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THE IRRADTATION BEHAVIOUR OF COATED PARTICLE FUEL

by
*J7. B. SAYERS
. S. B. ROSH
J. H. CCOBS
. P. HAUSE
C. VIVANTE

ABSTRACT

Irradiation experiments have been carried out both within the Dragon Project
and at A.E.R.E. on a variety of carbide fuels coated with either pyrocarbon or
composite pyrocarbon=-SiC coatings. Both static capsule and gas cooled loop
experiments have been performed covering a range of burn-ups up to 14p of initial

-metal atoms,

In the higher burn—up range, covering up to 14o of initial metal atoms
(2 x 1021 f13810n/bm )» all the particles had fully enriched sintered "UC,"
kernels with porosities in the range 30~50ﬂ. They were coated with two or three
distinct pyrocarbon coatings, and tested both in compact form and as unsupported
particles. The results show that this type of particle can withstand a burn-up
of 8% at temperatures below 1300°C with very low failure rate, Above 8“ burn-up
the data are solely from particles in compacts and although failure can normally
be attridbuted to an advanced form of '"spearhead" attack, there is also some
evidence to suggest that this had been aggravated by external corrosive effects.

Bhe lower burn-up range, up to 2.6% of initial metal atoms
(3 x 10 ~1021 f1s31on/cm3 depending on kernel type and density), both sintered
and melted (Th,U)C,, and melted (Zr,U)C particles coated with a triplex pyrocarbon
coat have been irradiated at temperatures up to 1400 C only in compact form.
Sintered (Zr,U)C particles cpated with various tvpes of pyrocarbon coatings have
been irradiated similarly at temperatures up to 1700 Cs The melted (Th U}OQ
kernels cracked under irradiation causing stress cracking in a1l the coating
layers, whereas in the sintered type no failed coatings were found nor were any
diffusional effects observed in the SiC layer. The melted (Zr,U)C kernels did
not show this cracking, but metallographic examination showed them to be
polycrystalline and less dense than the thorium containing kernels. No diffusion
of the sintered (Zr,U)C into the pyrocarbon coating wigs observed. in spite of the
high irradiation temperatures.

Only tentative comparisons between pyrocarbon and composite pyrocarbon-3iC
as coatings, or UC, as opposed to "alloyed" kernels are possible with the present
data, as the burn-up and temperature ranges covered hardly overlap.

Two phenomena which appear to have a marked influence on particle behaviour
are discussed in some details-

(1 The ocourrence of a low temperature sintering phenomenon
attributable to irradiation,

Metallurgy Division, A.E.R.B., Harwell
*0ak Ridge National Laboratory, attached %o Dragon Project
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(2)  The so-called "spearhead" attack in pyrocarbon which is tentatively
ascribed to fission fragment recoil damage causing ordering and -
possibly graphitisation of the pyrocarbon,; resulting in a shrinkage.

The initiation of the cracks in the pyrocarbon coating may be due to
chemical attack by fission products. :




COITEITS

PAGYE HO.

1. INTRODUCTION 1

, 2. TYPES OF FURL PARTICLES TESTILD IN THIS PROGRANIIDE 8
) 2.1 Pre-Irradiation Dvaluation of Particles 8
2.2 Types of Irradiation Tests 9

3, TISSION PRODUCT RELLASE RESULTS 9

4, RESULTS OF MICROSCOPIC EXAMINATION 14

4.1 Tuel Kernels 11

4.1.1 U02 Kernels 11

Ae1e1.1 Phases in Fuel Xernel i2

4e1e1.2 BSintering and Swelling 13

41,2 (Th,U)02 Kernels 15

4.1.3 (Zr,U)C Kernels 15

. 4.2 Coatings and Interactions between Fuel and Coating 16
4,2.1 Pyrocarbon Coatings 16

4.2.1.1 Diffusional Effects 16

Ae2:.71+2 Spearhead Attack and Shrinkage of Pyrocarbeon 20

4.2+1.3 Other Cracking Phenomena 22

4.2.2 Triplex Coatings (Pyrocarbon/Silicon Carbide/Pyrocarhon) 23

5. DISCUSSION O THE FACTORS AFFECTING PARTICLE INTIGRITY 24

5.1 Volume Changes in the Kernel 24

5 Figsion Product Release 25

5.3 Puel Phase Composition 27

5.4 Temperature and Durn-up 28

5.4.1 Temperature LEffects 28

. 5¢4.2 Purn-up and Rate of Burn-un 29
5.5 Coating Structure 30



6o
7.

PAGE WO,

5,6 Tission Fragment and Fast Neutron Damage to Pyrocarbon and
Silicon Carbide

SUMMARY AITD COICLUSIONS

ACKIOWLEDGMENTS

REFERYI'CES
LIST OF TLLUSTRATIONS
FIGURE
1. DY; Unirradiated Particle (X250).
2, PL ITIA/2; Typical Particle (X250).
3. DY7; Typieal Particle (X250).
A, PL ITIA/5; Typical Particle (X250),
5. PL TITA/15 Details of Structure of Kernel and Spearhead Attack (X570).
6, PL TITA/23 Structure of Kernel (X1000).
T. PL IIIA/7; Larse Spearheads Penebrating the Coating (XQSO).
8, DY53; Diffusion of Puel into Coating; FKernel has a Low Density and
has an Inclusion of Graphite at its Centre (X250).

®, WPD2/33; Diffusion of Fuel and Coating (X250).
$0.. PL TTITA/5; Details of Fine Precipitate in Carbide Phase {x250),
1. Pt;  Zwoken Particle (x190),
12,  UPD4/34; Structure of Partially Recrystallised Kernel (X380),
13,  APDA/24; Structure of Un-Reorystallised Kernel (%350),
14, : TPD4/AB; Dypical Particle (X150),
15, BY; TUnirradiated, Showing Diffusion of Fuel Through Coating at

- 220077 (X240, ’
16.  PL TTTA/T; Diffusion Zone Bxtendins 5p (X250),
17a. DY1; Diffusion of Tuel into Coating (%250},
17he D¥1;  As Pip. 172 under Polarised Light (X250),
18, PL IKIAf?; Severe Lemination of Coatinx Canged by Txtarnal Corrosion

(x250) .

31
34
35
36




(O]
°

Characteris

DYT;  Snea
Cror

Part

DY1; As T

.,
P

D5 /343

1PD5/5%;

ArDds

' e
il
i

TPDA/37

3 0e arheads

Plot of
Half=Lifc

Summoery of Detoilc,
Surmary of Tailures on Tyrocnrion vhed Tarticles,

-
e e
Surgnry ol

Details of
Dotalls of

Details of

oFf
TTI)

Dotails
Char-e

Dotails of

Ea )
AT,

tic Bhave of Spearhead Attack (X275).

vhead Attaclk and Swelling of Ternel into Veids (X250).

o

~adiosraph Showing Sncarhead Attack {X160).

icle Under Thite Ti-ht (X250).

a Under Polarised Li~nt (X250).

-
CyDe

0201, Mnirradiated

ted (X160).

c2o0, Ulirradin
Tone G203, Unirradiated
rradiated (X160

sasnrhead Attacs into Quicr Columr-ar Coating (X154).

Snenrvhead Attack Linited to Tiner Coating (X154 ).

Tractured hy Wide Radial Cracks (X154 )

M 23 oy
OB 3

tach Yernel, Oraclis in 3iC 0fton Correspond with Tins of
Sh Tooer 0 Tnwer (X150},

3 . ~ P hat : kX Ty " N - knl 2 fai
, 3 Poleasc Dedo fho Diqth b nf Migsien Gascs versus
Fed 2 P
for i T,
ToTCHTY AT m T oy
Lydom o An - ;.J‘J vl

Toilures oo ycarﬁnn/Sin? rhon Coated Tarticles.

N eledah

Tyrocavhon Conted UG, Darticles for ™, DY ard TIFD2 Charces.
e
7 . TS -
vphicles dn HUDS Charpse,
Tz - Lo . [ 1N Tt 2 AT e Tonman A8 ndpnd R *TMD”
JTEOCH) "o Lo i \v,n 9, ATCLCLeS LDanlagen 1 i

Tyrocarbon Sontad A

Ae






THE IRRADIATION BEHAVIOUR OF COATED PARTICLE FUET

by

J. B. SAYERS
K. 5. B. ROSE .
J. H. COORS

:::G. P. HAUSER
C. VIVANTI

INTRODUCTION

The advantages of retention of fission products in the fuel phase were
realised in the early days of the Dragon Project, and ideas for preventing their
escape by various methods of coating fuel particles were worked on as part of the
early Research and Development work. When it was demonstrated by the Battelle
workers [1] in 1960 that alumina coated particles of U02 could withstand
irradiation and retain a large proportion of the fission product gases, a major
programme on the coated particle fuel concept was started using carbide fuel
- with pyrocarbon coatings deposited in a fluidised bed. Since that date a large:
amount of work has been carried out on this type of fuel as evidenced by the
bulk of data presented at the BMI Symvosium in November, 1962 [2].

- Naturally the fabrication development has progressed far more rapidly than
the ability to carry out irradiation tests to the required burn-up levels. The
initial objective was to produce a particle which exhibited a high retention of
the fission gases on pogt—irradiation annealing of lightly irradiated material,
gince the guestion of which were the most important parameters involved in the
retention of particle integrity to high burn-ups was largely a matter of
intuitive zuesses.

Due to the need to obtain sufficient data to define the fuel particle
fabrication route for the first charge of the Dragon reactor by September, 1963,
the tests described in this paper are largely of a technological nature, as in
fact are most of the published data. Burn-up and irradiation temperature have,
however, been varied (though not in all cases independently) over a wide range.

The development of a completely new fuel concept, i.e., pyrocarbon or
pyrocarbon/silicon carbide coated (Th,U)Cs or (Zr,U)C, without the basic data on
either fuel or coating material has made interpretation of the high burn-up
results difficult. The highest burn-up reported on bulk carbide fuel is 2.5%
and was obtained on UC, [3, 4] at lower temperatures than those of interest %o
‘high temperature gas cooled reactors, cf,, burn-ups up to 14% reported in
this paper. '

The data on fast neutron damage to pyrocarbon are very sparse [5] and only one
experiment on fission fragment damage is reported [6]. Both sets of experiments
have been carried out at temperatures and to doses so different from the
conditions existing in these fuels as to be of little use in interpreting the
observed phenomens. Hence, although certain technological guestions can now be
angwered, these experiments have posed at least as many new guestions on the
mechanisms which lead to failure in a coated particle, and many of the )
tentative explanations put forward require additional definitive exveriments to
substantiate them. '

3
Metallurgy Division, A,E.R.E., Harwell
*® 0ak Ridge National Laboratory, attached to Dragon Project
*#% Dragon Project
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TYPES OF FULL PARTICLES TESTED TN THIS PROGRAMUIE

The Dragon Project has a dual objective of both developing a fuel for a
large power reactor and, more immediately, to produce a fusl charge for the
reactor experiment at Winfrith. In a power reactor the fissile to fertile
ratio will be in the range 1$10 to 1820, but criticality would not be achieved
uging these ratiog because of the small size of the Dragon reactor cores
therefore, in order to test elements of the correct composition only a portion
of the Dragon elements will contain thorium,; and a second type of fuel having
a low cross section diluent, namely zirconium, has been developed for the
remainder., In addition to the high burn-up experiments with undiluted UCE’
teats have been performed with both (Th,U)C, and (ZrsU)C fuel kernels.

