. The absorption or release of energy during decomposition plays
an important role in temperature control of a bed during the coating

process and must be considered in production scaleup of research-type
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Table 8.4, Properties of Gases Used in Pyrolytic-Carbon Coating

C 1500 AH®
D fcar f
Gas Structure (298°K) 29g P (298°K)
(cal deg™! mole~!)  (keal/mole)  (kcal/mole)
Helium He 5.0 6.0 0
Hydrogen H-H 6.9 8.67 0
H
Methane H-é-H 8.5 18.75 —-17.9
H
Ethyne H-C=C-H 10.6 19,29 54,2
(acetylene)
Ethene ou 10.6 24, 65 12.5
(ethylene) H—é=é~H
BEH
Ethane H—é—é-H 12.5 31.67 —20.2
HH
H
Propyne H-CC-C-H 14.7 30.56 443
(methyl ﬁ
acetylene)
Propadiene H H 14,2 30.79 45,9
(Allene) H-é:C:é-H
HHH
Propene H—é:éuéuH 15.5 37.81 4,9
(propylene) é
HHH
Propane H—é—é~é;H 17.5 45,39 —24.8
HHH
HHEHH
1,3 Buta-  H-C=C-C=C-H 19.1 4, 36 26.8
diene HHHH
Butane H—é~é~é~é—H 23.6 58.63 —29.8

N
HHHH
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coaters or in comparing data obtained using different coaters, flow
rates, or gas compositions,

The heat contents of reactants and products in a coating process
are also important in determining whether or not heating or cooling of
the bed occurs during coating. Specific heats and heat contents for
various coating gases are also shown in Table 8.4,

From a given hydrocarbon, a wide variety of structures may be
Pbroduced depending upon temperature, hydrocarbon flux, extent of dilution,
gas composition, and coater design.

A schematic diagram of a typical coating apparatus is shown in
Fig. 8.10. The coating chamber consists of a graphite reaction tube
that is maintained at the coating temperature, generally 1000 to 2200°¢C,
by induction or resistance heating. Helium or another inert carrier gas
is admitted tc the reaction tube through a nozzle at the bottom at a
rate which fluidizes the bed of particles, but does not blow them out the
top. The proper flow rate is established prior to pouring a bateh of
particleé in the top of the ccater tube. The gas composition is changed
by admitting the desired reactant hydrocarbon while the helium supply
rate is simultaneously decreased. TFlow is generally controlled automabi-
cally by electric timers and solenoid switching valves. When multiple
coatings are desired, the input gas composition or coating temperature
may be shifted abruptly during a run. During the coating process the bed
of particles is agitated severely, and each particle is coated with about
the same amount of material. Since heat transfer rates are very high in
a fluidized bed, thermal gradients are generally very low within the bed

of particles. Temperatures are generally monitored with dptical pyrometers
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Fig. &.10. Schematic diagram of a fluidized-bed coated. Reprinted
from reference 45.
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through ports in the side of the furnace or the top of the coater. When
the desired coating has been achieved, the flow is reverted to pure
inert carrier gas., Particles may be removed by lowering the flow =o
that they fall out the bottom if the gas inlet orifice is large enocugh
or by lowering a suction tube into the fluidized bed and withdrawing
particles cut the top into a collector.

When the hydrocarbon is pyrelytically decomposed, carbon and hydrogen
are produced. Problems arise in handling the off-gas because of the
explosive potential of hydrogen-air mixtures. There are also problems
associated with the deposition of carbon on the walls of the reactor
tube and at the inlet nozzle. Furthermore, under certain conditions
large amounts of soot are produced and must be considered in the coater
design. -

Important variables in the design of the coater are the shape of the
inlet nozzle and of the cone at the inlet to the reactor tube. The cone
nozzle, which is generally in the range 30 to 90° included angle, affects
the refluxing action of the fluidized bed, the tendency for plugging by
soot, and the gas flow distribution in the bed. The exact nature of n
these effects is not well established, but because of them the structures
produced in coaters of different designs may vary even though the nominal
coating conditions of temperature, gas composition, and flow rate are
the same.

Pilloton has shown that the minimum flow rate for fiuidization in a

uniform tube is approximated by this expression:45

2
_ -6 D7 —
Gmf = 2.04 x 10 T e (ps pf) Pe 7 (1)
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where
G p = gas flow rate, g hr't em™?
D = particle diameter, u ,
= gas viscosity, centipoises ,
g = gravity acceleration, cm/sec2 s
Py = density qf the particles, g/cm3 , and
pe = density of the gas, g/em® |

Several complicating factors arise which make difficult a quantita-
tive description of the actual conditions. BSince the gas is heated as
it enters the reaction chamber, its veloclty and viscosity change markedly.
Furthermore, the gas composition changes as a result of the cracking of
the hydrocarbon. The bed may be heated or cooled by the cracking process
depending upon whether the reaction is endothermic or exothermic,

Finally, as the particle diameter increases as the coating is applied,
the average density decreases. For these reasons gas flow velocities

are established empirically for a given coating, hydrocarbon, and temper-
ature of operation. Generally the inlet gas flow rate is much higher
than that given in Eq. {1) so that the bed is actually a spouting bed
instead of a fluidized bed.

Some differences in procedure are ncted when oxide kernels are used
instead of carbide. ©Since uranium dioxide will react rapidly with carbon
above about 1500°C, a sealer layer must be applied at a lower temperature.
This layer retains CO formed by the reaction between the oxide kernel and
the carbon coating so that equilibrium is established and further reaction
ceases. Coatings can then be applied at higher temperatures without

further visible reaction. For coatings applied at 2000°C, greater
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migration of uranium through the coating is seen in carbide kernels than

42

for ocxide kernels. This migration results in surface contamination

and higher fission-gas release during irradiation.

Oxide Coatings

High-density A1,0s: and Be(O coatings have been applied to U0, fuel
particles by the hydrolysis of the sppropriate metal chlorides.>%
Alumina is porous when apﬁlied between 500 to 900°C and fully dense when

applied at 1000 to 1100°C. The coating reaction is
2 AlC1s(g) + 3 Ha0(g) = A1,05(s) + 6 HCA{g) . (2)

The process of coating with beryllium oxide is similar except that
deposition temperatures of 1300 to 1400°C are used. Other oxides looked
at briefly were Mg0 and ZrO;.

The coating process for forming oxides is similar to that for pyro-
carbon except ceramic oxide reactor vessels are used and the acids in the

off~gas lines must be accommodated,

Silicon Carbide Coatings

B8ilicon carbide was formerly deposited on static substrates by the
simultaneous thermal reduction or decomposition of various compounds
independently containing silicon and carbon. During the last two decades,
however, a family of methylchlorosilanes has become commercially ayail-
able which, by combining the carbon and silicon in & single compound,
offer a simplified process. One of these compounds, methyltrichlorosilane
(CH3SiCl3), hag been used almost exclusively for fluidized-bed deposition
of 8iC coatings,18)42’46"5o though one recent study has employed

methyldichlorosilane (CH3SiHC1,).5t
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The characteristice of 8iC coatings are influenced by variations
in fabrication parameters, but theirlsensitivity to these variables is
not nearly so great as that of pyrolytic carbon. 8iliceon carbide is
deposited in the range from 1200 to 1800°C. The reaction is carried out
in the presence of excess hydrogen which alsc serves as a carrier gas
for the above-mentioned reactants, which are liquid at ambient conditions.
The fabrication parameters can readily be adjusted to produce SiC
coatings of near theoretical density, though particular care must be
exercised to avoid depesition of free silicon near the lower end of the
temperature range.

Contrel of the vapor flux or partial pressure of the reactant can
be obtained by use of an evaporating apparatus such as that shown in
Fig. 8.11. A carrier gas is supersaturated relative to a control tem-
perature by passage over a heated bath of reactant and 1s then passed
through a controlled-temperature reflux condenser to produce the desired
concentration.

Components of a SiC deposition apparatus as well ag the material

being coated must be able to withstand a hot HC1 atmosphere.

8-2.3 TFuel Element Fabrication

In fuel elements, coated particles may be loose or bonded. Loose
beds of particles have the advantages of ease of manufacture and low
cost, since the particles are simply poured into holes machined into
graphite parts. TFear of an accident, in the reactor or during shipping
after irradiation, whereby the radiocactive particles would spill out and
cause gross contamination has, however, precluded the use of lcose beds

up to now,
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Fig. 8.11. Liquid reactant evaporating apparatus. Submitted by
Oak Ridge National Laboratory, July 1968.
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Bonded beds consist of coated particles and carbon flour bonded
with a suitable agent, such as pitch, furfuryl alcohol, or a phenolic
regin. Fabrication techniques include cold presgsing, warm pressing,
hot pressing, extrusion, and mold injection followed by curing and
baking cycles for the particular bonding agent employed if these cycles
were not part of the basic forming scheme as they are in hot pressing.
Bodles have been fabricated in the form of solid or hollow cylinders
for the FPeach Botton, UHTREX, and Dragon Reactors and‘as spheres for
the German Pebble-Bed Reactor (AVR). The fuel element for the
Fort St. Vrain-HTGR consists of bonded, closely packed beds of coated
particles in fuel holes interspaced with coolant holes in a hexagonal
block of graphite. A description of the fuel elements and operating
conditions for these reactors is given in Table 8.5. Typical fueled
graphite elements are illustrated in Figs. 8.12 to 8.16.

The two méjor problemg associated with fabricating elements
containing coated particles are fuel homogeneity and the damaging of
coated particles during fabrication., Fuel homogensity is obtained by
careful control of blending and molding techniques. Overcoating the
particles with the matrix ingredients before pressing improves fuel
homogeneity but is most effective for low volume loadings of coated
particles. BSince damage to coatings can occur during the pressing
operation, particularly for high fuel loadings and weaﬁ particle coatings,
care must be exercised to avoid excessive pressures., The effect of
isostatic forming pressure on damage rate ls shown graphically in
Fig. 8.17 for laminar coated particles (coating thickness approximately
100 ) as a function of fuel loading. Pressures as high as 6000 psi

are acceptable for loadings up to 21 vol %.



Table &.5.

Summary of High-Temperature Gas-Cooled Reactors Utilizing Coated-Particle'Fuel

Peash Bottom HTGR »5c® HTCR DRAGON Reactor AVR UHTREX AGR

Reactor type Prototype Power demonstration Experimental Prototype - Experimental {no specific

plant)

Criticality date March 1966 (electricity (Scheduled for 1971) August 1964 (full power August 1966 {Schedunled for
produced on January 27, on April 24, 1966} 1967}

1967}

Thermal power, b 135 837 20 46 3

Net electric power, Mw 40 330 None 15 Nene

Coolant Eelium Helium Helium Helium Helium G0z

Taltet temperature, °C 350 400 350 180 g7a
Qutlet temperature,”C 750 785 750 g50 1300
Preggure, atm 24 43 20 10 k2 20

Moderstor Graphite Grephite Graphite Graphite Graphite Graphite (metal

clad)

Fuel Pyrolytic-¢arbon {PyC)- Buffer-isotropiec PyCu PyC-coated {Zr,U}C Duplex PyC-coated (Th,U)C; Triplex PyC- ByCnSiC-PyC-
corted (Th,U)Ca parti- coated (Fh,U)Cp and and PyC-3iC-PyC-coated Parkticles in graphite coated UCz ecoated UC or UQ:
cles in hot-pressed, ThC, particles in {Th,0)Cz and UC-10 parti- spheres particles in varticles in &
graphite-metrix compmcts packed beds ¢les in warm-pressed, extruded BiC matrix
(2.75-in. 0D X 1.75-in.~ resin-bonded, graphite- graphite
ID X 3 in. leng) matrix, sonular fuel eylinders

compacts (I.7~in.-0D
% 2.1 in. long)

Fuel elements Low-permesbility graphite Hexagonel graphite Seven-rod clusters of Machined grephite spheres Graphite DBense self-bonded
tubes (3.5 in. OD) con- blocks (14 in. across low-permesbility {6 cm OP X 4 cm ID) filled cylinders 8iC rods contain-
taining 7.5-f% columms flats X 31 in. long) graphite tubes contaln- by injecticn molding with (1 in. 0B % ing wp to 40 vol %
of fuel compacts containing bended ing 63-in. columns of carboneceous matrix com- 0.5 in. ID x coated perticles

channels of fuel parti« fuel compacts taining dispersed coated 5.5 in. long)
ciles interspaced with particles
eoclant channels

Coateduparticle 2028 B0-65 12 {fissile); 22 27 Up to 40

loadings in cempacts 24 (Pertile}

or beds, vol %

EHeat removel from External Internal External External Internal External

fuel elements

Fission.product Yes No Yes {Charge I); driver No Ho No

purge system fuel elements only

{Charge IT)

Core power density, §.3 6.3 14 a3 1.3

average, kw/liter

Fuel tempersture, °C

Maxtinm 1330 1260 1250 1250 1590 =1000~1100
Average 980 815 1430
Minimam 570 480 1080
Fuel burnwp, % Foa®
Fissile particles, 14 20 Charge I; 4.5 14 {average) 13 in 1 year 5
max Charge II: 35-70 {100% plant
factor)
Fertile particles, 7 7 Charge I; <1 None None None
max Charge II: 36

Fast-flux expeosure,

neutrons /em®

(E > 0.18 Mev) . .

Maximur 4.7 x 107 8.5 x 10% 2.2 % 102 7.6 x 107t 1 % 10%*
{E > 0.1 Mev) per year {E not specified) in 2 years
Rverage 3.6 x 207 5.5 x 1020 1.7 x 102% =07 % 10%%
{E > 0.1 Mev) per yesr in 2 years
Fuel lifetime, year 3 ] Various (experimentel) 5.4 Not specified

fpuplic Service Cémpany of Colorado.
bFissions per initial metal atom.

o

9
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Spherical AVR fuel element consisting of dispersion of

Fig. 8.16.
coated~fuel particles in a carbonaceous matrix contained within a machined
The sphere is 6 cm in diameter. Reprinted from reference 19,

graphite shell,
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Fig. 8,17, Effect of isostatic forming pressure and fuel concentration
on damage to laminar-pyrolytic-carbon.coated particles in graphite matrices.
Reprinted from reference 53,
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Since the fabrication conditions leading to little damage to coated

particles are not those leading to the optimum strength and thermal con-

ductivity, compromise is unavoidable. Fortunately, volume heat generation

rates are low so that thermal stresses and temperature gradients are
generally low and matrix properties inferior to those of graphite can be
tolerated. Because of limited experience and because of the great number
of variables in fuel body fabrication, comprehensive tabulation of proper-
ties of various fueled graphite bodies is not of great value. The data
on fuel compacts for the Peach Bottom HTGR shown in Table 8.6 are typical

of the properties that can be achieved.l?

Table 8.6, Typical Properties of Graphite-Matrix Fuel Compacts

Graphite density 1.90-1.95 g/cm?
Crushing strength:a
Transverse 8500 psi
Longitudinal 7500 psi
Thermal expansion® (to
1000°C) :
Transverse 7.5 x 107¢/°¢
Longitudinal 2.25 X 1078/°C
Thermal conductivity at 0.3 went °o¢™t
2000°C, radial
Flectrical resistivity 3.5 X 1072 ohm-cm
Permeability (He at 1 atm) 2 x 1072 em®/sec
Pore structure < 1% of porosity due to pores > 1 p
in diameter
Radiation stability < 0.1% contraction after
6 x 10" fissions/em® at 1100
to 1500°C

a. . s . . . .
Direction with reference to grain orientation.
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#-3 PROPERTIES OF PYROLYTIC-CARBON COATINGS

The mechanical and thermal properties of pyrclytic-carbon coatings
deposited in fluidized beds vary with coating temperature, coating
hydrocarbon gas, hydrocarbon flux and partial pressure, bed volume, and
coater geometry. Thus, coatings with a wide variety of properties may
be produced, and this flexibility is one of the greatest advantages of

pyrolytic-carbon coatings.

8-3.1 Btructural Features and Physical Properties

Originally, the examination of microstructures was the primary method

for characterizing coatings, and terms such as laminar, columnar, and

featureless cogtings were used. Laminar coatings have a characteristic

onionskin appearance shown in Fig. 8.18. Columnar coatings are similar
to massive pyrolytic carbon, and growth cones are visible as shown in
Fig. 8.19. TFeatureless coatings are isotropic and, unlike the other two,
do not respond to polarized light. A coating of this type is shown in
Fig. 8.20.

But since coatings with similar appearance may vary widely in proper-
ties, the crude microstructural designations have given way to more
precise characterization in terms of density, anisotropy, and crystallite
size., Coating densities are measured on coatings cracked off particles
or on disks stripped from graphite substrates coated simultaneously with
a batch of particles. To be represenﬁative, these disk coatings must
have the same thickness and appearance as the particle coatings. Densi-
tieg are measured with a helium pycnometer or by a sink-float technique,

generally with mixtures of methyl alcohol and tetrabromoethane.
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Fig. 8.18, Polarized light photomicrograph of laminar pyrolytic
carbon on ThO; microsphere. As polished, Submitted by Oak Ridge National
Laboratory, July 1968,
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Fig., 8.19, Polarized light photomicrograph of columnar pyrolytic
carbon on ThO, microsphere. As polished. Submitted by Oak Ridge National
Laboratory, July 1968.
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Crystallite size and anisotropy of pyrolytic-carbon coatings are measured
by x-ray techniques. The crystallite size is measured from the line
breadth of the (00.2) reflection from a bed of coating fragments. The
apparent crystallite size perpendicular to the basal plane is then

calculated using the relation

0.89 A 3
be = (B cos 8) (3)

where A is the wavelength of the incident x rays, B is the width at half
height in 26 radians of the (00.2) reflection corrected for sample thick-
ness, and 6 is the Bragg angle. Anisotropy measurements are made on flat
disks of pyrolytic carbon deposited on graphite substrates in a bed of
coated particles, The method, described by Bokros,4° involves the use

of Bacon's®* fiber-texture technique which yields the relative number of
(00.2) poles per unit solid angle at the angle ¢ with the normal to the
substrate. The symmetry around the normal to the substrate allows the
data to be presented as a single distribution curve, I{¢) vs ¢. The

Bacon Anisotropy Factor (BAF), o /o, which is the ratio of the thermal

0Z

expansion coefficients in the perpendicular and parallel directions with

regpect to the deposition surface is given by
A
2 2 .
2 I(¢) cos® ¢ sin ¢ do
[o]

/

This relationship was derived by assuming the thermal expansion coeffi=-

a =
0%’ ©oX

nla

I(¢) sin® ¢ ao

cient in the direction parallel to the basal planes of pyrolytic carbon

single crystals to be zero.
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The effects of deposition temperature and methane flow rate on the
properties of coatings deposited from methane are shown in Fig. &.21 from
the work of Beatty et 3&.39 The fuel particles for these determinations
were UC, microspheres with a mean particle diameter of 188 um and a
measured density of 10.7 g/em?. Below 1500°C a 3/4-in.-ID reaction tube
was used with batches of 10 g (300 em? surface area); above 1500°C a
1-in.-ID tube was used with batches of 25 g (750 em®). The total flow
rate was 760 cm®/min for low-temperature runs and 2500 cm3/min Tor high-
temperature runs., The total coating thickness was 50 um for each run.

The results should be considered specific to these conditions and serve
primarily to illustrate the range of properties which may be achieved.

The density contour map in Fig. &.21 shows that a low-density range
extends from 1300 to 1500°C with the minimum densities occurring at 1400°C
at supply rates between 0.13 to 0,20 cmB/min per cm? of particle surface,
The density increases at lower or higher supply rates and coating temper-
atures. Maximum densities are above 2.0 g/em’.

The anisotropy contour map shows that very anisotropic coatings form
at low supply rates and high temperatures and at intermediate supply rates
and low temperatures. At supply rates above (.2 cmB/min per em? of parti-
cle surface the anisotropy decreases with increasing supply rate. The
variation in anisotropy with coating conditions is illustrated dramatically
by the varying responses of the different coatings to polarized light, as
is shown in Fig. 8.22. Anisotropic coatings show a characteristic
"Maltese Cross" when examined under polarized light, whereas isotropic
coatings are uniformly gray. Thus, metallography can be used for semi-

quantitative evaluation of anisotropy. The contour map for apparent
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Fig. 8.22., Effect of deposition conditions on microstructure of
130-p-thick pyrolytic-carbon coatings deposited on UC, particles in a
fluidized bed, as polished, polarized light. Reprinted from reference 39,
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crystallite size (Pig. 8.21) shows that this parameter is primarily a
function of coating temperature and is much less dependent on flow rate,
Results similar to those of Beatty et g;.39 were obtained by
Bokros,40 who also used methane-helium mixtures. Some qualitative
differences are noted, but these are to be expected with a different
coater design, flow rate, and different technigue for measuring bed

temperature. Hewette and Beatty55 produced with methane in a 2-in.

1'39

coater coatings with properties very similar to those of Beatty et
simply by increasing the total gas flow rate by a factor of 4. Beatty
also produced similar coatings with propane and propylene in a l-in.

coater.? 37

With these latter reactants, much higher carbon supply
rates were posgible in the fluidized bed, and high density coatings
were achieved at average deposition rates as high as 10 u/min — five to -

ten times higher than coating rates when methane was supplied as reac-

tant. Characteristics of these coatings are shown in Fig. 8.23.

1.41

Coatings with unigue properties were obtalned by Beutler et
by using acebylene as the reactant at three different partial pressures
(490, 610, and 760 torr). A l-in.-diam coater was used with a charge of :
50 g of 460-u-diem thoria particles at a total gas flow rate cf
& liters/min (STP). The coating densities and deposition efficiencies
obtained are shown in Pig. 8.24. The deposition efficiency is the
percentage of the carbon supplied which forms a coating. Note that
coating densities were in the range 0.5 to 1.4 g/cma. Densities in
this range are desired for the inner, buffer layers of duplex particles.
At low temperatures, low depcsition efficiencies were noted with corre-

sponding large amounts of scot. With proper equipment design, however,
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--------- this problem can be accommodated. Typical porous coatings formed from
acetylene are shown in Fig. 8.25. Note that the mounting material has
penetrated the coatings to varying degrees. The mean pore diameter of
these deposits, determined as porosity accessible to mercury, decreased

with increased coating density as shown in Fig. 8.26.

8-3.2 Mechanical Properties

The mechanical properties of pyrolytic-carbon coatings vary with
density, crystallite size, and anisotropy factors. Stress-strain curves
for porous acetylene coatings, shown in Fig. 8.27, indicate that very low
density coatings deform to a much higher degree than coatings with
intermediate cr high densities. A definite increase in erushing strength

is noted with increasing coating density as indicated in Fig. &.28.

The mechanical properties of impermeable pyrolytic carbons used for
outer coatings also depend sensitively on structure, which in turn
depends upon the coating conditions. Bokros and Price’® have examined
the mechanical properties of various pyrolytic carbons by three-point

\ bending of strips cut from disks coated along with fuel microspheres.
The dependence of properties on coating temperature for low and interme-
diate methane supply rates is shown in Figs. 8.29 and 8.30. The effect
of methane supply rate at 1400°C is shown in Pig. 8.31. Properties of
coatings deposited at 1730°C from 3% methane are shown in Table 8.7.