Most of these fuel kernels have been coated with varying forms of pyrocarbon.
Teats have also been carried out with particles having a triplex coating, i.e., &
8iC coeating sandwiched between two pyrocarbon layers, as it has been shown in
light irradistion tests that the barium and strontium rélease through silicon
carbide is markedly lower than pyrocarbon [7]. Contrary to most of the U.S.
work the majority of the kernels have been of the sintered type. The ideal fusl

. kernel is probably a fused one, so that diffusional release of fission products

is minimised, but with sufficient voidage around it to permit it fto swell without
stressging the coating. As such a particle is diffiocult to fabricate the next cholce
seemed to be a porous particle, because although the fission gas releasge from

the fuel is likely to be higher, there is sufficient built-in voldage to
accommodate solid fission product swelling. This principle had already been
demonstrated in UOp by the Bettis workers [8]. Calculations by one of the
authors [ 9], assuming a pessimistic estimate of the swelling rate and complete
release of all the volatile fission products from the fuel kernel, suggested

that 25-30% voidage would be sufficient to dccommodate the expansion expected
after 10% burn=up of all atoms at 150000. Some fused particles have also been
tested to compare their metallurgical behaviour with sintered particles.

Many of the details of the preparation of fuel particles for the wvarious
experiments are given in Tables 4-08. '

2el Pre-Irradiation Ivaluation of Particles

The procedures adopted are mainly standard practioé'and include g
1. Visual dinspection.

2. Metallography.

3. a-counting for surface and near surface contamination,

4o Acid leaching.

5. Density measurements on both kernel and coated particle.

6. MNicroradiography.

7. X=-ray powder and chemical analysis.

8, Xenon emission.




9. High temperature itreatments followed by repeat of (3) and (4).
10. Crushing strength,

2.2 Types of Irradiation Tests

Although most of the tests described in this paper have been carried:
out under static conditions in sealed capsules, some results from the
Pluto Loop and Studsvik purged capsules are also included. The irradiation
conditions and the type of fuel used in each test are summarised in Table 1.

The AERE P1 and DY irradiations were carried out on unsupported
particles located in small diameter holes drilled longitudinally in a biock
of graphite surrounding a central thermocouple. Individual capsules were
used to permit post-irradiation measurements of figsion gas release,
Standard AERE light water cooled rigs for 4V holes [10] were used for the
irradiztions. ‘

The design of the rigs and loops employed by the Dragon Project nave
been described in detail elsewhere [11, 12], and are, therefore, only
briefly described below.

The HPD (high vower density) rigs were developed for the initial
irradiation evaluation of different types of particle. All the fuel
particles in BPD2~4 were incorporated into twelve compacts,

0.4 in. dia.x 0.5 in. in length. Modifications have now heen made (HPDS and
following) to irradiate some unsupported particles in addition. As all the
conpacts are contained in one capsulie no gas release data can be obtained
if any variables are included. The rigs are irradiated in an in-core
position in the Risd reactor.

The Pluto Jeoop is capable of irradiating a 3 £% length of a Dragon
fuel element under realistic conditions of rating, temverature and coolant
flow. Eighteen Tull size Dracgon compacts are irradiated in a low ’
permeability graphite tube, the tube being cooled externally by helium.

A purge stream flows down the central hole of the fuel inserts to sweep
out the gaseous and volatile fission products for collection and subsequent
meagurement in special traps.

The Studsvik purged capsules are capable of testing specimens of the
same type as the HPD rig sample and independently measuring fission gas and
volatile fission product emission. The temperature of the sample can be
varied by changing the carrier gas from helium to neon.

FISSTON PRODUCT RELEASE RESULTS

Post~irradiation fission produvct gas release measurements were obtained
on all the DY series and the graphite components on two capsules (DY3 and 7)
are also being analysed for solid fission products by Fission Product
Technology Group, ABRE, In-pile fission gas release data are available for
Pluto Loop IITA and Studsvik I charges, brief summaries of which are included in
this report so that comparisons with microscopic observations can be made.
Work is etill in progress on the radiochemical analysis of the loop components to
obtain the solid fission product release data; this will all be reported in
detail elgsewhere.




Details of Fuel Fabrication, Coating,

Table 1

Summary of Fuel Charge Details

Pre-~Irradiation Assessment, and Irradiation Conditions are Given for the Various Charges in Tables 4-8.

Theoretical Irradiation Burn—up
Charge Kernel Type Densit [ i Temp ure i i Txonerimen
mgel @ ﬁl i cating Type eﬂngatJrﬁ o prr® | pma® ?ission/fugl Objective of Zzperiment
‘ N - ernel om
Pi Sintered UC, 70 Laninar PyC 2 stage 300 2 o 1.3 x 1021 Initial high burn-up tests on
T - Sintered UC 9 inar > 850 R e 5, A20 AERE fabricated particles; to
5 5 T Laminar PyC 2 stage 920-1320 3.1-7.3 | 3.1-7.3 ? gng15021to investigate the temperature
. hat 21 dependence and mechanisms of
HPD2 Sintered UCZ 70 Laminar PyC 2 stage 1250-1500 5.5=T.5 £.5=T.5 | 1.20-1.40 x 10° failure.
HPDA sintered 5:1 (Th,U)C, 50 ‘ 3 x 10%° Radiation behaviour of
¥elted 5:1 (Th.U)C ap+ . . ir 140 _ -2, (20 triplex ecoatings. Comparisoa
: 5¢1 (Th,U)C, Leminar Py0/SiC/Laminar PyC | 1150=1400 12-16 2-2,7 4.9 x 1321 of sintored voomus melied
elted  5:1 {(2r,U)C o4 ix 10 particles. )
HPDS Sintered 531 {Zr,U)C &5 tst Coating interrupted : 20
Jaminar 1200-1750 12-15 2-2.7 7x 10 Effect of coating variables
2nd Coating and temperature on one tyse
Types 1 and 2 - Columnar of kernel.
3 and 4 = Laminar
Plute Loop IIIA| Sintered UC2 50 Laminax PyC 2/3 stages 700-1200 T-14 T=14 S x 1020 Initial Pluto Loop test on
(rn) . b0 oy coated partitles fabricated by
1.8 z 10 Dragon. Very high burn-ups.
Studsvik I Sintered 1031 (Th,U)C, 32 Laminar PyC/8iC/Laminar PyC 800-1270 18 1.6 2.9 ¢ 10%° Complementary to EPDA. Study
Melted 1031 (Th,U)C / ~20 fission product release from
(T1,U) 2 94 3.4 210 triplex coatings with fairly
realistic (Th,U)Cp kernels.
Comparison alsc melted wersus
gsintered kernels.
* : . s N
% Pifa = ¢ fissions per initial fissile atom

% Fima = % fissions per initial metal atom.




(a) Post~irradiation Measurements for Capsule Tests

Temperature Burn-up Fractional Release
°0 7 Fima Kr-85*
DY 1250 7. 1 x 1074
3 1300 7.3 2 x 1072
5 925 6.6 2 x 1077
7 1275 4.3 5 x 1070
9 1000 3.3 -

*Limit of accuracy is low for the lower releases; 5 x 10"6 represents lower
limit.

(b) In~pile Gas Release from Pluto TITA

Fractional release =

release rate (R)

birth rate B
(=87 Kp-88 Kr—85m Ze-135 Xe=133
78m 2.77T h 4.4 h 2,2 h 5.27 d
F "4 - "'d "'5 ""4
At start-up 2,7 x 10 2.3 x 10 2.2 x 10 2.7 x 10
Final 3.4 2 1074 [ 405 x 1074 2.2 x 1074 1.7 2 1074 42 ¢ 1073

(¢) In-pile Gas Release from Studsvik 1

. R . :
A series of plots of average 5 values versus half=lives of the fission

gas isotopes for the three loops are given in Fig. 32,

The higher release from loop B agrees with the microscopic observations
that some particle coatings were completely destroyed from reaction with the
thermocouple and hence only Loops A and C represent a true indication of
the properties of these particles. Tor comparison the data obtalned by
ORNL [13] from duplex pyrocarbon coated particles irradiated at 800°C to a
burn-up of 157 are plotted.

4. RESULTS OF MICROSCOPIC EXAMINATION

4.1 Fuel Kernels

4atlat 292 Kernels

Fully enriched, sintered UC, kernels were used as fuel Tor the
P1, DY, HPD2 and Pluto Loop IITA cnarpgs. Irradistion condition
covered the temperature rance 700-1500"C and burn=up in the range
e 14” Fima.

w 31 -




4.1.1.1

Phases in Fuel

Yernel

The fuel kernels, as fabricated, consisted of UC, with

a small amount of UC,

Those of the DY series in addition

contained small amounts of discrete graphite particles.
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300 DPHN respectively.

material were still observable.

no pattern of temperature and/or burn=up

vhase distribution present
been obtained.

in irradiated

vhase in PL ITIIA/S was sufficiently coarse
to obtain an estimate of the microhardness as TAC £ 40 DPN
(cf., UC (as cast) 700 DPN and UC» (as cast) 500 DPN [14]).
Overall carbide plus carbon microhardness nmeasurements on
fuel kernels from the No. 2 and 9 compacts were 400 and’
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The response of the carbide phase to

the kernels
and some of the original




4.1,1.2

the nitric/acetic acid etchant showed that the particles
irradisted at 700-900 ¢ derkened in itwe minutes while all
the others darkened in about twenty seconds., This etch
when used on unirradiated Pfuel darkens the UC after twenty
seconds and the UC, after 1-2 minutes, This suggests, but
does not prove, that the UC, has transformed to either

UsCy or UC in the higher temperature irradiations; what has
not been established however, is the effect of varying
concentrations of fission products, produced during burn—up
in the range 3“14ﬂ, on the etching characteristics of the
carbides.

On the other hand, preliminary resulis from X-ray
diffraction measurements on particles from the DY7 capsule
have shown that both UCZ and UC are still present.

Sintering and Swelling

The most obvicus effect observed in the majority of
irradiated UCp kernels is the virtual absence of porosity
within them compared with the ss=fabricated kernels which
contained upwards of 30% porosity (of.; Fig. 1 with PFig. 2).
Densification occurs over the whole temperature range
covered by these tests, but it 13 moat pronounced at the
lower temperature, i.e., 700-800°C (P1 and PL IIIA/2). The
microstructure shows a fine disversion of dense carbon in
carbide (Fig. 6).

At high temperatures the effect does not appear so
marked when the kernels are viewed at low magnifications
(X100), but at higher magnifications (X1000) the carbide
phase is seen to be dense and the porosity present ococurs
within the carbon phasse. This is a genersl observation with
thege particles.

Further evidence that the fuel kernel has shrunk is
that either a gap is observed between kernel and coating
(Fig. 2), in contrast to the closer contact observed in
unirradiated particles, or, where a whole inner layer is
obsorved to have contracted away Trom the outer coating, the
fuel ke§n61 ig 8till confined within the inner coating

Fige. 3).

In most cases there is little or no migration of
additional carbon into the kernel. Measurements of the
thickness of the pre~coat pyrocarbon adhering to the kernel
normally remains essentially unchanged, although there are
some exceptions to this latter observation which are discussed
lster.

That the sintering is in some way irradiation-induced
was shown by the fact that an ouit~of-pile anneal of some DY
particles in the temperature range 11SO~1350 G for the full
irradiation period of 40 days caused no microstructural change.

- 13 -



TW% exmaptlone to this form of bahavmour have been
ehaerVQQS*'" ;

(a) A small proportxon (~ 10%) of the total number

. of particles in DY1 and 5 did not sinter
appreciably. In all cases where this ocourred
there was pronounced diffusion of the fuel phasge
into the coating (Fig. 8),

Partlcles in HPD2 and a further small ,
percentage of DY5 particles, showed a less marked
sintering effect; in this case both diffusion of
carbon into the fuel kernel in addition to the
outward migration of the fuel (Pig. 9) had
ocourred. These points are discussed further in
the section on pyrocarbon coatings.

The sintering and densification is at least partly offset
by swelling of the fuel, which will consist of contributions
from the golid fission products situated either within the
carbide crystal lattice or at grain boundaries, and from the
gaseous -fission products, the effect of which will depend
on the way the gas bubbles are nucleated. The observed
effect of swelling in the particles is to cause local
expansion of the kernel into voidage provided by cracks in
the inner layer(s) of the pyrocarbon coating (Figs. 2 and 20).
At the test temperatures Uc, appears to be able to deform
readlly without cracking.

- It has not been possmble, however, to establish any
jdea of the volume increases produced because of the
‘31nﬁer1ng effect and the range of kernel sizes, and in any
_case, taking one section across a kernel may also present.

a non-typical condition. Similarly, it is impossible to
give any indication of the burn-up and temperature dependence -
of swelling except that it is observed at burn-ups as low as
3 of total metal atoms and at temperatures as low as 800¢C.

Pission gas bubbles are not normally resoclvable within
the carbide phase under the optical microscope. There is
evidence of a fine precipitate in the carbide phase in some
instances, e.g., Pluto Loop IIIA/5 (Fig. 10) which could be
interpreted as bubbles, but this question will need to be
resolved by eleciron microscopy.

- One exception to the absence of gas bubbles is the P1
particles., Although no bubbles were ohserved within the -fuel
in the intact particles, which were similar to those shown
in Fig. 2, all the failed particles contained bubbles ranging
in size up to 25Y in diameter (Flg. 11). The appearance of
the coating sugpested that failure was due 1o excessive
internal pressure, so it seems reasonable %o postulate that
the restraint provided by the coating up to the point of
failure was sufficient to restrain the gaseous swelling.




4142

The P1 particles were irradiated at only SODOC, and
hence it is likelwy that the gas retentiocn within the kernel
was hirher then for equivalent particles irradiated at
hirsher temperatures. In contrast teo the P1 behaviour no
guch differsnce in the swelling of failed and intact
particles has been observed in the other series, even in
PL TTIA/Z.

(Th,U)C? Ternels

The melted kernels, »rowared by plasna arc melting of sintered
spheroids, ‘had a coarse striated tyoe of structure and appeared to

bn mo&ncrr"%M17 before irradiation. Nany of the 5:1 {Th, U\u
Fﬂ@lu nhad boCOUO nolyoryftalii @“vever, after vyvadtabvoa at
1Ahu C Tollownd by anvealins at 13?“‘u for two hours, ”30 e~

tion o

cryatnallisa eared to wrocead I the odges towards the centre
of the narticles d often threo zones wore visible (liw. 12): a
completely recrvyatallised, lishi~colonred outor sone, a dark
irveular dnterncdinte zonc, ard an inner sone vhere the original
structars 6till weakly vieible. Accary [19] has susrested that
the roeryatalli ?;’1*‘*0 naxr be due to o phasze '{717’1”:.HSLO””"1.!JQ‘“ of ThC
"~11“*“{ | and to oocur at about 130”‘0, but which

' red,  Similar kernels irradiated al 3““

retained the unirradj Vhed s+ructure, and. many
) alans the crysitallesranhic planes {FTie, 13).
The crncetn frequently extended throuch the ﬁmrtjcle ooatiﬁé. Similar
effecty were noticed durine the cnatine of these herrels, and are

JAEALY >°~1, canged hy the thermal ro‘@a%m of gtresses locked in the
dvrin~e the ranid cooling following melting in the nlasma arc.

The results from Studsvik I on melted kernels of 10s1 (Th,U)C,
seems to be at variance with thosge from HPDA re)orfon above, since”
ternels irradiated at a maximm temperature of only 110070 had
comnletely roorystallised., Whilet it is possible that the change in
ThiU ratio from 5:1 to 10:1 together with an increase in frse carbon

P

v
’)

~

in the fuel from 0.2 w/o to 1.0 w/o had affected the transformation
temperature, it is &1so posgible that the recorded temperatures iv
Studsvilc T were in error, readings in Tact seversl hundred degrees low
in 211 the capsules, ginca the platinum sheathed thermocouple in B
(nominal temperature 1270 ¢) had reacted with bhoth the graphite

matriz and coatings v1ereao such thermocounles ﬂormally withstand
temperatures of 15 OG for long periods without any reacition occurring.

Roth the 5:1 and 10:1 (Th,U ginterad k@rnels showed 1little
change on irradiation at 1375 anﬁ %1%0 G respectively, though a
creater depree of gintering was onserved at the hlgher temperature
(P (,o 4»)0

(Zr,U)C Kernels

The nelted 5:1 (Zr,U)C kernels in T¥D4, although prepared &,

N ey AY
the same technique as the (wh,U}CQOkernols, ware poly crvsfa]llne.
They withstood irradiation at 14007C without showing any signs of

cracking (FPiz. 31)




Similarly, the sintered 5:1 (Zr,U)C kernels freﬁ EPD5 showed
1ittle chgn after irradiation at a series of temperatures between
1300-1700°C (Tigc. 27-30).

4.2 Coatings and Interactions between Fuel and Coating

44241 Pyrocarbon Coatings

Two main types of coating have been invegtigateds-

()

Double or trinle lavers of laminar tyve (P1, DY, HPD2
and Pluto Loop IITA). Thickness ranget 62»789.

(1) An dnitial layer (254) of laminar pyrocarbon containing
interruptionsg, followed by a thicker layer of either
lominar or columnar type pyrocarbon (HPD‘) Thickness
range:s  70-110u,

A gummary of the results with these two types of coating and ths
nrobable causes of the obgserved failures isg presented in Table 2.

45211 Diffusional Tffecds

Three aprarently different forms of diffusion of fuel
inte the pyrocarbon have been obgerved. One ig a siraight-
| forward phenomernon occurring only at high temperatures
l whilet the others appsear to be associated with lower
temperatures.

‘ Thermal annealing of unirradiated parfticles will
produce quite appreciable migration of UG, fuel into the .
pyrocarben coabing at 2OOOOﬁ after only three hours, and

| complete penetration atv220006 (Fig. 15) In terms of long

‘ term in~reactor behaviour, based purely on the oub=~of=-pile

data, temperatures in excess of 17OO~1BOOOC are likely . to

show ovidence of thisg phenomens. - Particles dirradiated in

the HPD3 test N%ﬁwni quite clearly that at temperatures in
the rerion of 12007 C, complete. penetration of the coating

ooourred, The direction of migration wag, however, random
in contrasgt to- the "amoeba' effect reported by General

Atomic [16], in which migration toward the higher

tompera ure was ohgerved, Post-irradiation anneallnﬁ et

1800°C for & h of the PL IIIA/7 compact showed local

evidence of fuel migration into the ceating to a depth of
~5u (Pig, 16).  In these high temperature treatments
gounter diffusion of carbon into the fuel is also obmserved,

A somewhab similar phenomenon wag obgerved in a small
percentage (~109)) of the particles in both the DY1 and
capgules. This was surprising in v1ew of thelr low
operating temperatures, 1.., 1270 and OdO Ce  Contrary
to the normal behaviours whers no diffusion of the fuel
into the coating had taken place, neither sintering nor
densification ocourred (Pigz. B and 17a). The diffusion
zone extended 20-40W into the coating and was more uniform
than the high temperature tyvre. Further major differences

-1 -
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Table 2

Sumnary of Failures on Pyrocarbon Coated Particles

Failed Coatings

Theoretical Irradiation Burn-up Coating Type, Deposition . .

Charge Kernel Type N (Estimated Probsble Cause of Failure

Density Temperature % Fime Temperature and Thickness microscopioally)
% % %

1] Sintered UCZ 70 900 9 Leminar 2 stage/1830%/69 5 Coating fracture due to fuel swelling
and possibly excessive internmal
pressure,

oY 1,2 Sintered ch 70 1250 a1 Leminar 2 stage/ 165000/ 62 0

35k 1300 T3 0

5 925 6.6 1 External corrosion coupled with
diffusion of fuel into coating.

7,8 1275, be3 o]

9,10 1000 363 0

HPD2/3A Sintered TUC, 70 13001500 7+5 Laminar 2 stage/1650%/62u >50 Spearhead penetration together with
counter diffusion of coating and
fuel materisl, Suspected that
irradiation temperature was higher

/64 12501450 6.5 >50 than estimated by calculation,
Pluto Loop IIIA~2| Sintered w, 50 800 8 1st stege Laminar/ 15502C 10 Spearhead attack.
=5 1000 12 2nd stege Leminaz/1 6OOOC Bh=T 71 20 Spearhead attack coupled with extermal
=9 1150 1% 3rd stage Laminar/1400°C 50 corrosion,

uPD5/ 24 Sintered 5:1 (Zr,U)C 65 Type C200 1620 1st cost Interrupted laminar/1600°6/20-25u 0

b5} 1450 2-2,6 |< 2nd coat Columer/1800°/55p 0

6B 1310 0

1A Type §201 1300 {155 cost Interrupted leminar/1600°C/ 20=254 12 Brittle radisl cracks following
spearhead attack to depth of 20308

o into coating.

3A 1660 2+2,6 4 2nd coat Columar/1600°C/50u o] Some failures in centre of compact
duze to reaction with platinum
thermocouple.

54 1375 75 Spearhead cracks extending 50=754
into coating.

HPDS/1B Sintered 5:4 (Zr,U)C 65 Type $202 1300 1st cozt Interrupted laminaz/1600°C/20-25 1 0 (507

' around edge)

B 1660 2-2.6 ﬁ 208 cost Laminar/1600%/40u o] Some failures in centre of compaet
due to reaction with platinum
thermoeouple,

5B 1375 90 Tide radial cracks appearance of
relief of high internal pressure.

28 Type 203 1620 1st coat Interrupted laminar/1600°%C/20-25u

Y\ 1450 2-2,6 |< 2nd coat Laminar/1450°%/95p 0

& 1310 75 Thin hairline cracks in coating

possibly associated with stress
and cortosion.




Teble 3
Summary of Failures on Triplex Pyrocarbon/S$ic/Pyrosarbon Coated Particles

Kernel Type

Theoretical
Density

%

Irradiation
Temperature

%

Burp-up
% ‘Fima

Coating Type, Deposition
Temperature and Thickness

Faaled. Coatings
{Bstimated

microsespically)

%

Probable Cause of Felluve

38

4B

Studsvik I

A1

BY

c1

Melted 531 (Th,U)Cz

Melted 5:1 (2£,0)C

Sintered 5:4 (Th,U)02

Sintered 104 (Th,U)c2

Melted 10:1 (Th,U)C,

1400

1350

Annegled
45002 h

1500

900=1150%

970=1270%

850=1100%

18t coat
2nd -coat
3rd coat

15t cogt
2nd coat
3rd coat

st coat
2nd coat S
Zrd coa‘t

{st cont
2nd soet
3rd coat

fat coaf
2nd coat
3rd coat

Taminar Py ¢/1450°¢ /By
$16/1600°C /1R
Lam.na.r PyC/1700% /321

Lemiinar 1450 G/ 221
346/164L0 gy%

Leninar PyC/ 17200’*/509

Laminar PyC/ 14,60°0/84
36/1700°C/ 601
Lam:.rm,r Pye/1800%/ 500

Laminar PyC/1340 °c/5u
S16/1600°C/ 761
Laminar PyC/1700%6/500

Iaminar Pyc 1380%¢ /51
31C/1600°C/6up
Laminaz Pyc/1 700°¢/ 1k

90

s

Brittle cracks, extending through all
thrae coating layers, associated with
severe kernel erackss :

‘Brittle cracks in SiC coat induced

attendant cracks in PyC,

Failure of some particles associated with
corrosion from platinum theérmocouples

*These temperatures ere thought to be to¢ low.




from the high temperature effect weres—

(1) Particles of fuel were only resolvable
under the microscope at the front of tho
diffusion zone. The pyrocarben through which the
fuel had passed appeared in a very porous state
(Figo 8)0

(2) There appeared 1o be no diffusion of carbon
into the fuel kernel.

A further marked effect, in contrast to the remainder
of the particles in the two capsules, was the almost
complete absence of spearhead attack in the coating when
diffusion of the fuel occurred.