A summary of properties for characteristic laminar, isotropic, and

gramilar coatings is given in Table &.8.
Annealing of pyrolytic carbons changed the mechanical properties

a8 indicated in Figs. 8.32 and 8.33, and Tables 8.9 and 8.10. Results
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Fig. 8.25.

Comparison of photomicrographs of porous coatings of difference densities

deposited from acetylene. Reprinted from reference 41,
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.:'.a  Table 8.7. Structural Parameters and Mechanical Properties of Granular
Pyrolytic-Carbon Structure Deposited at 1730°C from 3% Methane®™

Density . 2.00~2.02 g/cm®

Bacon Anisotropy Factor 1.1

Apparent crystallite size, Lc 140 A

Layer spacing 3,43 A

Mean modulusb 1.21 + 0.11 x 106 psic

Maximim modulus® 1.62 + 0.17 X 10° psi®
Fracture Stressb 17.8 + 1.7 x 10° psic
Fracture strainb 1.48 % O.l’?%C

aDeposited in a 2.5-cm-diam coater using a 10-g charge of 420495 .
(U,Th)C, particles (130 am®). The total flow rate was 3300 cz’/min and

the average deposition rate was 15 p/hr.
bAverage from ten specimens.

cThe + values are standard deviations of the determinations.

Table 8.8. Summary of As-Depcsited Mechanical Properties
of Laminar, Isotropiec, and Granular Pyrolytic-
Carbon Depcsits Investigated

R Structure Mean Modulus Fracture Stress Fracture Strain

(psi x 10°) (psi x 107) (%)
Laminar 4, 57 4590 O.7~1.7
Isotropic 1.8-2.7 30-55 1.2—2.5

Granular 1.1—2.3 15=-20 1.31.6




&4

Y-8748%
50| perosien/  1700%c '900°C  2300°C
4 2100°C |\

5 40+
o
i)
" 30|
aC
%...»
m .
@ 20 .
(0]
E *

oL

@) i J L il

0 0.5 1.0 1.5 2.0 2.5

FIBER STRAIN (%)

Fig. 8.32. Effect of annealing for 4 hr at various temperatures

on stress-strain relationship for pyrolytic carbon deposited at 1450°C

from 40% methane; charge area was 400 cm®, Reprinted from reference 58,




MooULUS (X lOG PSI1)

4]

1200 1400

2.5

FRACTURE STRAIN ()

0.5

SN Fig. £.33.

Y -87492

MEAN MODULUS

1

MAX | MUM MODULUS

30

80

FRACTURE STRESS {PS1 X 107)

70

60

50

aQ -

30

20

10

ANNEAL ING TEMPERATURE (°C) ANNEAL ING TEMPERATURE (°c)

1600 1800 2000 2200 2400

i 1 ] | 8
1200 1400 1600 [1BOC 2000 2200 2400

200

180 —

160 —

140

100 -

80 -

60 -

L0 -

APPARENT CRYSTALLITE SIZE, LC (ANGSTROMS)

0

1 i 1 o i 1 ] ! 1

1200 1400 1660 1800 2000 2200 2400 1200 1500 1600 1800 2000 2200 2400

ANNEAL ING TEMPERATURE {°C) ANNEAL ING TEMPERATURE (°C)

Dependence of mechanical properties and I on

annealing temperature for a 1450°C laminar structure depos%ted from
40% methane (400 cm® charge); annealing time was 4 hr in each case,
Reprinted from reference 58.




Table 8.9. Effect of Annealing 4 hr at 2300°C on Mechanical Properties and Structure
of Three Isotropic FPyrolytic-Carbon Structuress

' Coating Conditions Mechanical PropertiesP
Specimen Bed Methane Coating As Deposited After Annealing
Number Temper- Concen- Rate Mean Fracture Fracture Mean Fracture Fracture
ature tration ( /hr) Modulus Stress Strain Modulus Btress Strain
(°c) (%) . (peix10®) (peix10®) (%) (psix108) (psix10®) (%)
235957 1650 1i 29 2.4 2 0.1 44 % 6 1.9 £ 0.3 2.8+ 0,1 44 £ 2 1.6 £ 0.1
2511-17 1760 40 &7 1.9+ 0.1 320+ 3 2.0+ 0.4 2.5+ 0.1 37+ 1 1.5+ 0.1
2511-23 1925 40 56 2.2+ 0.1 44 3 2.0+ 0.2 2.0+ 0.1 40+ 3 2.0 % 0.2
Structural Parameters
As Deposited Annesled N
Bacon Bacon
L Aniscotropy Dengity Lc Anisotropy Density
(a) Factor (&) Factor
2359.57 1650 11 29 50 1.1 1.62 70 1.1 1.65
25311-17 1760 40 67 45 1.1 .61 80 1.1 1.70
251123 1925 40 56 70 1.05 1.67 80 1.05 1.65

#Carbon was deposited in a 2.5-cm-diam coater; the initial charge area was 400 cm® and the total
flow was 2600 cm® /min.

bThe + figures are the standard deviations of the determinations.
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Effect of Annealing for 4 hr at 2800°C on Structure

and Mechanical Properties of Pyrclytic Carbon Deposited
at 2000°C from 14.7% Methane®

Property As Deposited Annealed C?%?ge
Density, g/em’ 1.99-2.01 1.99-2,01 0
Bacon Anisotropy Factor 1.4 1.4 0
L, A 145 130 10
Layer spacing, A 3,43 3.41 0.6
Mean modulus, psi X 106 1.54 + 0.06° 1.59 + 0.07° +3
Maximum modulus, psi x 105° 1.81 + 0.13° 1.72 + 0.16° -5
Fracture stress, psi x10%° 375+ 2.7° 27.8 t 4.5° -39
Fracture strain, 2> B 2.44 = 0.21% 1.76 + 0.39° 28

aDeposited in a 6.3-cn-diam coater using a
350 to 420 p {U,Th)C, particles (2600 cm?).

186-g charge of
The total flow rate

was 13,500 cm®/min and the average deposition rate was 25 u/hr.

bAverage from 10 specimens.

cThe + values are standard deviations of the determinatiocns.
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indicate that the properties of high-density laminar coatings deposited
from high methane concentrations are strongly affected by annealing.
Their moduli can be decreased by a factor of 2 to 3, and their fracture
strains can be doubled by annealing in the range 1700 to 2700°C. The
mechanical properties of low-density laminar coatings and isotropic
coatings are either not affected or only slightly affected by annealing.

The effects of irradiation on mechanical properties are discussed later,

8-3.3 Thermophysical Properties

Like the mechanical properties, the thermophysical properties of
pyrolytic-carbon coatings vary widely according to deposition conditions.
This is, of course, what one would expect for a material of such aniso-
tropic character. In general, coated-particle fuels are designed around
mechanical properties and irradiation effects rather than thermophysical
properties of the ceoatings. Thus, these properties may be considered
of secondary importance but will be briefly discussed here for

conpleteness.

Coefficient of Thermal Expansion

The thermal expansicon characteristics of highly oriented pyrolytic
carbon are similar to those of single crystals of graphite, which show
at 400°C a coefficient of thermal expansion (CTE) parallel to the basal
plane, aa, of zero and a coefficient perpendicular to the basal planes,
a,, of 28 x 1078 °¢~t (ref. 59). The net thermal expansion for poly-
crystaliine pyrolytic carbons is obtained by integrating the contribu-

tions of individual crystaliites, with allowance made for the

"accommodation" of a portion of the c-axis expansion. The data are best




jresented in terms of preferred orientation parameﬁers, Roz and Rox’
referred to the normal to the deposition plane 0Z, and the direction
parallel to the deposition plane O0X, respectively. These parameters
are determined by x-ray techniques,

Price and Bokros®® have shown that:
x/2

f 1{¢) sin’® o de

o]
R =

0z n/2
f I{¢) sin @ 4o

o)

The Bacon Anisotropy Factor (BAF) is also related to ROZ:

l_ROZ
BAF = 2 -—-—-—--—-——->
R

CZ

The thermal expansion coefficients of various pyrolytic carbons with
differing preferred corientations are shown in Fig. 8.34 relative to the

preferred orientation parameter, R, defined by

R=R__ for 0 =R = 0.66 (8)

E =R for 0.66 =R < 1 . {9)
OX

The dashed line is the curve predicted assuming no accommodation of the
c~axis expansion. On this basis a randomly oriented pyrolytic carbon
(R = 0.66) should have a CTE of 9.2 X 107° at 400°C. Measursd values
are lower and are in the range 4 to 6.5 x 1076 °c~! with values for low-
density carbons falling below those of higher density carbons. The

accommodation of c-axis expansion is attributed to the effects of
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 porosity. For pyrocarbons with preferred orientation, the a-axis
expansion increases and the c-axils expansion decreases with increased

preferred orlentation.

Thermal Cenductivity

The thermal conductivity of massive, pyrolytically deposited carbon
is discussed in Chapter 37 of this handbook. These masgive pyrocarbons
are generally very highly oriented relative to pyrocarbons deposited on
microspheres and therefore show a strong anisotropy of conductivity.
However, since no measurements on pyrolytic carbons deposited in a
fluidized bed have been reported, data for the massive pyrocarbons must
be suitably adjusted. The consequences of this are discussed in

Section 6, Design of Coated Particle Fuels,

8-3.4 Reaction of Pyrolytic-Carbon-Coated

Fuel Particles with Water Vapor

Oxidation of the pyrocarbon coatings on fuel particles can cause
failure of coatings and a subsequent release of some portion of fission
products into the coolant. Oxygen would react very rapidly with the
pyrocarbon coatings at normal operating temperatures. An ingress of
steam from a steam generator is the most likely source of an oxidizing
gas in the coolant. The conditions under which water vapor might cause
failure of the pyrocarbon coatings are therefore of interest in the
operation of high-temperature gas-cooled reactors.

The reaction of pyrocarbon coatings with water vapor has been
studied by a number of investigatorsf’l"'f’4 using various experimental

conditions. These have included such parameters as coating structure,
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temperature, partial pressure of water vapor, irradiation, and support
and containment of the particles,.

The rates of reaction of water vapor with ﬁaficué pjroéafbdn
coatings having laminar, granular, or isotropic structﬁfeg'hafé been

found to be guite variable.®3s 8%

Attempts to correlate reaction rates
with coatingﬁdensity, anisotropy, and crystallite size Wéfélunéuccessful.
Reaction rates obtained for a number of isotropic pyroca£56ﬁ §oétiﬁgs

at various temperatures are given in Fig. 8.35. Apparehﬁ.ééti§ation
energies vary considerably (30 to 65 kcal/mole), but thé.léfgéf2§§lﬁes
agree with 63 kcal/mole reported for higher partial pressuféévdf.ﬁétéf T
vepor. ¢4 | SRR

Apparent orders of reaction of the water vapor-pyrocarboﬁ'feaétién 
with respect to partial pressure of water vapor have been found62_64 to_3
vary from 0.5 to 1. Burnette et al.®? report 0.7 for partial préééﬁfes
between 19 and 165 torr in the temperature range of 1000 to 1400°C.
Values ranging from 0.5 to 1 were found in this temperature range at
partial pressures of 0;18 to 0.75 torr (ref. 64) and at 1000°C using
partial pressures of 5 to 550 torr (ref. 63).