A second form of low temperature migration has been
observed in nearly all the particles examined in the HPD2
compacts and in a few isolated particles in DY5 (Fig. 9).
These kernels were from the same batch and although not
coated together were coated under nominally identical
conditions in two successive runs. This type of diffusion
is two way, both carbon and fuel migrating. In all cases
where this type of behaviour was observed a large amount
of the inner of the two coatings appears to have been
corroded away, and similarly the outer coatings if not
breached completely were so badly corroded (usually in a
laminar form which resulted in a fibrous appearance) that
they would be considered as failed coatings., It is highly
.likely in these cases that a breach of the coating would
be observed if a complete 3I-dimensional picture was
obtained, Almost all the HPD2 particles were badly attacked
in this way, whereas only a few in DY5 behaved in this
manner, and these were the only failed particles found ir
the DY series.

This type of behaviour can therefore be associated with
particles that have failed by an external corrosive attack
which in laminar pyrocarbon causes lamination. In fact,
whereas the DY capsules were given a degassing freatment
before sealing, no such treatment was given to the HPD2
compacts, and these are likely to contain moisture in
addition to other adsorbed gases. It is not clear how
the few DY particles were attacked.

In the Pluto Loop IIIA, which was the only other
instance of a large proportion of failure in pyrocarbon-UC,
particles, the kernsls in both failed and intact particles
normally appeared the same. Corrosive attack was observed on
the outer surface of some of the pyrocarbon coatings, but
only in a relatively few instances, mainly in the Yo. 9
compact, did this cause severe lamination of the outer
coating (Fig. 18). In these cases some carbon migration
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into the fuel had occurred but not to the same degree as
in the other instances.

Syearhead'Attack and Shrinkacse of Pyrocarbon

"Spearhead attack," which in section normally appears
a8 V~shaped voids originating at the fuel coating interface
and extending into the pyrocarbon, is ohserved in most of
the specimens. A ‘'three~dimensional' picture obtained by
gectioning a particle through the fission frasgment recoil
layer shows that the path formed by the void is not
circumferential but has a fairly characteristic 'X' shape
(Fig. 19). YPrimary spearheads," regardless of burn-up and
temperature, are remarkably uniform in thelr depth of
attack and normally penetrate 20-25 into the coating

(Pig. 20). The fission frarment recoil range in fully
denge graphite is 13.6) and in pyrocarbon having a density
of 1.5 gfom3 it is 20u. To correlation has been found
between the volume of spearhead voidage and temperature,
burn=up, or temperature of deposition (hance density of
pyrocarhon), because iu the random cross sections taken
there is too much variation even within a batch of particles
irradisted under the mame conditions.

Coating failures are very often the result of
continuing growth of the primary spearhead through the
coating. It was encounraging to find, therefore, that in the
DY series, apart from the corrosior effects noted previcusly,
no failed particles were ohserved, These particles had a .
double laminar coating, and the spearheads rarely penetrated
further than a few microns beyond the interface between the
two layerss the tip of the spearhead tended to turn
circumferentially either before or on meeting the interface.
The interface was introduced into this batch to ensure that
the outer coating was free from contaminations this was
achieved by removing the particles from the fluidised bed
after the first coat and leaching before returning for the
application of the second one. The ability of an
interruption to apparently halt or at least delay the
continued growth of primary spearheads had also been
observed in ORNIL particles having a duplex structure of
the laminar/columnar type tested at ORVL [171.

The microscopic observation that the spearhead was a
~void, and not a heavily damaged region of pyrocarbon which
was removed on polishing, was confirmed by microradiography
carried out by the technigue described by Sharpe [18],

(Pig. 21).: Microradiographs also confirmed the shape of

the spearhead and showed that these were not circumferential
cracks, :

In some particles (DY particularly) the pyrocarbon
damaged by recoil of figsion fragments is clearly visible
as a darker band when viewed under incident white 1light
(Fig. 3). This region under polarised light polarises

wo D) o




very strongly compared with the remainder of the coating
which is only weakly responsive (Figs. 22a and b), and
suggeats e degree of ordering or possible graphitisation
in this layer adjazent to thz kernel.

In the DY1 and 5 particles in which the diffusiocn of
fuel into the kernel was observed, a shell 204 thick
immediately outside the diffusion zone responded to
polarised light in addition {o the pyrocarbon through which
it had passed (Figs. 17a and b). As noted previously, no
spearhead attack wag present in these particles.

Although the coatings of the Pluto Loop IITA particles
were actually composed of 2 or 3 layers, due tvo variations in
tenperature conditions during coating, these did not produce
interruptions in the same sense as in the DY series. In
nearly all cases fallures were due to the growth of the
primory spearheads until eventually the whole coating was
penetrated (Fir. 7) thoush in some cases the effective
path was reduced by external corrosion thinning the coating.
The percentage of failed particles ronged from 109 for
compact Wo. 2 to 50 for lo. 9.

The HPDY series was prepared to test further the
effectiveness of interruptions in the ceating in preventing
the prowth of primary spearheads. The first coat for all
the particles, totallin/ 20-25u and deposited at 160000,
contained three thin layers of laminsr pyrocarbon interrupted
by two thin columnar layers; the interruptions were
produced by altering the partial vressure of methane in the
fluidised bed. Four different types of second coating
were then applied, viz.s columnar coatings deposited at
1600°¢C §czo1% and 1200°C éczoo) and laminar coatings at
1450°C (€203) and 1600°¢ (c202), (Figs. 23-26).

Microscopic examination of this series has shown that
only one type of coating failed az a result of growth of
spearheads, viz., the 1600°C columnar (€201) irradiated at
1375°¢ (¥ig, 27). One particular feature was that the
penetration of the srearheads was lesg severe at the
highest irradiation temmerature (1660°C) (Fig. 28). In the
other three types the interrupted laminar coabtings were
hagically successful in that the furthest penetration into
the outer coating was limited to Su, and there was no shary
tip 1o the spear which would tend to propagate a crack
through internal pressure. A large number of failed
particYes were, however, observed in voth the €202 and C203
types. in ons compact out of the total of three of each
type that were irradiated, but the causes for failure
appear different, and are discussed later. The irradiation
temperatures of the compacts containing the failed particles
were 1375 and 1310°C respectively.

8ince it has been shown by microradiography that the
spearheads are voids and since it has also been argued
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that mass transfer or diffusion of the pyrocarbon has not
occurred except at the very high temperatures, the inner
section of the coating must be shrinking. Further evidence
of this is afforded by the frequent observation that the
whole of the inner coating (particularly in the DY series)

(Fige 3), or a thin layer within it (Fig. 22a) separates
from the remainder of the outer coating 1eav1ng a gaps The

. thickness of this thin layer is approximately equal to the

fission fragment recoil depth. This separation is also

seen in microradiographs (Fig. 21). In extreme cases whers
the whole of the inner coating apparently contracted intact.
without formation of spearheads, a gap of 5-10u has opened up
between inner and outer coating (Fig. 3).

- Further evidence of the ability of pyrocarbon to deform
is obbained from the observation that there is a greater
geparation locally betwaen the inner and gecond layer
(Fig. 9) adjacent to a spearhead crack which has not quite
penetrated the inner laver.

The ability of pyrocarbon to deform markedly is again
shown in those particles that had failed in the P1 series
of tests.  The pyrocarbon adjacent to the crack curls in
toward the fuel kernel indicating the relief of large
internal stresses upon fracture (Fig. 11). Similar effects
have been observed by the BT [23] and ORNL [19] workers.

Other Cracking Phenomena

(a) Wide Radial Cracks

These occur as wide parallel sided cracks running
through the whole thickness of the coating (Fig. 29).
One to three such cracks are observed in a cross
section, usually rerularly spaced around the circumference.
Fajilure must have taken place in a brittle manner since
no local deformation was noted in the adjacent coating
material.,  This type. of failure was observed in 90%
of particles in one compact in HPD5 charge (€202)
though the penetration of inner coating was of the
usual spearhead type.

The mode of failure suggests bursting under an
internal pressure. Notwithstanding the fact that the
pvarticles were retained by a matrix, some of the
cracks had opened up to widths of 50u or more.

&

b Hairline Cracks
(b)

These have heen observed ouly in itwo instances in
laminar coatings from the HPDS series., In one compact
containing the low temperature laminar coating (CZO})
75¢) of the coatings in the field observed contained
fine cracks originating at the outside surface (Tir-, 30},
They were randomly orientated with réspect $o the compsct
and varied in form in the ﬁartzcie%, gome oracks being
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approximately radial, other cracks being wholly within.
the coating. TInitially it was thought that the
polished zection had been taken too close to the cut
face, but a second section taken 0.050 in further in
from the c¢ut face showed exactly the sams phenomena,
The other instance where particles exhibited this
behaviour was in the high temperature compact (1660 ¢)
Arcontalnlng the (€202 ﬁvpe) high temperature laminar
coating. This compact initially surrounded a centrally
placed platinum sheathed thermocouple (Pt-0.1 Mo,
Pt—5§ Vo) which melted durins irradiation. mhe eeatre’
zone of particles wasg hadly corroded by platinum
diffusion into the compact, but immediately adjacent to
these was a narrow gzone of varticles that exhibited
hairline cracks in the coating. In the outer zone
no cracked narticles were seen, It seems, therefore,
that this cracking could be initiated by stress and
impurities, though no corrosion of the carbon coating
was obzerved,

4:2.2 Triplex Coatines {Pyrocarbon/Silicon Garbide/Pyrocarbon)

Triplex coatings on both melted and sintered (mh U 'C~ and melted
(2r,U)C kernels have been tested in the IPD4 and Studov¢ I charges.
The coatings consisted of an inner laminar pyrocarbon layer of 0-204,
an intermediate silicon carbide layer of 30-60g, and an outer laminar
pyrocarbon layer ~30u thick.

The inner pyrocarbon layer was invariably heavily damaged by
spearhead attack, but no evidence for the growth of spearheads into
the silicon carbide layer could be found., No damage could even be
detected in some sintered 5:1 (Th, U)C particles (Pl 14) where the
inner wnyrocarhon layer was so thin +hat the silicon carblde was
effectively bonded directly to the kernel.

Cracking in the silicon carbide layer occurred in some particles
with Dboth types of melted kernel. Gross cracking of all three
coating layers occurred with the 5:1 (Th,77)C, particles when the
kernels themselves shattered during irradiation (Pig. 13). Where
recrystallisation occurred, both in HFD4 (Fig. 12) and in Studsvik T
with 1031 (Tn,U)Cg, the 8iC layer remained intact. ‘

The melted 5:1 (Zr,U)C kernels did not crack, but their SiC
coating had cracked radially in a brittle manner in a few varticles,
the cracks often extending from the tips of spearheads in the iunner

pyrocarbon ccating (rig. 31). The outer pyrocarbon coatings remained

undamaged.

Post~irradiation annealing was carried out on two compacts from
the HPD4A charge in order to assess whether heating above the
irradiation temperature would cause additional failures. The inserts
were annealed at 150000 in a helium purge stream, the Xe-~133 release
being measured. It has been established that, despite the common
containment of all twelve inserts, the Xe-133 absorbed in the matrix
is quickly released when the capsule is opened and the contanmination
remaining is only a fraction of that contained in one particle.
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The particles with melted (Th,U)Cp kernels irradiated at 1400°C
gave g small sieady relsase of f1831on gas during the post~irradiation
heating to temperatures of 800-900° C, corresponding to the Xe~133
contained in 30 particles. ~ Little further release was observed on
annealing at 1500°C for two hours, indicating that no failures had
been induced by heating., Microscopic observations confirmed that
some ' broken particles had heen present. The Xeu133 release from the
melted (Zr,U/C) particles irradiated at 1325 C was only a fraction of
that contained in one pariticle and no broken particles were obhssrved -
on subsequent examlnatlon, again indicating that heating of this
type of particle to 1500 has 1little effect.

DISCUSSION ON THE FACTORS AFFECTING PARTICLE INTEGRITY

If a coating is to impede the release of fission products from the fuel
kernel it is necegsary that some portion of it remains essentially "undamaged"
throughout the whole of its life. The minimum thickness required is a uniform
layer greater than the fission fragment recoil range (20-25u) from the point of

furthest advancement either of the fuel, or of a spearhead, into the coating.

The term "undamaged" must imply that neither its diffusional nor mechanical
propertios are meriously affected. Conversely, failure of a coating can be

‘defined as either a crack, a spearhead, or a diffusion zone extending to less

than 25 from the outer coating surface.

Many factors, either singly or in combination, could cause premature failurs
of the coating. In the following discussion those which are considered to be tha
more important are high-lighted.

5¢1  Volume Changes in the Kernel

The overall volume change that occurs in a sintered fuel kernel during
irradiation is . caused by two opposing processes, sintering and swelling.

The gintering behav1our of UC, under irradistion is marked even at the
lowsat irradiation temperatures (860 ¢) and burn-ups (3%) that have been
covered in these tests. This effect has to be viewed against the background
that the fuel kernels were initially sintered at 1600°C and that annealing
of particles from the DY series for 40 days at 1350 C produced no observable
effect. (Th, U)02 and (Zr,U)C kernels do not appear to show such a marked
change, but precise comparative experiments have not been carried oubs.

'As yet there is no information regarding the minimum temperature or
dose required to produce a noticeable densifications experiments to
investigate these factors are underway.

This densification during irradiation appears to have a very beneficial
effect on the Ffission product retentivity of the kernel compared with the
as fabricated material. At the same time the use of porous kernels provides
voidage for swelling due to accumulation of fission products.

The manner in which swelling occurs locally into available voidage
provided by spearhead attack indicates that UC, deforms readily under
irradiation at temperatures as low as 80000, whilst the unirradiated material
does not show marked plasticity until 1100°¢ [14]. As the hardness of the .
‘carbide phase measured on . a kernel from Pluto Loop IIIA/S indicated a
similar value to that reported for as cast UC,, the ohaerved plasticity
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appears to be an irradiation induced phenomenon similar to that observed in
U0, after high burn-ups {8].

No swelling effects were observed in the (Th,U)C, and (Zr,U)C sintered
kernels; but as these had not densified to the same extent as the UCp
kernels, any swelling would have probably occurred into the internal
porosity and hence not he so unoticeable. The burn-up levels achieved so
far are, however, lower than those atitained in the UC, kernels, The
impression given in the HFD5 series containing the sintered (Zr,U)C kernels
is that failure in the three types in the range 1300~1AOO°C generally
appeared Lo be associated with slightly lower density kernels. It is,
however, not possible to determine whether this pre-existed before
irradiation, or if the decrease in density occurred after the coating had
fractured.

o swelling was observed in the melted (Th,U)Cz or (Zr,U)C particles,
thoush the maximum burn-up attained is only 2.7% fima. The thorium ;
containing particles either remained monocrystalline and cracked, or under-
went a phase transformation which tended to mask any swelling effects,.

High burn-ups (307 fima) have been achieved at irradiation temperatures
below 95000 with melted UCo, particles at ORNL {1?], and though the swelling
has been quite high it was not sufficient to cause failure of the coating,
sufficient voidaze apparently beins nrovided by spearhead attack and by the
soft carhon layer adhering to the kernel from the fabrication stage.

It is not yet possible to analyse fully the relative merits of melted
and sintered particles, as comparable specimens have not been tested to
sufficiently high burn-ups. It is apparent that it is necessary to avoid
gincle crystals in the nmelted particles. With sintered particles it
anncars that the initial estimate of the voidage necessary was pessimistic,
the enly evidence of swelling causing failure being in the P1 particles,
and further, it does not anpear that the assumed hicher gas release from
gintered nariicles constitutes a problem in itself. The economic advantage
would seom to lie with sintered particles.

Measion Product Release

Tission rag release results were obtained from the DY static capsules
and from the Studsvilk purged cansnle and Pluto IITA Loop tests. A
reasonable correlation with +the number of failed particles observed under
microscopical examination was obtained on all except the Pluto Loop results.

Tn the DY (pyrocarbon coated %FZ> cansules, the low fractional release
of Kr-85 measured (10‘4 to 5 x 107°) agreed with the observation that no
failed coatings were observed except in DY5 (19 failure)., Very low release
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rates (% (Xe=133) = 107~ at BSOwﬁbOOC} wore also observed on two of the
three purged capsules in the Studsvik I test (PyC-SiC-PyC coated (Th,U)Cz)
in which arain no failed particles were found. The gas releases showed a
marked temperature dependence. The third capsule operating at 122000

1itude hicher

however, gave recleasesg over two orders of mamy
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(ﬁ for Xe~133 = 4 x 10 3). This hi~her release, however, was mainly

attributable to a corrosive effect on the coatings of particles adjacent to
the centrally positioned platinur thermocounle,




In neither of the above tests has any attempt been made to estimate
the precise number of broken coatings, so that the release rate from a
broken or uncoated particle is not known. In both tests surface or near
surface contamination of the coating was probably the main contributor teo
the ‘observed releases.

In the Pluto Loop IIIA test (pyrocarbon coated UC,) the percentage of
failed particles was so high that examination of over 100 particles in each
compact wag found to give reasonably represeniative figures, the range
being from 509t failure in compact 9 (1150°C, 147 fima) to 10Z in compact 2,
(800°C, &% fima), This high percentage of failures was unexpecied as

(1) the initial release rate (% = 1-3 x 1074 for short-lived gases)

corresponded fairly well with that expected from the pre~
“drradiation measurements of the surface contamination and did
not markedly increase throughout the whole period of the
irradiation. As the Pluto Loop particles were initially ~50%
porous it was, therefore, anticipated that virtually 1004
release would occur from a failed particle, but this did not
allow for the fact that sintering of the kernel would occur.

(ii) Previously reported low burn~up tests from General Atomic {20]
and ORNL [17), and one high burn-up test from ORNWL [21] gave high
release values from uncoated fused particles, viz., CRNL test gave

% (Xe4133) = Tx 10*2 for up to 4% burn-up at 815°¢,

To explain the results one needs to postulate that the kernels in these
broken particles were at least a factor of 5 times more retentive than the
ORNL fused particles, even if no actount is taken of the higher average
operating temperature of the Pluto Loop which obviously gives a pessimistic
figure. The only reported instance of a similar discrepancy is from the
HMI data [22] on unsupported pyrocarbon UG, particles irradiated %o 4% -
burn-up at 1070°C, in static capsules. The Xe-133 releases obtained on
post irradiation puncturing of two capsules were 0.52 and 0.75% respectively

~against failure percentage of 21 and 55% as revealed by leaching tests. ’
These figures were not commented upon, nor was metallographic evidence
‘supplied to support the data obtained by leaching tests.

It is conceivable, though admittedly unlikely, that this form of dense
UCy produced by sintering in-pile could retain its fission products better
than the Pused material irradiated by ORNL, even to high burn-ups (14%).
If this is the case then its behaviour differs completely from the only
other material irradiated to comparable burn-up, viz., UOp. Thuss-

(1) U0» suffers a very severe decrease in its powers of fission
' gas retention above 5% burn-up [8] whilst UC, apparently behaves as
if its retention powers are increased.

(i1) U0, shows severe gas bubble swelling at burn-ups around 10%
even when highly restrained in the form of a cermet, whereas,
only in one isolated case (P1) have fission gas bubbles been
observed in UG, and these were in broken particles. The failed . .

- particles in tge Pluto Loop specimens did not show any more
awelling than the intact ones where restraining forces could
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“have influenced the growth of bubbles. This absence of gas

bubble gwelling would seem indicative of low fission gas
retention.

(1i1) Unlike UO,, or any other irradiated fuel for that matter, no
burst of fission gas was observed either durlng in=~pile transients
or on post-irradiation annealing to 1800°¢.

At this point no obvious explanation exists for this discrepancy between
gas release and metallographic appearance. Measurements of the amount of gas
remaining in the kernels, and some loop experiments on kernels having only
& very thin coating, which according to experience should fail rapidly,
ghould help to resolve this very important practical point.

Excessive internal pressure from fission product gases does not appear,
by itself, to have caused failure in any of the particles examined. This
ig important as the decision to use porous kernels relied on the assumption
that the coating could withstand the pressure exerted by released gases and
volatiles at the temperature of operation, whilst the lattice swelling in
the kernel was not known and could be controlled. Calculations using
pessimistic swelling rate and assuming complete release of gases and
volatiles indicated that for a 300 dlameuer particle with 100K coating,
50% voidage would be required for 107 burn-up at 150000 if the maximum

stress in the coating, isnoring thermal stresses, should not exceed the

tensile strength of pyrocarbon, assumed as 4,600 psi f”]

The small percentage of failures in the DY series has demonstrated
that these assumntlons were pesslmlstlc, for although these particles
only went to 7.3% burn-up at 1300 C, they only contained 307 porosity and
spearhead attack had reduced the effective coating thickness to 3TH.

The low fission gas release results from the triplex coated particles
in the Studsvik purged capsules are particularly encouraging in view of the
suspicion that the recorded temperatures were low by some hundreds of
degrees. If the solid fission product relsease is found to be as low as
the rare gases then these particles represent an extremely promising find,

Pusl Phase Composgition

Some disagreement still exists between workers in the field on the
exact conditions under which UC, is stable at elevated temperatures [29].
The free energies for the formation of all the three carbides are very close
and it appears that small amounts of impurities are able to stabilise
certain phases, but so far virtually no work has been done regarding the
phase existing after high fission denletion at elevated temperatures.

Qm etching the fuel kernels the indication was that only the particles
irradiated at 700-800°C were still dicarbide, whilst after higher temperature
irradiation the predominant phase was UC. However, the presence of both
phases (as for the unirradiated sample) in the latter was confirmed by X-ray
diffraction analysis of particles for DY7.

A lot of questions regarding the phases existing in the kernel remain
unanswered at the present and require that the equilibrium diagrans he
better defined, particularly for the alloyed carbides, before definite
answers can be given.
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The.pressnce of figsion products such as Zr,Ce and lo in the fuel, all
of which Torm carbides, could affect both etehirs and phase eQullibriag as
at the high bura-ups these constitute amounts greater than 1/.

The composition of the kernels in the 7TD geries has i ntionally
included carbon in excess of the stoichiomelric composition in srder that
the kernels oporate under saturated carbon conditions, Tt was thought
initial*y ha@ tﬂ@ aﬁﬁaah of the coatings in the HPD2 series resulted from
masgs hran the ¢ 3 1 oA paseons phase to the kernel, Although
that the gpearhesd attack doen not result from a 'chemiocal
reac%icn, it canmot be ruled out that this type of masg transfer process
could oceur, and may play a part in the growth of spearheads. It is not,
however, c¢lear how important the excess carbon has been and separate t@sts
must be performed Lo define this point,

There also seens to he gome evidence for a phase change in the (TH,U)C
gpecimeng above 130070 [15], but more work is required before any uonclusions
can ho made.

In the HFDS series the kernels were fabricated by sintering a mixture
of UG +-ZrQ o powders, and were nob.completely homogeneous. In a subseguent:
test the route was ohaaged to ensure homogeneltys it will bhe interesting
to comparc their behaviour.

Tempersture and Burn-up

The number. of falled pariicles occurring under irradiation for any
particular tyve of kernel and coatine will be a complex function of
temperature, temperature cycling, burn-up and burn-up rate. Only one test
(Pluto Loop IITA) has really given any indication of the combined effect of
temperature plus burn-up on the proportion of failed particles.  In the
other tests either the degrees of burn—up has not heen varied over a wvery
wide ranve (HPD seriecs) or only a few isolated failed particles were
observed, as in the DY series.