Certain fission products, notably barium and strontium, might be
expected to catalyze the pyrocarbon-water vapor reaction. Studies of
coated particles that were irradiated to build up an inventory.of
fission products before exposure to water vapor showed some catalytic
effect on the reaction rate and alsc showed that failure times were

reduced. 8¢

The exposure time and related burnoff of pyrocarbon befcore failure

of the coatings are of interest in assessing the results of inleakage
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of water vapor. Studies®?7% made of these effects have shown that
exposure times required to attain failures decreased with both increasing
temperature and partial pressure of water vapor. The quantity of pyro-
carbon oxidized at the time of failure, however, varied markedly for
different batches of coated particles, suggesting that different types
of attack were involved. In general, a pitting type of attack was
cbhserved similar to that shown in Fig. 8&.36.

Most of the data available were obtained for loose particles
directly exposed to the gas stream containing water vapor. Studies
also have been made in which the coated particles were contained in a

closed graphite container®?

or in a graphite tube in which the gas

stream contacted a graphite surface before reaching the coated particle.63
Both systems reduced the rate of attack of the coatings, the graphite
container being most effective at temperatures above 1200°C. A very

high degree of protection against attack by water vapor was attained by
supporting cocated fuel particles in a graphite matrix.®? The geometry

and composition of the fuel element can also be very important factors

in the attack of pyrocarbon coatings during inleakage of water vapor.
8-4 PROPERTIES OF OXIDE COATINGS

The properties of oxide coatings have been summarized by Oxley.5
Alumina coatings deposited at temperatures between 500 to 700°C are
porous, of low density, and amorphous. They become crystalline when
heated to 1000°C and above. Coatings deposited at 1000°C are imperme-
able and are near theoretical density, with crystallites ranging up to

0.3 i1 in size dispersed in an amorphous matrix, Alumina coatings

o
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Pig. 8.36. Isotropic-6 coated particles after 24 hr exposure at
1300°C to 1000 ppm of HoO in helium, 33X, Submitted by Oak Ridge
National Laboratory, July 1968,



76

deposited at 1400°C are highly crystalline and have a crystallite size
of about 25 p but have inferior integrity to 1000°C coatings. Coatings
prepared at 1000°C or above are equal to or harder than sapphire (2200
to 2500 KHN, 50-g load).

Beryllia coatings must be deposited at higher temperatures than
alumina coatings to obtain egquivalent properties.’ Coatings deposited
between 800 to 11C00°C are porous and not obviously crystalline., At
deposition temperatures of 1400°C or higher, BeO coatings are imperme~
able and are near theoretical density. These coatings have good crystal-
linity. The 1400°C coating is about as hard as single-crystal Be0

(1200 to 1400 KHN, 50-g load).

8-5 IRRADIATION EFFECTS AND PERFORMANCE OF
PYROLYTIC-CARBON COATINGS

g§-5.1 Effects of Irradiation on Mechanical Properties

of Pyrolytic Carbons

Price and Bokros®® have determined the effects of fast-neutron
exposures of 1.5 to 2.4 x 102t neutrons/em® (E > 0.18 Mev) at 540
to 1060°C on the mechanical properties of pyrolytic carbons with laminar,
isotropic, and granular microstructures. The deposition conditions used
to prepare the carbons are given in Table 8.11, and the structural data
are given in Table &,12. Results are shown in Figs. 8.37 through 8.39.
These results show that irradiation increased the elastic moduli by 30
to 100%, with isotropic and granular carbons with low initial moduli
showing the greatest increases., The flekural strength of laminar carbons

was unchanged, whereas that of the isotropic and granular carbons




Table 8.11.

Deposition Conditions Used to Prepare Carbon Deposits

Methane Bed Total Average
Bed Concentration Charge Particle Surface Flow Rate Coater Contact D .g‘
Structure  Temperature . . Weight Diameter at 23°C Diameter Time eposition
(°c) in Hellum (g} (1) A P and 1 atm (cm) {sec) Rate .
(%) (em?) (w/nr)
(cfm)
Laminar 1 1400 40 15 150=250 400 2,750 2.5 0.1% 2
Laminar 2 1400 28 15 150250 400 2,780 2.5 0.19 20
Laminar 3 1400 5 15 150250 400 2,400 2.5 0.21 9.1
Granular 4 1730 10 420495 130 3,300 2.5 0.13 15
Isotropic 5 1650 15 34 420405 400 4,600 2.5 0.10 g9
Isotropic 6 2000 14.7 186 350420 2600 13,500 6.3 0.14 25
Isctropic 7 1800 14.7 186  350~420 2600 13,500 6.3 0.15 22
aCalculated by dividing the total gas flow rate at the deposition temperature into the estimated

volume of the hot zone and ignoring the volume change that occurs due to pyrolysis.

bCalculated by dividing the total thickness by the coating time.

il
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Table 8.12. Structural Data for Carbons

Density _ Eacon C?ystallite Misaligned Laye?
Structure (g/cmg) Anisotropy  Size, Lc Layers Spacing
Factor (A) (%) (A)

Laminar 1  2.115 # 0.003 3.36 43 2 3.43 !
Laminar 18% 2.159 + 0.003 2.59 113 1 3.42
Laminar 1G° 2.191 * 0.003 2.59 226 1 3.35
Laminar 21° 1.951 + 0.006 1,64 33 10 3.45
Laminar 2,° 1.916 + 0.001 1.66 33 10 3.45
Laminar 28% 1.939 + 0,003 1.66 73 5 3.42
Laminar 2¢° 2.081 + 0.006  1.64 132 3.37
Laminar 3  1.512 # 0,006 2.09 25 23 3,43
Laminar 3A% 1.573 * 0.012 1.88 43 18 3.42
Granular 4 2.008 + 0,006 1.06 139 2 3.42
Isotropic 5 1.548 + 0,008 1.00 49 10 3.43
Isotropic 6 2.000 + 0.005 1.30 145 1 3.42
Isotropic 7 1.816 + 0.001 1.05 105 3.43 .

Bpnnealed 4 hr at 1900°C in vacuum.
bAnnealed 2 hr at 2800°C in argon.

“Laminar 21 and 2z were duplicate runs under nominally identical

conditions.
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Fig. 8.37. Maximum flexural elastic modulus of pyrolytic-carbon
samples before and after irradiation; tapered portions of bar graphs
extend one standard deviation on either side of the mean height (for
structural designationg, Table 8.12). Reprinted from reference &8.
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carbon samples before and after irradiation; tapered portions of bar
graphs extend one standard deviation on either side of the mean height
(for struetural designations, Table 8.12). Reprinted from reference 68,
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structural designations, Table 8.12). Reprinted from reference 6&8.
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increased up to 60%. Because the increase in strength was not as great
as the increase in elastic modulus, there was a decrease in elastic

strain-to=fracture for all carbons.

8-5,2 Irradiation-Induced Dimensional Changes
in Pyrolytic-Carbon Coatings

Fast-neutron irradiation of pyrolytic-carbon ceatings results in
three types of dimensional changes which contribute to the stresses on
the coatings:

1. shrinkage caused by densification of low-density coatings,
2. swelling of high-density coatings, and

3. dilation at constant volume caused by expansion in the "c¢" direction

and contraction in the "a'" direction of the individual crystallites,
These processes are affected both by temperature and structural features
of the coating, such as crystallite size and preferred orientation.

The processes going on in an individual crystallite are similar to
those in graphite, ﬁhich are described in Chapter 37, and are best
visualized with reference to data obtained by irradiating massive samples
of pyrolytic carbon with a high degree of crystallite perfection. Typical
data obtained from duplicate samples of pyrolytic carbon deposited at
2200°C and irradiated at about 650°C are shown in Fig. 8.40. The
initial density of this material was 2.20 g/cmB, and the PAF was greater
than 300. A large expansion in the "c¢" direction (i.e., perpendicular
0 the plane of deposition) is observed with a concurrent contraction
in the "a" direction. For the sample used, the basal planes correspond
to the surface of deposition. The data in Fig., 8.40 are for a single

" Y

tenperature, but the rates of "¢’ axis expansion and "a” axis contraction

are highly temperature dependent.
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Irradiation temperature was approximately 650°C. Reprinted from
reference 69.
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For polycrystalllne samples of pyrolytlc carbon w1th elther random
or preferred orzentatlon, thlS process occurs 1n the 1nd1v1dual crystal~
lites making up the structure.f The overall stralns may be obtalned by
using crystallite averaglng methods dlscussed by Prlce and Bokros 60.

The total bulk dlmen81onal changes, Az”/z” or Aﬂl/ﬂ!f are related to the_

total crystalllte changes éX /X and DX /X , by the equatlon

"f ﬂﬁH<a + ff4? = s. n (1 + —-— <; - sl> ﬂn.( + u~m> - (10)

'.In thls.erpre581on the symbols l;and | refer to the directions perpendic-
'ular and parallel to the plane of dePOS1tlon respectively. The preferred
lrorlentatlon parameter R Was descrlbed previocusly. 31 takes a value
from O to 2/3 and RH from 2/3 to 1. For an isotropic deposit the R value
is 1ndependent of dlrectlon and equals 2/3

LA plot of En <} + féi) 1s given in Fig. 8.41 as a function of Rx
for a number of carbon deposits irradiated to a neutrcen fluence of
2.4 x 102 neutrons/cm (E > 0.18 Mev) at 1040°C. The highest density
1sotr0p1c carbons showeé virtually nc density change since the dimensional
change lS ZeTo at'Rks; 2/3 for this fluence. Lower density pyrolytic
carbons shbwed.dénsifiéation in proportion to the initial density defect
(defined as theorsticai'density minus the initial density).

The effect'of‘feﬁperature cn irradiation-induced dimensional changes
for pyrolytic carbons with densities in the range 2.13 to 2.14 g/cm3
irradiated to a fluence.of 1.7 to 2.0 x 10°%t neutrons/cm? (E > 0.18 Mev)
is shown in Fig. 8.42. It was found that the rate of "¢ axis expansion
increases with temperature in the range 680 to 280°C. The net volume

change was essentially zero for these high-density samples at the fliuence

cited. 0
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Fig. 8.41. Plot of dimensional changes, 1n [1 + (A¢/¢ )], versus
preferred orientation parameter, RX, for as-dsposited carboRs x(numbers
beside points correspond to structiral designaticns in Tables £.11 and
8.12). Irradiated at 1040°C to a neutron exposure of 2.4 x 1021
neutrons/cm® (F > .18 MeV). Reprinted from reference 66.
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Bokros and Schwartz?© have exeamined densification in detail. They
feel that densification is a first-order process, at least to a fluence

of 3 x 10%! neutrons/em® (E > 0.18 Mev), so that the following expression

applies:
p =y — (o — o)) ex@ (Hkyy) (11)
where
o = the final density, g/cm’,
Py, = theoretical density, g/cm?,
p, = initial density, g/cm?,
7 = fast-neutron fluence, E > 0,18 Mev,
k, = densification constant, (neutrons /em?)™t

The densification constant was found to vary with temperature and crystal-
lite size as shown in Fig. 8.43. For small crystals (Lc approx 40 A},
the densification constant was only slightly temperature dependent.