5641 Temporature Tifects

The upper temperaturs limit for safe operation for Uls particles
coated with pyrocarhon is fairly well defined.. Tests st General Atomic
on (Th,U)Cs [16], and the HFD2 test on UC, kernels both showed
diffugion of the fuel completely hrouw% the coating., The G.A.
tenperature was estimated at 1000°C while in the HID2 it was ~1700 Cs
in the G.A. particles the fuel moved toward the higher temversture,
but no dlrectlonallty was nobted in the HPD2 samples. However, it is
clear that 1700 ¢ represents the upper limit for continuous operation
for UC, and (Th, U)Cg particles.  Ho evidence of diffusion was seen
in the UPD5 test with (Zr,U)C, %he peak temperature of which also
aporogched 170006, indicating that the diffusion rate is lower for
this material than for the uranium and uraﬂlum/%horlum dicarbide. -
Out=of=-pile annealing tests on (Zx»,U)c (Zr U=235 = 5:1) at 2ooo°c ccnfirm
thige

At intermediate tomperstures the pattern of failures does not
nresent a clear victure. It nisht be expected that very little of
the fission product gases would be retained in the kernel at the

- 28 e




50442

higher temperatures and thatl a very high internal pressure would
result. HNeither the type nor overall pattern of failure suggests
that fission gas pressure has in itself been a prime factor causing
failure and, therefore, other temperature effects must be sought.

The HPDYH series vroduced the unexpected result that the failure
rate of threc different tyves of (Zr,U)C particles was extremely
high in thc temperature range 1300~14OO Cy yet negligible at
1450m16“0 Cs The othur rather surprising data was from the B
results [23] which showed that whereas UC, particles coated with TOW
pyrocarbon failed ur dor irradiation in a matter of hours at 100°C,
at 10707°C failure did uot occur for 5-10 days and resulited from
temperature cycling. It was suggested that the low temperature
failure was due to stresses locked in during cooling from the
coating tomperature. The prodlem was apparently solved by making the
ccating° thicker, i.e., >%0u, suzggesting that locked in stresses were

only partly responsible. Althoush no low tomperaunre irradiations
have been performed in this Dracon series, st of the coatings were

“also aboult 708 thicl and yet burn-ups un to 8’ have heen achieved

without any failures. This scems to indicate that so many variables
are ola"ing a part that at pre@ﬁrt it is 1ll-advised 1o use the

nformation obltained from one type of narticle to explain behaviour
in another,

Similarly there is no indicaltion that failure rate can be
attributed to thermal cyeling alone as indicated by the BT workers,
The largest number of thermal cvcles occurred in the P1 capsule '
(47 major cyclos) which hazd ;& failures. The most comparable tesis
are the DY and HPDZ where irradiation temperature and number of
cycles are similar, yet there was no failure in the approvriate
capsule in DY compared with over 507 in HPD2.

It has often been stated that heating a particle above the
coating temperature will cause thermal stress cracking in the
goating., This is not supported by vesulis from either particles of
the ﬁY typo which have been heated to 2200°C before 1rradlatlon, or'
the Pluto Loop particles which have been heated to 1800°C after 12%
burn-up (200 C hicher than coatiny temperature) without additional
failures, Similarly in the HPDY servies particles Wlth a laminar
coating deposited at 14 50 € wera irradiated at 1700 C with no

_fallure, yet fine hairline cracirg cccurred in those irradiated at .

1300°¢C.

Burn-ub and Rate'of Burn-up

The DY series showed that &7 burn-up could be achieved Wlth
pyrocarbon coatefl UC, at temperatures in the range 900~1300 C with
virtually no coating failure, and ORHL [19] have irradiated particles
containing a fused UCp kernel with a duplex laminar/columnar pyrocarbon
coat to 30% burn-up at temperatures hetweer 500-000"C with only 1.5%
failure. In the HPD5 series the only particle type which showed
?OQ% intact particles had a duplex coating sinmilar to those tested at
ORNL, i.e.; outer columnar coat deposited at 180000, though the
equivalent burn-up in HPDS was an order ol magnitude lower. It
appears, therefore, that the burn-ups required in high temperature
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pover reactors ars capable of heing achisved, thcu#h the conditions
required to rmarantee 100i success arc.not wall dafined,

The surprising conclusion is that burn-up alons does not appear
to be one of the magor factors affectlnx particle 1ife The. fact

that 30’ burn~up has been reached with a very low percentags of
failures, albeit at temperatures at the lower ond of the temperature
range of interest to the Dracon TProject, is preoof that these hizh
burn-nps aro achievable.

Durn-up rate has heen varlnﬂ over a wide range from 0, 037 f1ma/ﬁav
(Gcmrmrawlp to the Dr orate) te D373 fima/day on the urdiluted
UCQ Tornels dn HIDHE Becavss of the tlme scale involved in drpadiatior
Lof ting, full burn-un tzuls have been carried ont only on undiluted
keruels at acceleorabed rates while on alloyed ker:els the tests so
Far have only abbained 2 oft the darzet burn-uvg - in spite of ‘thermal
flux levels dwo or three times hisher than in the Dragor reactor.
Altho no obvious effents of burn-up ralte have heen observed this

13 not yel heen studied on one particular tyne of particle,
one: con o olte many paraneters that may be alffected which could
porhaog dnfluence Lhe coating 10'5}9;:}:‘:1‘153[,'

a
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Torm of pyrocarbon coatins tosted in thege exneriments
two oribhroesloyvers ol the lomivan h}ho maberiale. In- the
relative pronertics of coliy woand daninar ouhtoer coatings

wore investisated Mo obvious disadvanteres of the volumpar tyne is that
the rate of devogiltion fing ho ho Lowap ™ Cothe daminar type.  The particular
merdt dn columivar coabinsg An that 7T have rog od that the diffusion -
rate of xonen and Trypton is lower than 4 thﬂ laninar fhyne though
on-the othor hand bhe wranivm diffasion pate was Tonlor,

The TIDYS morion did pmt sivesa clear cut angwer on the relatlive moerits
of oolumnar versus Loninar. eesatings. The veoasgong Tor Tollure in some-cages
aro-nob clonry oty o lnr“ﬁ nercantase of failures oecourred irn g laninar
coating dnposited at 160070 (W}eG/J,} irradinted st osinilar tenperatbureg
and boin mnch Tower burvenpothan similorocoabinge dn DY} and T Only one
type, havios o colummar ouber layer denosited al 1800% Gy was TOOf succegsiul
at - all 1f1mdiﬁujﬁi temperaturcs.  Thisg contine ig similar to the NCC~AD type
irzadisnted g oouceoagslully ot ORIL Ho 300 T 1peand obviovusly merits
further dnvestisabion inte both dha verformance and why nnder sinilar

conditions the colomnny coating denonited at 4/ “C 48 so inferior. Turther
tests arve nlready dnoprosress o ons both Dondnay and eolumiar coatings,

The imvortance of interruptions in the ceating in preventing growth
of primary spearheads was shown by the DY drradintion series. The paeudo=-
interruptions introduced in ¢ UPDL geries were only partially successful
because the thiclkness of the whole ninar coat was barely preater than
the recoil distance. It is sugrested that one or two interruptions at a
distance slightly greater than 254 from the kernel surface will bs the moat
gffactive in RLMliiﬁﬁ the crowth of uﬂO%ThGﬂd attack,.

DLoanminar coaﬁmn“w aro sus cwpilblo to pealing (1am1nmtloﬂ} both through I

extornal vorrosive effects and internal shrinkagse. ORUL [24] have shown




‘that steam at temperatures in the range 800-1100°¢ produces either severe
lamination in the outer layers of laminar coatings ory, if the coating is
more of the featureless type, a more uniform type of corrosion. It is
suspected that the external corrosion seen in some experiments results from
gteam produced from water vapour remaining either within the graphite
components in the capsules due to incomplete degassing, or within the pores
in the compacts which were not degassed at all prior to irradiation,
Stringent pre-irradiation degassing procedures are in fubure to be applied
to all the charges. From the irradiation tests so far examined it is not
possible to gay whether columnar coatings will laminate in the came way.
Corrosion effects were not very pronounced in the HPD5 series, and since

no columnar coatings have been applied directly to the kernel it is not
known whether internal shrinkage would produce laminations in these coatings.

The ability of pyrocarbon to deform under certain irradiation conditions
to cumulative strains of about 209 without cracking has been described. It
ig considered that this probably occurs under slow rates of gtrain, but
whether fast neuitron irradiation influences the behaviour is not lknown. The
brittle radial cracks cobgerved in HPD5/SB and 6A are probably the result of
gsudden loading, thermal shock, or sudden release of elastic stiresses by
corrosion effects. ‘

Althoush pyrocarbon has been shown to deform elastically, the strains
observed are too high to have occurred by purely elastic behaviour. The
effect of sectioning a spherical shell of pyrocarbon subjected to both
elastic and plastic strains will obviously affect the shape of the layers
and, therefore, caution must be applied in the interpretation of the
observed effects. This is a case where microradiography c¢oupled with
microscopy should be valuable.

Fission Frawmment and Fast Neutron Damace to Pyrocarbon and Silicon Carbide

Two observations have been described which have been attributed to
fisgion fragnment damagei~

(1) Shrinkage of the pyrocarbon layer adjacent to the fuel
kernel. This is normally but not exclusively associated with
spearhead attack,

(2) High response of a zone around the fuel kernel or ahead of
the diffusion zone to polarised light.

The only data on fission fragment damage to pyrocarbon and other
possible coating materials (8iC, MgO; BeO, A1703) are from BMI [6].
Bxposures have only been in the range 1 to 5 x 10 4 rigsion fragments/bmg and
at a temperature of 80°¢ (cf., doses up to 7 x 1017 fission fragments/cm2
to temperatures up to 170000 in the particle coatings) and hence the data
are not necessarily very applicable. However, these experiments showed
that all the materials expanded under hombardment from fission fragments,
pyrocarbon and SiC showing the highest expansion. It was also found that
firstly, most of the radiation induced expansion in the materials was
removed on annsealing at 120000, though the pyrocarbon samples did not give
a clear result due to its anisotropic properties, and secoudly, that an
increase in dose from 1074 to 5 x 1014 figaion fragments/cme only gave a
factor of 2~3 increase in expansion, suggesting a tendency towards saturation.
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The observed effect in the irradiated particles is, however, an overall
shrinkage of the fission fragment bombarded layer and hence the low
temperature data cannot wholly apply. It is postulated, tharefore, that the
effect of the fission frawment bombardment is twofold

;(i) The major effect is 10 cause a shrlnkage; it is pOStulated
that this results from an ordering or even graphitisation of the
pyrocarbon into a denser form. - Pyrocarbon as deposited on the
fuel particles is turbostratic, that is, although the hexagonal
layers are parallel to one another, and uniformly separated,
they are orientated at random with respect to ons another, The
densgity of the deposit depends on the gas used, flow rate and
temperature, For coatings prepared by pyrolysis of methane, the
lowest density (1.4=1.6 ; /ém } ocours at deposition temperatures
of ~1600°C, Unfortunatelj, the coatings are normally deposited
at this bemperature, for if they are applied at higher
temperatures the uranivm diffusion is too-hirgh and the coating
becomes contaminated, and if applied at lower temperatures there-
wag thought to be a risk that operation at temperatures higher
than the coating temperature would cause cracking due to the '
higher thermal e zpansion of the fuel relative to the coating

Pyrozraphite, however, has a density of 2.11=2,22 g/cm .
11 has been found that thermal annealing in the presence of UQ
of pjrocarbon deposited in a fluidised bed caused graphitisation
at 2200°¢C [25), which was presumed to be due %o the diffusion of
uranium - through the pyrocarbon. However, identical material not.
mlxed with UOo could not be graphitised by heat treatment up to
2800°C., It is poseible that the effect of fission fragment
bombardment is to markedly reduce the temperature at which this
transformation. oceurs. The characteristic V-sghaped void is.
attributed to the larpger degree of shrinkage in the more heavily
~damaged material adjacent to the kernel. This postulate, however,
requires oroof and the effects of fission fragment dose,
temperature and density of coating on the process must be studied.

The secondary effect could bhe an exnaA51on caused by the
formation of vacancy-interstitial pairs., At 80°¢ the HII
workers [6] calculated that the obserr=d expansion corresponded
to about 102 disvlacenent atoms per fission fragment, but as
would be exnected, a larce proportion of the damage was annealed
out above 800°C. A further contribution in the high Dburn-up
samples will be the accommodation within the lattice of the
figesion products either in an elemental state or combined with
carbon.

There is little dindication of a large variation in the amount of ‘
shrinkage caused by the fission fracgment recoil atoms in pyrucarhnn within
the range of temperature and dose siudied. This appears te indicate that
saturation occurs below the lowest dose so far investigated, 3m&.further
expe iments are planned. Variation in coating density should, if the
postulate is correcty have guite a marked effecz and th;s Wlil also be
investigated, SR




In all the particles examined the initial coatins has heen either of
the laminar or interrupted laminar ty»e. It was, however, ohserved in the
HPDS series that a columnar second coating deposited at 1600°C did not halt the
advance of spearheads as effectively as elither of the laminar coatings or the
columnar coating depoaited at 1800°C, This would suggest that this type
of coating is particularly affected by fission frarment bomhardment; one
possible mechanism for the advance of snearhead athack would he due to the
Pission fragments ejected further inte the pyrocarbon from the fuel
deposited on the inside surface of the spearhead by a process of knock-out
from the kernel surface thus repeatins the initial<process. The existence
of the layer has been shown by microprobe analysis, thousgh what is not
knovm at present is the chemical effect of fission products on the procegs.
This will require active microprobe analysis to determine if there is an
associated concentration of any fission products, e.g., formation and
decomposgition of caesium graphite during temnerature ecyecling. Similarly
mags btransfer of carbon through a gaseous phase might also be occurring.

In the HPD4 and Studsvik tests triplex coatings were applied 4o the
kernels. The initial pyrocarbon layer, however, was not sufficient in some
batches to protect the silicon carbide from direct recoil bombardment. .
lieasurenents on SiC deposited at 1600°C show it is svery dense (~ 95 theoretical
den51%J), and hence hased on the pyrocarbon hypothesis one would exvect
little or no spearhead attack in SiC. This ig borne out by observation.
llost cracks in the 3iC are parallel sided radial cracks apparently resulting
from the release of internal or thermal stresses. It appears, therefore,
that SiC, though more prone to thermal stiress cracking, may well be more
resistant to spearhead attack than pyrocarbon. Thisg conclusion requires
further tests under strictly comparable conditions of temperature and burn-up.

The data on fast neutron damabe at 600°C to pyrolytic graphite (high
density pyrocarbon deposited at 2200 C) would indicate that a pyrolytic coating
should decrease in circumference ('a' direction) and have a slight increase
in thickness ('c' direction). No directly relevant data on pyrocarbon at
high temperatures are available. In the particles examined it was impessible
to determine whether any dimensional changes had occcurred in the outer layers
of the coating: in any case the fission fragment effects in the inner layer
appear to be so much larger, and result in a shrinkage away from the outer
layer, that small changes in dimension of the outer coating are relatively
unimportant.

The total fast neutron dose to which these coatings have been subjected
ig partly self-generated from fission of the kernel, the remainder beinc
from the reactor flux. No obvious differences which could be attributed to
fast neutron damage were observed between the HIPD series and the remaining
experiments, although the HPD series were irradiated in an in-core position .
and had a fast neutron flux approximately two orders of magnitude higher
than the DY and Pluto Loop irradiations. In pyrocarbon coatings irradiated
as in this programme fast neutron damage does noty therefore, appear fto he
a major factor in determining the ﬂnteerty of a particle,

Fast neutron irradiation of SiC has shown that isotropic expansion of o
the order of 1% occurs after an integrated fast neutron dose of 4.6 x 1020 n /e
at 150°c [26]. As yot, no higher bemﬁerature data is known, but it would be
expected that the changes would be far smaller at the femperatures of
interest in an HTR. t seems likely that this will not be a major problem,
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though full term bhurn-up tests on the triplex tyne of coating are necessary
1o ensure that differential changes between SiC and pyrocarbon will -not
cause excessive siresses.

 SUMMARY AND CONCLUSTCIS

(1)' The function of a-coating around a fuel kernel is to contain as much -

- of the fission product activity as possgible. Fission gas release from
lightly irradiated particles is normally very low and arises from three
sources: fuel contamination in the outer few microns of the coating,
diffusion of fission products through the coating, and particles with
cracked coatings. A substantial increase in release rate during irradiation
is deemed to constitute failure and will occur if the coating is fractured,
or if the fuel has nigrated to within fission fragment recoil distance
(~ 20B) of the outer surface either by diffusion or by 'spearhead' attack.

Most of the fuel kernels tested in this programme were sintered and of
fairly high vporosity in contrast to the U.S. approach which was to use hig
density melted kerneéls.  Apart from possible cost advantage, sintered :
particles provide o means whereby sufficient voidage can be provided to
accommodate both the fuel swelling due to solid fission products and the
pressure exerted by the release of the gaseous fission products, which in
the most pessimistic case was assumed io be 1000, ¥No serious disadvantages
“to the approach have been revealed and the marked densgification that
occurred in the UC, kernels at irradiation temperatures as low as 800°¢
appeared to gzive the advantazes of both apvroaches. Very low failure rates
have been obtained at burn-ups of up to 8% fima and irradiation temperatures
up to 130000 using sintered UC, kernels coated with a double laminar pyro-
carbon coat, :

A gualitative correlation between fission gas release and the number of
failed particles observed has been obtained in all except the Pluto Loop ITTA
test. This appears to show that, even in particles with failed coatings,

the UCp retained ~99% of its fission product gases and at the same time was
remarkably swelling resistant, Thig behaviour is contrary to U.S. experience, -
and the differences have not been resolved. It was also shown that out of

pile annealing 'transisnts' fo 180000, 1eQey 600°C above the normal in=-pile
operational temperature, caused neither cracking of intact particles noxr
further release of fission gzas.

In addition to undiluted UCso, (zr,U)C, specifically designed for the
Dragon reactor, and (Th,U)Co fuels have been tested in both melted and
sintered forms. Neither the sintered (Zr,U)C nor (Th,U)C, kernels appear
~to densify as markedly as UC, under irradiation, even at temperatures of
170000. (Zr,U)C kernels can apparently withstand higher operational
temperatures than UCo, without marked diffusion of the fuel into the coating
occurring. Melted, polyerystalline (Zr,U)C kernels appear essentially
unchanged by irradiation. The melted (Th,U)Cg kernels, which were mono-
crystals, either cracked which resulted in cracks also cccurring in-the
coating, or appeared to undergo a plase transformation. Neither of the
alloyed kernels have yet been tested to such high burn~ups as UCy, and
hence a complete comparison cannot be made. ' -

The outstanding advantaze of 3iC over pyrocarbon as a coating material
is its superior retention of bharium, strontium and caesium. Tt has besn
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teeted ag the "meat” in a triplex pyrocarhon/silicom carbide/pyrocarbom
sandwich coating. Thesc coatings have not yet been tested in conjunction
with stch high burn-up particles as pyrocarbon alone, dit excellent results
have been obtained so far using them in conjunction with hoth sintered and
polycrystalline melted kernels. Radiochemical analyses for the solid
fission product release in these tests are not yet complete. In particies
where the inner pyrocarbon layer was very thinsdirect ficsion recoil did
not appear to damage the silicon carbide.

(6) Spearhead attack, the formatlon of characteristic V-uhaned crachs
extending radially outwards into the first 20-254 of the prrocavbhon soatinmg,
is observed in nearly all particles. This fission fracment bombarded layer
was optically active under polarised light in contrast to the adjacent
urdanaged coating. It is tentatively postulated that svearhead attack
rosults from the shrinkage of the low density pyrocarbon, the fission
frocment bombardment cousing ordering or perhaps graphitisation of the pyro-
carbon. Failure of a coating normally occurs through the outward growth of
gnearhead attack or cracks assgociated with 1t. The cause of thig growth is
not clear and there may be more than one phenomenon overatins. TFffects
apparently resulbting from both internal pressure and internal corrosion
which might be either gaseous or associated with fission preducts have been
obgerved, Dxternal corrogion, probably from water vapour, has also been
responsible for some failures. '

(1) Spearhead attack has often been observed to have been halted by
definite interruvtions between two laminar pyrocarbon coatings, A test
incorporating a pseudo-interrupted inner laminar coat with either a laminar
or columnar outer coating emphasised that thesc interruptions can be
effective thoush there are some, as yet, unexplained failures. A
combination of this modified laminar inner coat with a columnar type outer
coat deposited at 1800°C gave consistently good results.
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Danish AFK, Riso , Irradiations.
- BeGeAE. Seibersorf : Pre-irradiation éssessments;
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Details of Pyrocarbon Coated UC

2

Table 4

Particles for P1, DY and NMPD2 Charges

Charge

Pluto Pi

Dido DY and HFPD2

Kernel Fabricstion

Prepared from UO2 using
Williams [27] process

U02 gpherolds reacted at

1400°C, followed by

1 Turther sintering at

1600°C, ‘Density ~T0%

Prepared from U02 using Willisme [27] process U02 spheroids
reacted at 150000, Density ~70% theoreticsl

theoretical
Coating Details [28]
Bateh No, HT 46 ar 69 HT 70
Av, Kernel dis. {u) 1 290 190 188
I Coating Conditions
Stage g Pre~coat
Tomp. °C o 1500~1830 1450-1650 1450-1650
Main ocoat temp. . © 1830 1650 . 1650
Coating thickness - (p) | 42 25 28
Stage 2 Main coat
Tempa 0 1850 1650 1650
Conting thickness - (p) | 25 37 36
Av, Totsl goating
thickness {e) | 69 62 64
Type of pyrocarbon Laminar Leminer Laminar
Pre=Irrad, Testing
Fraction core €
leached 8.3 x 10 W,D. ¥.D.
a-essy, Saoible 3.7 x 1072 1.8 x 107 2.7 x 107
I Light Irrad. Data -4 -6
4 Cumulative fractionsal 6 h 4.4 x 10 6 6h2.7x10 N
reloage of Xe-133 on 24 h 7.3 x 107, 24 h 3.8 % ‘IO_'5 24 h 7.5 x 10 ¢
annealing at 1500°C 48 b 1.1 x 1072 48 1 2.8 x 1077 48n 9 x 107
721 1,4 x 107 72 b 6.3 x 1077, 7209 x 107
100 h 8,5 x 107 100 h 9 x 107
Trradiation Capsule DY 1 and 2
Identification ™ DY 3~10 HPD? Compacts 1-6
Irradiation Conditions Capsules Capsules
hverage Irredistion 3,41 5,6 | 7,8 ] 9,70 | DY 1.2 | wuPp2/3A | HPD2/5A
Temp. g 8500 1300 925 1275 1000 1250 1300-1500 1250=1450
Burn-up % Pima 9 7.3 1 6.6 4.3 3.3 Tod 7.5 .
%Fifa 9 Te3 6-6 403 3.3 701 705 6'5
No. of days full power 144 43 43 20 20
No. of major thermel
1 oyoles 47 6 6
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Table 5

Details of Particles i

n TPDA Chares

eDa Data (Th,0)C,  ™h/U-235 = 5 | (30,U)C wdeee = 5
» materials UC? + ™ + C “rC 4+ U + C
chmment of 1 ?33) Tom3L,0n 92,73
fxcons Cnrbo? 0,2 stoichiometric
. . s ) o
Sintoring conditions ~ 200070 120076
- A h 1 h
- Tacuum Argon
in plasna are ifo Yes Tes
(#/003) ~ "hooretical 2,09 2,59 a.05
- X 9.3 9.5 7.6
- 5 a 7.3
e, lines e, lines Z2rC lines

2

CLIRE Solution)

Goating

Details

Yerunl dianater (p,
Batch nunmber

2ud Dlaso
e s i

nyracarbon,

1400
A1
sic (B)

1700

)
e

FTrOcaThOMN,

+251 =353
c142

1340-1600
o2

laminar

1640

I

“

sic (B)

1720
30
laminar

A
14

Pro~
Irradiation
Testing

fraction of core leached

. . 3 k3 Pt A

Frachion of core visible {1) C
{a—asey)

\

-
R . . 3
Donsity of Coated pavticles (;v;/cm‘)
Ura m of Coatecd Particles

(.