For intermediate-size crystallites (Lc = 100 to 200 A), the densifica-
tion constant goes through a sharp minimum at about 500°C and has a
value about one-tenth that of the smaller crystallites, increases
rapidly above 500°C, and at about 1100°C coincides with that of the
smaller size carbon. For very large crystallites from graphitized
pyrolytic carbons, the minimum is displaced to a higher temperature and
coincidence with the densification constants of the smaller size carbons
would occur at some undefined temperature greater than 1100°C. Bokros
and Schwartz’? attribute the variation in densification constant with
temperature to mobilities of carbon atoms and of vacancies relative to
the crystallite sizes., This in turn determines whether nucleation of

interstitial clusters occurs homogeneously or heterogeneously.
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Reprinted from reference 70,
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Although data are limited, Bokros and Schwartz’® indicate that a
breakdown of the first-order densification process may occur at very
high fluences (E > 0.18 Mev). Eventually one would expect breakaway

swelling 1ike that cobserved on graphite.

g-5.3 Fission-Product Retention by Coated-Particle Fuels

Retention of Fission Gases in Coated Particles

Early tests of coated fuel particles, both in out-of-pile heating
experiments after light irradiation”»7? and in sweep-capsule irradiation
experimer_lts,'72"’74 demonstrated that as-deposited coatings of pyrolytic
carbon and ceramic oxides were quite effective in retaining noble-gas
fission products, The monolithic laminar or granular coatings used in
early experiments, however, always began to rupture from fission recoil
damage after about 5 to 15 days of irradiation. As this occurred, the
fractional release (R/B) of krypton and xenon increased by two to four
orders of magnitude, and the experiments were ended.

These resulits showing low initial release fractions were supported
by supplementary measurements of the diffusion coefficients of 133%e in

samples of the Coatings.75

The values for the apparent diffusion coef-
ficient were very low (< lO'14 cmz/séc) for dense pyrolytic carbon and
ceramic oxide coatings at temperatures up to 1500°C. On this basis, one
may calculate that the loss of fission gases by diffusion through dense
intact coatings would be insignificant.?5,7® Testing of Tfuel particles
with multilayer cdatings that were developed for resistance to irradia-

tion damage confirmed»this., In recent tests of two- and three-layer

carbon coatings on carbide and oxide fuel particles, the fracticnal
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releése (R/B) of noble-gas fission products has remasined low (< 107%)
even after more than 20% burnup of fuel,’®’77 Results from several of
these experiments, shown in Table 8.13, demonstrate the excellent
behavior of these coatings on U0; fuel particles. It should be empha-
sized that very few if any ruptured coated particles were present in
these experiments, since the fission-gas release from particles without
coatings may be greater than 1%.

The successful development of multilayer coatings that will survife
after high fuel burnup led to the confirmation of earlier indications?6,78
that the observed release rates of fission gages were caused by fuel
contamination within the outer portion of the coating. In Fig. 8.44
release data from four of the experiments in Table 8.13 are plotted
versus the coating contamination, which was measured as alpha-particle
activity on the particles in the as-coated condition. The resulting
curve indicates that release increases in direct proportion to the
level of contamination.

In preparing the coated particles tested in these experiments,”’’
investigators observed that the contamination levels of the coated oxides
were lower by one or two orders of magnitude than those of carbide parti-
cles coated under similar conditions. This was attributed to the rela-
tive stability of UOj; particles with dense carbon coatings at temperatures
up to 2300°C. Carbide fuels, on the other hand, tend to diffuse into
and contaminate coatings applied at temperatures of 1800°C and above.
This is further shown by results from a series of coating experiments
on (Th,U)C, particles.*? At a constant methane concentration the

surface a-count (contamination) is seen in Fig. 8.45 to increase in




Table 8.13. Fission-Gas Release from Pyrolytic-Carbon-Ccated Uraniuvm
Oxide Fuel Particles During Irradiation

Burnup Temper- Average Fractional Fission-Gas Release, R/B
Capsule Batch Coating (at.)% a%?rﬁ 85y .. g8y 87 133y, 135y
U c
A9-2 OR-208 Gap + Aniso- 27.9 1400 9.3 X 10“72 7.0 X 10*73 5.7 x 10"72 11.7 x 10°7° 6.5 x 10-7°
tropic + Granular 8.5 x 1078" 4.9 x 1075 3.4 x 1076 a a
B9-26 OR-354 Porous {arbon + 12.1 1350 4.7 x 1078  4.2x 107% 3.9x 1078 3.7 x 1076 1.7 x 10™8
Isotropie
B9-27 OR-348 Porous Carbon + 9.4 1500 1.6 x 107% 1.3 x 10°® 1.,2x 10°% 1.0 x 10°° 0.6 x 107%
Dense Is=otropic
Ci-16 OR-343  Isotropic I + 11.9 1400 1.1 x 1077 0.8 % 1077 0.6 x 1077 0.9 x 1077 0.4 o-7
Isotropic II 2.8 1500 1.9 x 107 1.4 x 107 1.2x 1077 1.7 x 1077 0.7 x 10-7

1
1

4.7  1400% 1.1 x 1007 0.2 x 10°7 0.7 x 1077 4 d
6

01-17 OR-HB23 Perous Carbon + 25.2 1600 6.2 % 10°%F 4.3 x 108 3.9x 10°% 7.6 x 10-¢ 5.4 x 10-8
Granular

®apfter 2.8% burmup at 1500°C.
bBefore bursts of fission gas.
Cpfter bursts of fission gas.

dData not available.

16
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direct relation to the deposition temperature. The much higher contami-
nation levels for the columnar structures were attributed tc the longer
coating runs required to produce this structure. Coating times for the
other samples were quite comparable, which indicates that migration is
somewhat sensitive to the structure of the coating.

In summary, one may conclude that virtually all of the fission-gas
release observed from intact coated particles is derived from figsile
materials in the outer layer of the coatings. Therefore, one finds
good reason to reduce such contamination of the coatings by using oxide
fuel particles, depositing coatings at lower temperatures, or using

barrier layers in the coating.

Behavicr of Solid Fission Products

In contrast to the low fractional release rates of the noble-gas
fission products, certain solid fission products may diffuse readily
through carbon coatings and thus contribute toc contamination of the
primary coclant system in HTGRs and other high-temperature reactors,

Behavior of Jodine. 1In some early experiments on release of fission

products during heating of lightly irradiated coated particles, moderate-
to-large releases of iodine were observed.??:7% Later studies on
improved coated particles, however, during heating after light irradia-
tion and during high-temperature irradiation capsule experiments,
indicated that virtually all the iodine released is derived from surface
contamination and/or broken coated particles. In a typical, in-reactor
swept experiment, Reagan et gl.74 showed that part of the xenon released

during irradiation actually escapes from the coated particles as iodine
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and that the iodine release fractions are of the same order of magnitude
as those of the noble gases. Thus one may conclude that the release

rate of iodine from intact coated particles will be a function of the
surface contamination on the coatings and that iodine release will be

a problem only if a significant fraction of coatings are ruptured. More-
over, recent data indicate that lodine release from broken coated parti-
cles will be moderate unless irradiation temperatures are greater than
1500°¢ (refs. 80, 81). In postirradiation heating experiments, coated
UC, particles that were broken after irradiation released only about 1%
of the 311 during 1 hr at 1250°C (ref. 80). Analysis of coating
fragments disclosed that nearly half of the lodine inventory was retained
in fragments of the porous inner coating.

Metallic Fission Products. On the other hand, high fractional

releases of some metallic Tission products have been observed during
heating of lightly irradiated coated particles that released very small
or undetectable amounts of *>?Xe. 1In an early series of experiments,
Scott et al.” observed significant release of L40Ba and detectable
amounts of Y0%Ru from intact carbon-coated UC, particies. Further work
by Scott and Toner®? disclosed that large fractions (approx 10%) of
lllAg were released at temperatures as low as 1000°C, Other early
experiments confirmed the release of significant fractions of 13705,
14lCe, 898r, and **7Nd from intact pyrolytic-carbon-coated fuel particles
at high temperatures.’?»79,83

Much work has since been done on the characterization of metallic

80,84,85

fission-product release. While the mechanisms of release are

not understood, data on the magnitude of release fractions of given
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fission~product isotopes are available, The situation as regards
pyrolytic-carbon-coated fuel particles may be summarized as follows:

1. The density and structure of carbon coatings have little if
any effect on release rate of metallic products.

2. Bignificant fractions (= 10%) of strontium, barium, and silver

isotopes may be released from the coated particles, especially at temper-

atures above about 1200°C. Since these elements diffuse readily through
pyrolytic carbon, their release rates are determined to some extent by

the composition and structure of the fuel particle,

3. Small fractions {< 1%) of cesium, cerium, and yttrium isotopes
will be releagsed from carbon-coated carbide fuels,

4. Cerium and yttrium, both of which form very stable oxides, are
retained almost quantitatively by coated oxide fuels.

5. Release of all other metallic fission products is barely
detectable.

The high fractional release of strontium, and to a lesser extent
barium, arcused grave concern for the safety of HTGR systems and led to
the development of barrier coatings containing SiC layers sandwiched
between carbon coatings. BSuch barrier coatings are very effective
containment for strontium and “b:atrium,%—88 reducing the fractional
release of these isotopes by as much as 107*. The release of cesium,
however, is wirtually unaffected by the presence of the SiC barrier.
Other metallic species are released in lesser amounts than from carbon-
coated particles, perhaps because SiC barrier coatings tend to be less

contaminated than carbon ccoatings.
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8-5.4 7Performance of Coated-Particle Fuels

Numerous irradiation experiments have confirmed that coated-particle
fuels are capable of performing without failures at extreme conditions
of temperature, burnup, and fast-neutron fluence, as shown in Table 8.14.
The few samples listed were selected from many batches of well-
characterized coated particles tested in these and similar experiments.
The particle coatings were designed and prepared according to principles
discussed elsewhere in this chapter, and their operating conditions are
shown here to illustrate present capabilities of this type of nuclear

fuel.

8-6 EFFECTS OF IRRADTATION ON OXIDE OR CARBIDE COATINGS

The behavior of oxide coatings, such as BeO, MgO, and Al,03, or
carbide coatings, such as SiC, under irradiation is essentially the same
as that observed for bulk material, Therefore, refer to Chapters 27

and 38 of this handbook for the appropriate information.

8-7 COATED-PARTICLE DESIGN

g=7.1 Introducticn

The specifying of a coated-particle design requires of one the
ability to predict quantitatively the influence of a coated particle's
configuration and material properties on its expected life to failure
in a given irradiation enviromment. To facilitate such predictions,
mathematical models describing coated-particle irradiation behavior have

been developed.*»%*~?7 Although such models alone cannot be used for
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Table 8.14. Performance of Selected Coated-Particle Fuel
Samples in Irradiation Experiments®

Trradiation Conditions

Fue% . Coating ;uégzgy Temperature (E > gfig Mev) Experiment
Composition  Type Metal (°c) Newtron Fluepee HEference
(neutrons fem?)
x 102t
{Th,U)C; BISO 16.4 1270 5.0 P-14B
(Th,U)C, BISO 23,2 1230 3.7 P-15
(Th,U)C, TRISO 20.0 1300 4.0 P-137
(Th,U)Ca Duplex 10.1 1300 0.7 po-28°
(Th,U)0>2 BISO 3.0 1165 2.7 P-13E
UC» BISO 49,0 1200 1.5 F9-1
U032 Triplex bty 4 1150 1.5 F9-1
U0z BIS0O 25.4 1400 0.1 XB-2
ThO> BISO 0 1200 5.0 DFR-3

aSamples performing without fallure,
b .
Coating types are:

BISO: inner porous buffer layer, outer isotropic carbon layer.

TRISQ: 8Si1C layer between two layers of BISO.

Duplex: inner laminar layer, granular outer layer.

Triplex; BISQ with outer third layer of granular pyrolytic
carbon.

“Experiment (1) P-capsule experiments conducted by Gulf Ceneral
Atomic (refs. 89, 90).
(2) 79 nigh-burnup ORR experiments at ORNL (ref. 91).
(3) ¥B-2 (ETR X-Basket No. 2) and DFR-3 experiments
conducted by ORNL (refs. 65, 92).

I roof-test of coated particles for AVR {ref. 93).
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reliable a priori predictions of coatedw-particle failure, they do

provide a rational means for interpolation between limited irradiation

test results and for assessing the relative influence of various coated-

particle design variables on expected irradiation performance.

8~7.2 Mechaniems of Coating Faillure

Coated-particle failure implies the rupture of the impervious
coating layer or layers that provide primary contaimment for fission
products relessed from the fuel kernel. The rupture will occur when
some function of the stress-strain state in the coating exceeds & criti-
cal value. Coating stresses leading to fallure can result from one or
more of the following causes:*»®?

1. swelling of the fuel kernel (from differential thermal expansion or
fission) against the inner surface of the coating,

2. fission-gas pressure exerted against the inner surface of the
coating,

3. coating distortion caused by direct fission fragment bombardment
of the inner surface of the coating,

4, coating dlstortion caused by chemical reaction of fission products

with the inner surface of the coating, and

5. coating distortion caused by anisotropic dimensional changes (from

thermal expansion or fast-neutron damage) throughout the coating.
Farly irradistion experience with pyrolytic-carbon-coated fuel
particles demonstrated that the first four of these causes [especially (1)

5

and (3)] would lead to early failure of single-layer coatings.®” Hence,

multilayer coatings were developed, incorporating a low-density "buffer”
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layer immediately surrounding the fuel kernel, surrounded by one or more
high-density, impervious layers to provide fission-product containment.
The buffer layer contributes little, if any, mechanical strength of its
own, but serves to prevent outer layer damage from fission fragments,
chemical reaction, or fuel expansion; it also provides volume to accom-
modate released fission gases through its internal porosity and
densification under irradiation, thereby greatly reducing the gag pres-
sure exerted against the cuter coating. Note also that additional
fission-gas volume can be obtained through use of a fuel kernel of less
than thecretical density. Subsequent discusgsion in this section will
concern particles with two coating layers; a low-density inner buffer
layer, and an imperviocus, ouier contaimment layer, as shown schematically

in Fig. 8.46.

8-7.3 Mathematical Models

Mathematical models of coated-particle irradiation behavior
proposed to date are based on a calculation of stress and strain in the
outer contaimment layer, considered as a thick-walled spherical pressure
vesgel. It is assumed in all models that the buffer coating is
gufficiently thick to shield the cuter layer completely from mechanical
or chemical interaction with fission fragments. The models differ in
the assumptions they incorporate concerning the significance of various

failure mechanisms and the mechanical behavior of the cuter coating.
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Figure-of-Merit Model

A simple model of coated~particle performance is embodied in the

® In this model it is

"figure~of-merit” concept described by Schwartz.?
assumed that (1) the outer coating is isotropic and elastic with uniform
properties throughout, (2) the volume available for fission gas is not
silgnificantly affected by swelling of the fuel or by shrinkage and
elastic deflection of the ocuter coating, and (3) failure will occur when
the tangential tensile stress in the outer coating exceeds some specified
value,

These assumptions lead 1o the follewing eguaticn for predicting the

burnup required to cause ccating failures:

- -
| o

(12)

where
Buf = percent burnup at failure, 100X (fissions per initial heavy
metal atom),
O = tangential stress in outer coating necessary to cause rupture,
b,a,a, = coated-particle dimensions (see Fig. 8.46),
€ = fraction of buffer coating volume available to accommodate
fission gas,
€p = fraction of fuel kernel volume available tc accommodate
fissjion gas, and
T = absolute temperature.
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The gquantity G is defined as

G = 'é?zz'ﬁ , (13)
where
£ = fraction of fission gas produced that is released from solid
fuel lattice,
Z = generalized gas compressibility factor (ref. 98),
R = universal gas constant, and
¢ = the gram-moles of fission gas produced in a unit volume of
fuel per atom percent of heavy metal fissioned, calculated as
.. 7a (1 - eF) he g (14)
100 M, ¢
where
Y = yield of gasecus fission products, gram-moles produced per
gram atom of heavy metal fissioned {value is roughly 0.24),
hF = atoms of heavy metal per molecule of fuel material (e.g., 1l for
U02, 3 for UsOg, ete.),
Py = theoretical density of fuel material, and
MF = molecular weight of fuel,
The "Figure of Merit,” FM, for an irradiated coated particle is then
deTined as the ratio of the burnup at failure predicted from Eg. (12)
to the actual burnup attained, Bu:
M = B—uf . (15)
Bu

Schwartz obtained a good correlation of the percentages of falled parti-

cles in given lots as functions of their Figures of Merit, in a series

of accelerated-burnup irradiation experiments.96
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ORNL Model (Prados and Scott)

The relations employed in the Figure-of-Merit model should provide
a reasonable representation of the performance of coated particles with
fuel kernels having a high concentration of fissile material, This is
because such particles attain a high burnup before they accumulate a
significant fast-neutron exposure, and hence burnup effects (primarily
Fission-gas pressure) contribute far more to the coating stress than do
fast-neutron effects (anisotropic dimensional changes and creep relaxa-
tion of stress). Equations (12) and (13) would not be valid, however,
for particles subjected to fast-neutron exposures above sbout
5 X 10%0 neutrons/cm? (E > 0.18 Mev); above this level, fast-neutron-
induced shrinkage, anisotropic disfortion, and creep can significantly
alter the coating stress state from that caused by internal pressure
alone. To treat such cases, Prados and Scott have formulated a model?s®4
which permits calculation of stress and strain in a spherical pyrolytic-
carbon coating under the influence of internal fission-gas pressure
acting in combiration with fast-neutron-induced shrinkage and distortion.
The most recent version alsc accounts for the creep exhibited by
pyrolytic-carbon coatings under fast-neutron irradiation.

The interaction between fission-gas pressure, coating stress, and
coating displacement necessitates a trial-and-error solution for the
stress distribution, even when elastic behavior of the coating is
assumed.®* The computational difficulties are significantly increased
by the inclusion of creep, since this introduces nonlinearity and time
dependence into the equations governing stress and strain in the

spherical coatings and makes it impossible to obtain explicit solutions
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for the stress distribution. The approach employed by Prados and Scott
for calculation of the outer coating stress distribution in the presence
of creep 1ls based on the iterative numerical procedure of Mendelson et gl.gg
This technique requires equations giving the distribution of principal
stresses in the system in terms of initially unknown (and hence arbitrary)
creep displacements. Stresses calculated from these relations are used
to obtain successively improved values of creep strains until all system-
governing equations are satisfied over a given small-time increment.
The process is repeated over successive time intervals to build up a
stress-strain history for the system,

Working equations have been developed for the Prados-Scott
model%»94,95,97 ang they may be summarized as follows.

Coating Stress Components as Functions of Coating Dimensions and

Properties, Fizsion-Gas Pressure, and Nonelastic Strain Components:

(n1+2) <§>nz<§>n1_ (n,+2) G)nl(g)nz ) E,

TR | e

| Do (ng+2) (:ft)nz— (os2) (ﬁ)nl
| -+ s

+ (nl+2)11(-§:>-— (n2+2)12<-§> . (16)

and
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EE-EE -,
@) -7 | G )

500 B 91 o

0 (r) = -

where
Ogs0, = tangential and radial components, respectively, of normal
stress in the outer coating,
P = pressure on inner coating surface,
&,b = inner and outer radii of spherical outer coating,
) Ey(1=v2)
ni,np = roots of guadratic equation, n +3n+2[1 - E;TE:;;j] = 0, and

Ee,Er,vl,v2 = elastic moduli and Poisson's ratios for outer coating.

The quantities I, and I, appearing in Egs. (16) and (17) are integral

functions defined as

(5 (e - e+ YT im0 i
yo i

Nonelastic Strain Components as Functions of Coating Temperature,

Fast-Neutron Damage, and Stress: The quantities ge and gr appearing in

Eq. (18) are the tangential and radial components of coating strain
contributed by causes other than elastic response to stress and are

calculated as
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t
g (r) = ay [T(x) = T ] + ny(r) +[ oo At (19)
and
t
gr(r) =a, [T(r) — Tc] + nr(r) +h£\ €. dt (20)
where
ae,ar = tangential and radial thermal expansion coefficients for
coating,

NgrNy = tangential and radial components of unrestrained fractional
fast-neutron-induced dimensiocnal change in coating,
T = temperature at a point in coating,
Tc = temperature at which coating was deposited, and
t = time,

Components of Creep-Strain Rates in Coating as Functions of Coating

Properties, Fast-Neutron Flux, and Stress: Relations for the creep-

strain rates in terms of the stress components are based on a modifica-

tion of Hill's theory of anisotropilc plastic yielding97ﬁloo and are as
follows:
A G =g
. € g r
= [ — 2
te = 4. () () (21)
¢ 2A<§>(U-—-c) | (22)
re r \g r e’ ’

.

where € is an effective creep-strain rate, given by

€
e

A
r

(23)

€ =
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Here, Ar is an anisotropic yield coefficient, given approximately by
the ratio of tangential to radial elastic moduli, Ee/Er’ and ¢ is the
"plastic potential’ or effective creep stress, related experimentally
to the creep strain and strain rate. The form of this relation is that
suggested by Price and Bokros.®® It is assumed that when pyrolytic
carbon is placed under load in a fast-neutron flux, three types of
deformation occur: (1) instantaneous elastic strain; (2) a rapid,
recoverable, "primary" creep strain, approximately equal to the elastic
strain; and (3) a steady, irreversible, "secondary" creep at a strain
rate proportional teo the effective creep stress and the fast-neutron

flux, as given by the equation

€ -Xe7, (24)
where
K = steady-state creep coefficient [of the order of
10727 (psi)~! (neutrons/cm®)-'], and
¢, = fast-neutron flux [neutrons cm™® sec™ (E > 0.18 Mev)].

The primary creep strain may be auwtomatically incorporated into the
stress calculations, Egs. (15) and (16), by use of modified elastic

property values computed as follows:

By = 0.5 F, , (25)
E =05E_, (26)
, v + 0.5 (EQ/EI') i
v = (27)
1+ (Ee/Er)
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and
o v, * 0.5 (28)
2 2
where
Eb,E} = effective tangential and radial Young's moduli, modified for
effect of primary creep, and
vi,v; = effective tangential and radial Poisson's ratlios, modified

for effect of primary creep.

Fission-Gas Pressure as a ¥Wunction of the Volume, Temperature, and

Amount of Gas Present: TFission-gas pressures are calculated using the

Redlich-Kwcng eguation of state,lol recommended for noble gases at
elevated temperatures and pressures:
RT a

- i * N 0.5 (29)
(Vy/n) =6 (Vy/n) (Vy/n + ) %

where
T = average absolute temperature of fission gas,
VG = total volume of fission gas,
n = moles of fission gas presént,

R = universal gas constant, 82.057 cm®-atm-(g mole) ™ -(°kK)~1, and

©>
o>
1

constants for gpecific gases, taken as
6.48 x 10t atm-(°K)° S -cmb-(g mole)™?, and 28.2 cm® (g mole)_l,
respectively, for fission-gas mixture.

Amount of Pission Gas as a Punction of Fuel Properties and Burnup:

The gram-moles of fission gas present within a coated particle, n, is
given by

n = 4/3 nay’ CfBu , ' (20)




110

where

iy

Bu

fuel kernel radius,

i

burnup of fuel, 100 fiSéibns.pér:iﬁiﬁiaiIhéé§y m%£éi a#ém; éna ;  
C is given by Bq. (14). BEENE AR L

The fraction of the fission gas gerierated that is released from the. .

kernel, f, can béJEStimatéd.&iTEéﬁif;Qf}céiCﬁi@?éd f£6#féiffﬁéi;ﬁéiij' -'_ f

relations, %’

Fission-Gas Vélume:aé-afﬁﬁﬁbﬁioﬁ.bffFuél'Pfopefﬁiés;fﬁﬁfhup;;f[_“Jff-

Coating Dimensions and Properties,. and Coating Displacement: ' The fission:
gas volume is computed as'

Vg = 4/3 x (a ag, ) Vy s S (3})

with a% the equivalent radius of a zero-porosity kernel’-f.f

a%g = a% (1 - EF) ; ‘ :: _ o (32)

where €p equals the actual porosity of fuel kernel and VU is the ianer
coating volume unavailable for fission gas, given by

= 4/3 x (ag -a2 ) (1 - EG) s (33)

Y Fo

where ao and a equal the initial radii of inner coating and fuel

Fo

kernel, respectively, and e, equals the fraction of inner coating volume

G

available to accommodate fission gas and fuel gwelling, The swelling

and/or compression of the fuel kernel during irradiation.is computed

from the following relations:

av/3 p (1-2v.)
a% - a%o (1 + §—§> [1 + Qg (TF - TC) - ———ngmgv} R (34)

0




average fuel temperature,
fuel thermal expansion coefficient,
EK,VK = Young's medulus and Poisgon's ratic for fuel kernel,
and the fractional volume increase of the fuel kernel due %o =olid

fission products, AN?/V is given by

oF?
ffz EEEE JAN AN AT JaN
v = €8V, + E AV, + 8OV, + £ 4OV, |,

oF Mg

velume change per gram-atom of metal for fission of 235U,

[50.4 (1~ 0.12 £) — 12.32] cm®/gram-atom

volume change per gram-atom of metal for transformation of
2327h to 22%pa, —4.77 em® /gram-atom,

volume change per gram-atom of metal for decay of 23%pa to
233y, =-2.915 cmB/gram—atom, and

volume change per gram-atom of metal for fissgion of 233U,

[50.4 (1 = 0.12 ) — 12.21] em®/gram-atom.

The volume changes associated with each nuclear transformation
above are computed from the values given by Brinkmen.l%% The extents

of reaction for each nuclear transformation, gi, (atom events per

initial heavy metal atom.present), are obtained from the standard
exponential solutions to the nuclear kinetic eguations.
The distortion of the outer coating is accounted for through

equations of the form
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2 \:1 + ge(a) +<}~%}-> 5, (a) -—(—;3) o, (a):! (26)

w
1l

and

o
il

o [l + ge(b) + <l;;l> s, {(b) _-<%§) 9, (b)1 (27)

In practice, the dimensions are revised incrementally after each time
inerement in the calculations. Equations (15) through (37) do not
:permifféﬁplicit determination of the coating stress components. The
:ééaﬁing stresses depend on the functions Il and 12 which depend on the

time integrals of the creep strain rates, &, and érc’ through

oc
Equations (18), (19}, and (20); and the creep strain rates are, them-
gelves, functicns of the stresses, PFurthermore, the internal pressure,
7, depends on the volume available for figsion gas, Vg, which depends

in turn on the coating deflections and hence on the stresses. Thus

a double trial-and-error calculation is required to determine the stress
distrivution in the outer coating at a given time during a coated
particle's irradiation histery.

The calculations have been implemented through a computer program,
STRETCH,97 with logic flow shown in Fig. 8.47. The computational
sequence is as follows: (1) choose a time (or fluence) interval small
enough that the use of average stress values over the interval dces not
introduce serious error; (2) next, assume average values for pressure
and creep-strain increments over the interval and use these to calculate

a first approximation to the stress distributions, as indicated in the

upper left-hand and center blocks in Fig. 8.47; (3) use these stresses

to correct the creep-strain increments through the lower left-hand loop
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Fig, 8,47, Informaticn flow in coated particle simulation. Reprinted from reference 4.
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shown in Fig. 8.47 and reﬁéétftﬁé procedure until a converged set of
stresses, strains, and cfeep-§£féih increments is obtained for the
pressure assumed; (4) corfécfithe pressure estimate through the lower
right-hand caleulation loop (fbr each new trial pressure, the trial-and-
error calculations Ofnfhe leff-hand loop must be performed to obtain
stresses and'Creép-ééfain increments satisfying the equaticns for the
givéh ffegéuré)§ éh&1(5)'Whéﬁ1convergence is obtained in both loops, a
ﬁéw tiﬁé:inﬁéfvaifisfSéieétéd and the entire procedure repeated. These
caléﬁié£i5n§3é¥efébhfiﬁﬁéd o§é£.Successive time intervals until some
critéfigﬁ;férfféfmihaﬁibh is met. This is normally the attainment of
';.givén fotal:fiﬁencé'or time or the exceeding of a specified tangential
or'éffeétifé dreép sfress at some peoint in the coating. Complete
descriptiéﬁs ﬁf'the computer programs required to implement these calcu-
lations are now available.®”

The most serious uncertainty in these calculations 1s incomplete
knowledge of the mechanical and physical properties of pyrelytic-carbon-
coating materials under fast-neutron irradiation., Many valuable contri-
butions in this area have been provided by Price and Bokros,59:68;103
and their results are summarized in Section 8.5 of this chapter., Data
are still lacking, however, on mechanical behavior at the high fast
fluences (approx 1022 neutrons/cmz, E > 0.18 Mev) anticipated for HIGR
fuels. Preliminary data suggest that increases in preferred orientation
and swelling of dense pyrolytic carbon may occur at these fast-fluence
levels;59 these could adversely affect coating performance. Clearly,

experiments are needed to define more precisely this high fast-fluence

behavior,




”.At.idw fést~neutron exposures, good agreement has been cbtained
Between medel predictions and observed coated-particle performance over
a wide range of burnups. Comparison of predicted and observed results

is shown in Fig. 8.48 for a set of irradiation tests on pyrolytic-carbon-
coated sol-gel and sintered U0, microspheres at burnups up to 25 at. %
heavy metal fissioned.l04=106 performance equalled or exceeded predic-
tions in all cases except for a few lots with peorly selected buffer
layers in which the buffer layer disintegrated, allowing direct fission-
recoil damage to the outer coating and hence premature failure. Fast
fluence in these experiments was less than 1 x 102° peutrons/cm?

(E > 0.18 Mev).

g-7.4 Coated-Particle Performance Limits

As noted earlier, the model calculations provide estimates of the
stress-time history for a given coated particle irradiated in a given
reactor environment. Specification of a failure-stress condition allows
Prediction of life to failure for the particle. However, since the
coating stress level is influenced almost independently by the fuel
burnup, which controls fission-gas production snd fuel swelling, and by

fast fluence, which controls irradiation distortion and creep, it is

convenient to plet, for given coating dimensions and properties, a curve
relating the combinations of fuel burnup and fast fluence above which a
specified stress-strain state in the coating will be exceeded. Such a

curve is known as a failure locus, and defines a boundary in the fast

fluence-burmip plane; combinations of burnup and fast fluence lying

below and to the left of the locus would not be expected to produce
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'.féilure, while failure would be expected for combinations above and to
the right of the locus. Shown in Fig. 8.49 is a set of typical failure
loci (the curves converging toward the abscissa at about 19% burnup)
for a two-layer coated particle consisting of a 240-p-diam, fully dense
(Th,U)Cg kernel surrounded by a porous buffer layer, 40 B thick and a
40-y, high-density outer layer of moderate anisotropy. The failure loci
in this plot are based on a limiting tangential tensile stress of
30,000 psi. The parameters on the'failure loci are the steady-state
creep coefficients [K in Eg. (24)j; The leftmost.failure locus is
based on the assumption of no cfééf;'£he'next one was calculated using
a coefficient suggested by fhe.pyrgiyfié-éarbdn;éieep measurements of
Price and Bokros®® and the other two (indomplete) failure loci were
calculated using somewhat highef-cr'éép coefficients, Note that these
last two curves terminate, indidétihg that at sufficiently high creep
rates, stress relief will be too fapid for the specified failure stress
to develop. |

The four remaining curves on Fig: 3.49 represent the relation
between fast fluence and burnup for a fuel kernel of given thorium-to-
uranium ratio, operating in a given neutron energy spectrum. These
curves incorporate the assumption that the uranium is 93% enriched in
23577,  The point of intersection of one of these fuel-burnup curves with
a given failure locus represents the predicted fast fluence and burnup
at Tallure for the given fuel under the given coating creep assumption.
The lowest of these fuel-burnup curvesg represents conditions typical of
many coated-particle irradiation tests [i.e., a highly enriched UC,
{or U02) kernel irradiated in & facility where the fast-to-thermal flux

ratio is low]. Here the presence or absence of creep has essentially
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no effect on failure predictions, since the burnup effects (fuel swelling,
fission-gas pressure, etc,) will beccme severe before sufficient fast
fluence has accumulated te allow appreciable creep. It is significant
that this curve represents conditions in irradiation tests which gave

results in good agreement with model predictions, ignoring creep.104_&06

FPigure 8.49 indicates that this would have been expected. The second
fuel curve illustrates conditions for the same fuel kernels (enriched
UCy or UOp) irradiated in a more energetic neutron-flux spectrum, asg
might be obtained in a core position in a test reactor. Here the
influence of creep on predicte@ failure conditions is measurable in
theory, but experimentally the'efféct would probably be masked by
variations in dimensions and pfopefties of coated particles within a
given batch. The two upper curVeé represent possible conditions for
the driver particles and ferfile particles, respectively, in the fuel
elements of an advanced HTGR converter, designed to utilize a Th-*33y
cycle. For such particles, coating creep exerts a profound influence
on operating lifetime; with sufficiently high creep rates, there is no

combination of fast fluence and burnup that would be predicted to cause

fajilure, at least from the standpoint of a limiting stress criterion.

8-7.5 Heat Conduction in Coatings

in evaluating a given coated-particle design, it is necessary to
estimate the temperature drops across the costing layers to determine
whether excessive fuel-kernel temperature could exist at the expected

operating conditions. The equation used to calculate this temperature

1o7

drop is




e W <ro 3 ri)
Ti | To T4k r T, 2 (38)
where W:
Ti = temperaturé at inner surface of layer in °C, v
TO = temperature at outer surface of layer in °C,
W = heat generation rate in fuel kernel in watts,
: k.=:thermél conductivity of layer in w em™ °C7%,
'ra'= outer radius of layer in cm, and
- fiwi'ihner radgius of layer in om.
The:tsfal temperature drop across a coating will be the sum of the drops
goress individual layers (plus drops across interfacial resistances if
contact between coating layers is poor).
Lack of thermal conductivity data on pyrolytic-carbon-coating mate-

rials makes such estimates very crude at present. Although thermal !
conductivity data are available for massive, highly oriented pyrolytic

carbon® % none have been published for fluidized-bed deposited materials

employed for nuclear fuel-particle coatings. These are characterized

by a relatively low degree of preferred orientation and would not be

expected to exhibit the strong anisotropy of thermal conductivity

(conductivity in the plane of deposition roughly 100 times that perpendic-

ular to the deposition plane)108 observed in the massive pyrolytic

carbons., The high-density outer coating materials would be expected to

possess thermal conductivities intermediate between those in the paral-

lel and perpendicular directions for the massive deposits; however, the

conductivities of porous buffer-layer materials should be very low -

perhaps even lower than those exhibited by the massive deposits in the

perpendicular direction.
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For the purposes of estimation, the buffer-layer conductivity has
been token as that of carbon felt insulation in the range 1000 to 1500°C.

The values reported by the manufacturer,lo9

measured in helium at 1 atm,
were halved to account for the lower conductivity of the hydrogen-xenon=
krypton mixture expected in the pores of a buffer coating., Resulting
conductivity estimates for the buffer layers are in the range 0.001 to
0.002 w cm™* °C”Y. These values lead to calculated temperature drops
across buffer layers in the range 100 to 200°C for typical coated parti-
cles and operating conditionS, although considerably higher wvalues may
exist in accglerated burnup tests, and calculations should be made for
each specific set of conditions.

Temperature drops across the outer coatings are expected to be
gsignificantly smaller than those across the buffer layer. Even if con-
servative values for outer coating conductivity are assumed (e.g.,

C.05 w em © °C"1, which is roughly one-tenth the conductivity of
reactor-grade graphite and one twentieth the parailel-direction value

for massive pyrolytic carbon at 1500°C) temperature drops are computed

to be less thanr 10°C across the outer coating.

8-7.6 Bummary of Coating Design Consideratiocns

Eesults of model calculations and irradiation tests have indicated
that the following coated-particle parameters exert a major influence
on life under irradiation.

1. Ratio of free volume provided by buffer layer and porous kernel

to fuel volume: 2 to 3% free volume per atom percent burnup is required.
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2. Thickness of buffer layer: This must be at least sufficient

to prevent fission fragments from striking the outer coating. Minimum

buffer thickness, tmin’ in microns may be estimated from the relation,

T, @ Ll (39)

where
gy is the actual buffer density in grams per cubic centimeter,
More precise relations are given by Evans gﬁigi.llo The thickness

should not be so great as to lead to excessive fuel temperatures.

3. Buffer density: Low buffer density increases the free volume

available to accommodate fission gas and fuel swelling. However, a
minimum buffer density-thickness product must be maintained as given in
Eq. (39) to prevent fission-recoil damage to the outer layer.

4. Kernel density: Reducing kernel density below theoretical

provides free volume in addition to that of the buffer. Fabricaticn
and cost considerations should determine whether a portion of the
reguired free volume is to be included in the kernel.

5. Thickness of the cuter coating layer: Here two opposing factors

must be considered. Increased thickness will reduce the stress level
at a given internal pressure; however, it will increase the stress from
anisotropic fast-neutron-induced distortion. The optimum outer coating
thickness for a given particle will depend on the fuel composition and
kernel and buffer dimensions for the particle together with the tempera-
ture and flux spectrum to which it will be exposed. Detailed calcula-

tions are required for any given case.
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6. Density and anisotropy of outer coating: The optimum outer

coating density is uncertain, and additional high-fast-fluence irrgw
diation data will be required before it can be accurately defined.
Values in the range 1.7 to 2.0 g/om® are currently employed. Anisotropy
(preferred orientation) should be as low as possible to minimize stress-
inducing distortion under fast-neutron irradiation.

7. Quter coating mechanical properties: Desired mechanical

behavior for the outer coating includes low values for the Young's

moduli, E_ and Er’ and high values for the creep coefficient, K, and

2,

for the stress at which failure would be expected.

8. Ratio of buffer thickness to total coating thickness: In many

cases total coating thickness is restricted by fuel-loading require-
ments. In such cases, increasing the buffer thickness at the expense
of the outer coating thickness reduces the fission-gas pressure at a
given burnup and temperature, but leads to an increased outer coating
stress at a given gas pressure. A complication is provided by the
effect of outer coating thickness on stresses arising from fast-neutron
damage, as discussed in (5) above. Detailed calculations are required
for each case, An example of the results of such calculations for
typical (Th,U)C; particles*®® is shown in Fig. &.50 for a total coating
thickness restricted to 1/3 of the fuel diameter,

In designing a coated particle for a specific irradiation environ-
ment, one uses the above considerations in arriving at a preliminary set
of specifications., These specifications are then employed in simulation
calculations to arrive at a predicted coating life. Repeating the calcu-
lations with altered parameters will permit ultimate selection of optimum

particle specifications consistent with fabrication and cost considerations.
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Fig. #,50. Determination of optimum ratio of inner coating thickness
to total coating thickness for coated particles with total coating thick-
ness equal to 1/3 fuel kernel diameter, Reprinted from reference 106,
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8~8 REPROCESSING OF COATED-PARTICLE FUELS

Periodic reprocessing of irradiated nuclear power reactor fuels
generally is essential to the achievement of an economical fuel cycle,
that is, to a low power cost. In the reprocessing step of the fuel cycle,
unfissioned uranivm and unconverted thorium are separated from figsion
products and other contaminants and then are converted into a form suit-
able for refabrication of new fuel elements and subsequent recycle to
the reactor. Development of reprocessing methods for graphite-base,
coated-particle reactor fuels has proceeded concurrently wifh the evolu-
tion of the various types of fuel. Most of the process development
dealt with fuels that contained carbon-coated uranium and thorium carbide
particles because this type of fuel will be used in the first graphite-
base reactors (Peach Bottom, AVR, and UHTREX). A lesser effort was
devoted to processing of other types of fuel, those containing carbon-
coated uranium and/or thorium oxide particles and those containing fuel
particles coated with ceramics such as SiC, Be0, and Al03.

According to the current literature the burn-leach processlll"il3

(or a modification of it) appears to be the most practicable processing
method for coated-particle fuels, This process is espéecially suited to
graphite-matrix fuels that contain carbon-coated carbide particles that
are inseparable from the matrix. Another method, the grind-leach
process,lll:llé*&l6 has also received considerable evaluation; although
the method is applicable in principle to all types of coated-particle
fuels, it has several disadvantages, as discussed later. Both the burn-
leach and grind-leach processes use nitric acid to dissolve the uranium

and thorium compounds, and both terminate in decontamination and recovery
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of these elements by solvent extraction. The uranium and thorium are
extracted from a nitric acid solution into a tributyl phosphate—~kercsene
solution, 1eaviqg the fission products in the agqueous phase., The
uranium and thogium are then stripped from the organic phase with dilute
nitric acid; the resulting nitrate solution can be used as a feed

solution for the sol-gel recycle process,

8-8.1 The Burn-Leach Process

This process,lll—ilB depicted in Fig. 8.51, consists of burning
the fuel in air or oxygen Lo oxidize the carbon to CCp; and CO and fo
convert the uranium and thorium to their respective oxides, Combustion
in a fluidized bed of inert alumina appears to be the best mode of
operation. Graphite-matrix fuels would be crushed to about —6 mesh
before being charged to the burner; however, only the coated fuel parti-
cles need be burned if they can be mechanically separated from the
matrix. Studies have been made wlth prototype Peach Bottom fuel, both
unirradiated and irradiated to burnups of up to 40,000 de/t(U+Th),
with 31- to 4-in.-diam fluidized-bed burners. Since the fluidized
alumina is a good heat-transfer medium, the reaction temperature was
easily controlled. At 700 to 750°C, combustion rates of 1.1 to 1.4 kg
of carbon per hour were attained with an oxygen utilization of at least
90%, Irradiated fuel samples oxidized at about the same rate as
unirradiated specimens. ZEarly in the development of the burn-leach
process 1t was feared that a highly radiocactive combustion off-gas
would be produced by volatilization and entrainment of fission products;

113

but experiments with irradiated fuel showed that the combustion
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Fig, 8.51, Burn-leach process for graphite-basse reactor fuels. Reprinted
from reference 111.
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off-gas could be readily decontaminated by passage through cooled
filters. Actually, a high degree of decontamination (decontamination
factors of 10% to 10°) was obtained with only sintered metal filters
above the fluidized bed, After passage through the sintered metal
filters, usually at temperatures of 150 to 200°C, the off-gas passed
through an absolute filter at room temperature where all remaining
radioactive species except 8°Kr were removed. In an actual plant, the
activity of the filtered off-gas could easily be reduced to an acceptable
level (below the maeximum permissible concentration for 85Kr) by dilution
in a stack before release to the atmosphere.

The material in the fluidized-bed burner after combustion {(Us0g
and/or ThOz, and fission products dispersed in alumina) is a free-
flowing powder and can be readily transferred pneumatically to another
vessel for leaching. If ThOp; ig not present, uranium can be recovered
by leaching with nitric acid. Products containing ThOp must be leached
with boiling nitric acid that contains hydrofluoric acid in low concen-
tration if almost complete removal of the uranium and thorium is to be
achieved. In the experiments with irradiated fuel,'? at least 99.8%
of the uranium and thorium were recovered by leaching with boiling
13 M HNO3, 0.05 M HF, 0.05 M A1(NO3)3; less than 5% of the fission
products remained with the alumina. During leaching, less than 1% of
the alumina was dissolved; thus, the alumina could probably be recycled
to the burner.

The burn-leach process, a8 described above, is probably not suite-
able for fuels containing particles coated with 8i1C, Al;0s3, or BeO

because these ceramics are not chemically attacked during the combustion
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step. It has been suggestedlll that fuels of this type could be
processed by a grind-burn-leach method. This technique involves
grinding the fuel fine enocugh to rupture the coated particles, burning
the powder produced, and then leaching the combustion ash. In small-
scale experiments with Tuel containing SiC-coated (Th,U)Cg particles,
the method led to recovery of at least 99.8% of the uranium and thorium;

the SiC was chemically unaffécted by the burning and leaching steps.

g.8.2 The Grind-Leach Process

111,114=116

This technique consists of fine grinding the fuel and

then leaching the powder with nitric acid {or nitric acid containing
hydrofluoric acid) to recover uranium and thorium. The method, in
principle, is applicable to the processing of all types of coated parti-
cle fuels if the fuel is ground fine enough to rupture the coated
particles. Engineering-scale studies with unirradiated graphite-matrix
fuels indicated that the best grinding sequence was to rough-crush the
fuel to —6 mesh in a hammer mill and then pulverize the product in a
dovble-roll mill. High crushing rates (10 to 50 kg/hr) were achieved
by this method with only minor abrasion of the hammers and rolls. Most
of the work was done with fuel containing pyrocarbon- or SiC-ccated
carbide particles; however, no major problems are anticipated in the
crushing of fuels that contain coated oxide particles or particles coated
with Al,03 or BeO.

After being crushed, the powder would be leached to recover the
uranium and thorium, Nitriec acid is a suitable leachant for fuels

having U0, UC, UC,, (Th,U)C2, or ThC, particles. Nitric acid containing
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hydrofluoric acid in low concentration is required for the dissolution
of ThO, and (Th,U)Og particles. Much of the experimental work on
leaching was done with prototype Peach Bottom fuel. With unirradiated
fuel samples, ground to —140 mesh to rupture the (Th,U)Cg particles, up
to 99.9% of the uranium and thorium could be recovered by leaching the
powder twice for 5 hr with boiling 5 to 16 M HNO3 (ref. 113). Irra-
diated sol-gel ThOz and (Th,U)Og particles coated with pyrolytic carbon
were treated by the grind-leach process, and recoveries of at least
99.6% of the uranium and 99.9% of the thorium were realized, and more

136 fmhese results contrast

than 86% of the gamma emitters were dissolved.
markedly with the uranium and thorium recoveries — as low as 95.4 and
93,1%, respectively — that were obtained in grind-leach studies with
irradiated laminar-coated (Th,U)Cp particles in a graphite matrix.'t?
The low recoveries from the dicarbide Tuels were attributed to the
migration of the fuel into the pyrolytic-carbon coating where it was
relatively inaccessible to the nitric acid,

Although the grind-leach process can be applied successfully to
the treatment of HTGR fuels containing carbon-coated scl-gel oxide
particles, the economics of the process may not be attractive due to
the large retention of fission products by the leached carbon residue.
These residues would have toc be treated as intermediate- to high-level

solid wastes, and their storage would add significantly to the

processing costs,
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