Gontonth

GuAh x 10

3 -

0,06 x 1077

not 1eache§
0,5 x 1072
Ao(12

AT
<ile

Fovanarcst
Compacts

hod
e
3
nositod
Y PR O
0080

)

impro

T~ Ao
PyLoae

12 h at

3 compacts

6 compacts of
this batch,
evenly

3} compacts,
distributed in
Boxes 1, 3, 5

from Bonzene e distributed
through the
rig (one in
each box)
VATTGS COVPACTS VXATIYTD
=0
Teradiation o 132y0u\ arnealed
Conditiong Temperature ( C) 100 135000
Burn-up § fima 5 1400°CY)  annealed

o fifa

Wo. of days full powen
No. of major thermal
cycles

1400%¢
1375°¢)
)

19259¢)  annenled




Details of Pyrocarbon Costed (ﬁf,vﬁﬁ Particles Trradisted in HPDS

s - P ik o

Prepared from bafnium free Zr0 and UC powders 5 vol.'%
, exceis ecoarbon added, Spheres. sintered at 2000°C for
Kernel Fabrication A hin vaouo. o
Tensity (in zylens) 7.06 g/cm3 Av, closed porosity 4.8% -
(in He) 5.24 g/em” Av. total porosity 35.0% '

’ Coatine Details

Kerrel diameter {u) 251295
1st stsge Coating temp, g 1660
Total thickness (w) 20425

¢ actually consists of Tive steps, the
periisl pressure of methane being dropped efter 25, 20,
10, 20 and 10 minvte dintervals to produce interrupted
leminer costing

Type of ceating

Znd stags

Batch Fo, o G200 £zo1 0202 €203
Coating temp. ~C ‘ 1800 1600 1600 1450
Thickness () %7 50 40 85
Coating structurs Columnar Columner Laminaxr Leninar
Total costing thickness  {p) 75 72 62 17
Pre-Irradiation Tosting

Praction of core lesched - - 6,7 x 10—4 8.0 x 10-5

Ginew U wigible
Y T in core

Light drradiation dota - - - -
sumalative Tractionel
relossge of Xe=133 5.5 x 10_; 5.5 x 10"$ g
5.3 = 107 7.7 x 107 -7
.4 % 10”% 9,4 % 10:2 §<5 x 10
7.9 % 10 1.2 x 10
1.5 x 107 )
Practional relerne st end
of test of other fisgion
producte - test time h 220 - 144 _, 150 o 240 -3
Ba~140 4.1 x 10 4.3 x 1Q~§ 2.9 x 10“3 1.1 % 10__.4
T=131 9.2 x 10 3 3.1 x 103 6s3 x 103 6.5 x 10_4
5.9 x 107 5.9 = 10 - 1.6 = 107 5.4 x 10

Oge=137

Compact Details Cherrse contained 2 capsules of each type

Irradiation Corditions

. P s o )
Aversge irvrsdistion temp. O Renge covered 1350-17507C

Burn=up o Fima 2,02, 7
ol 7ife, 1216
Ho. of days &t full power AOD -

Hoe of major thermal cycles




Table §

Details of Particle

in HPDA Charce

HPD4

Pre~Trradiation ard Irradiation Data

{th,u)0, Th =235 = 5%

(zr,u)C -—-3—: =5

Ternel

Storting materi:

UC, + T™h o+ C
<

0+ U+ C

fabrication | Unrichment of (=l 235) 73,07 92,73
Tzcons Carho§ 0,27 stoichiometric
g o P 1 ~ Inte I o} (ot (“)(‘
interins conditions 200070 19007 C
A h 1 h
Se Vacuum Argon
arc e Yes Yes
hooretical .09 2,80 .05
- 9-3 0-5 706'
- 5 a 7.3
Koy analysig ’i‘hC2 lines mh\? lines lines
- (@01id Solubion)
Coat Vernel diameter (p) 4251 =460 +251 =353

Eetailé

Batch number o
sorature (V0)

1t Shase Thiclness 4§13
LK)
. o
Temne 0 ( (3\
2nd _Htare ™ichnogs { u\

T

o106
1350~1560

nyrocarhon,

1400
60 41
3¢ (B) sic {B)

¢142
1340-1600
22
laminar

1640

3
res

sic (B)

Pomneratbure 1000 1700 1720
Thiclhess A 32 30
pe Dyrocarhon, laminar
Total Thichiess (@) 109 a1 74
Practi of cere leached 1.72 = 107 GaAh x 1077 not leached
. N 3 7 N T fad by
Pre Fraction of core visible {1) 0,06 x 10 0.06 x 1077 0.5 x 1072
e e (a=nua
Irradiation (a-ns0y)
Tegtin . .
£ Density of Coatoed poarticles (g/cmB) 3,10 342 AL02
Uranium Content of Coated Particles
("Y <y S 10,8 oo
Slie sy s ) Y [N

o e
Trom
-
JaRaLS]
Py de

at

Fabricated
ite vnowd
a

L owith
12 h

Comnact

V”ow Denzens

6 compacts of
this batch,
evenly
distributed
through the
riz (one in
each box)

3 compacts

3 compacts,
digtributed in
Boxes 1, 3, 5

Temperature (°0)
Burn~up f fima
o fifa

Wo., of days full powerx

No. of major thermal

cycles

DATIOS
DATIGHS

COMTPARTS

BXANINTD

3“'0 Y arnealed
1350 c§
140“ C) anrealed
1Aﬁ0 g
¢)
250c]

137) 1%

annenled




Kernel PFabrication

s O s s

rmxﬂleﬂ Trradiated in HPDS

viun free ZrC and UC powders 5 vol, %
Spheres mintered at 20009C for

Prevared 1
arcess ¢
Aohidn
Density (wn xylene) 7.06 f/bm Av. closed porosity 4.,8%
(in Lb) 5,24 ofon” Av. total porosity 35.0%

ggatinﬁ Details

¥ernel diameter (1)
15t stage Coating temp. 0
Total thickness - {w)
Typs of coating

2nd~st§§g
Baftch Ho. o
Coating temp. 0

251295
1600
20=25
Thig fivel atezoe eotunlly consists of five steps, the
pryrtial pressure ol methane %e]nﬁ dropped. after 25, 20,
19,020 ond 10 minmste dntervals to produce interrupted
leminay. conting

0R00 (etey ] 1202
1800 1600 1600

€203
1450

: 4

Thickness
Goating structure
Total costing thickness

(i)
{u)

53
Columnar

75

50
Columnary
72

40
Laminar

62

95
Leminar
117

Pre-Irradiation Tosting

Praction of core leached

Gnas U visible

Y §Tin core
Light drradistion dats
cumalative fractionel

ralonge. of

Peaetional
of “test of

Xe=1173

raleane ot end
other 1

% 1072

products - fest i
Ba=140

T=131

Cs=137

1

5
x
%
x

2.9
543
1"/

0

1073
-3
1

Compact Details

Cherpe contained 3 copgules of each typse

ITrradiation: Corditions

Average irvradistion tenp. %
Burn=up % Pima

% Pife
Hoo ot days st full power
Bo. of major thermsl cycles

Re nge covered 1350~1750 e
2 O-Zu 7
12«16
40
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Table T

Details of Pyrocarbon Coated UCo Particles Irradiated in Pluto Loop Charge IITA

¥ernel Fabrication

Prepared from UO2 using Williams process.

Reacted at 1400°C for 3 h to produce spheroids of density 5.5 g/cc

Coating Details
Batch Yo. cz29 c27 028 c29 Cc30 31 32
¥ernel Diameter 178=230 128173 128-1783 128-178 173-250 128-173 128-178
Coating Conditions
Staze 1 Temd. ¢ 1300 1300 1350 1350 1350 1350 1350
22382 Dime m 10 29 20 20 20 20 20
Stame 2 Temme °C 1550 1670 1600 1600 1600 1600- 1600
228282 mipe 20 60 40 52 30 60 50
Staze 3 Tenp. e 1400 1400 1400 1400 1430 1430
=== Time =n 25 40 40 | 100 50 45
Average Coating Thickness (g) 153 44 61,5 54.5 55 78 77.5
Weight of UC2 particles in charge g 5.0 10.52 1.2 10.39 T.73 9.22 5.27
Pre-Irradiation Testing
Traction of core lesached T.5 x 10’3-9.4 b4 10_3
a-a g8y .
Light Irradiation Data 0.2% of coreov1sible -4
Cumilative fractional release of 20 h at TOOOOC 0.31 x 10_&
Xe=133 on annealing 40 1 at 150006 2.2 x 10-4

60 h at 150000 2.7 = 10_4

80 h at 1500°C 3.4 x 10_4

92 h at 1500°C 3.6 x 10

Compact Details Compnacted intc matrix using mixbture of fine graphite powder and binder.
Imoregnated with pyrocarbon for 18 n 350-3307¢
Trradiation Conditions Range in Loop Insert 2 Insert 5 Insert 9
Average Irradiation Temp. °a T20-1200 800 100 1150
Burn-up % Fima T7-14 8 12 14
o wifa T-14 8 12 14

No. of days at full power 83*
¥o. of major thermal cycles 20

. R
8 transients cycled in fast reactor cycle to produce temperatures in

o} : :
fuel 2007C higher than normal operating temperature.



Table 8

fooay S EL TR ¢
Detnils of Particles in Studsvile T Charre

. i B Y ; i)
Stndarir T Toons Peo-Trradiaticn and Trradisbtisn Data [Th,1)C, e = 0455 (nominal = 10)

275
oiiamisi g
(1) U 4 e e, {sintering 3 W 4in vaouo. 1500203

Starting materiale
(2) UG, + Th+ €

- Uranium enpiehnent (U=2350)

i smemnarahnre 2000°¢
Sintering Conditions (Tinme Ak
(Atmesrhors Vaeumn (10”3 mm He )
Yeorvel
Tabrication o Compoaition of ETh@eretical SR
Sinterel Partiolaa Txporimental {ares) U

7

= 8,877 Thie 810597 0= 0,597 U/Th = 04086
= B,3000 T e B1,0370 Com 100660 U/Th = 01025

Medlting dn-plasme are

Deusity (g/om>) = sThaoretical 9,76 9,76
Xylons 8.0 : G,2

N¥wray analyaigh Thcz Tines + faint ThOz Tines

Kernel diameter (@) ~35% 1257 422 425
- Batch Number oa3 coe

Temperaturs (OC 1340 1380
1ab Stave Thickross (i 155 9
Type pyrocarbon : Tominar

Coating Temparatnure (002 1600 : 1600
Dotails 2nd Stare Thicknoss (n) 76 - 54
Typo ~ s10.(8) s10 (g

3rd Sﬁéﬁe < Temperaturs (Oﬁg 1700 ) 1700

Thickneos (1t 40 LA
Type pyrocarhon laminar

Tatal Thicknesa {p) 121 ‘ 113

| Trnetion of sorve visible (d-asay.) 3.0% 10—5 TiAx 1070

Dengity of Conted pariicles 3,33 3041

: X & ah Yy s M ¢ ot A
Prootrenddatlan Udanium content of conted particles (Wi, 7)) 4421 A Y

‘Testiﬁﬂ’ Grushing atvength (o) ; 2100 2630

Lizht Tractional relense of

Trradiation  Xe-133 st 1500%C . .

Data, = after 27 h Biw 10T 3.6 % 1077
~ aPter 200 h , 1z 107h

Compnot Dotails Same procedure . ag for HIDA Two compacts vontaining The four compachs
' i ‘L thewe particles were in | contatning meltsd

Loop A particles were in

Leops Brand 0

Loop. 4 Joop B Loop .G

7 . (o Helim : 200=1000 OFO=1000 850930
Pomperature (70) g 810=1150 1200-1270 9501100

wap 7 Tima : 2 1,1 ] 1.6
Irradiation B £ Tone 1e2 o i
g b : 3 @
Gondd tions oo of days a% full power 37 37
Tng of major thormal eyoles o T 7 14 7 14
Avorage thermal finz (n/s/cm ) 0:75 107 1,07 5 10
Compnote examined microgcopically . B? C1




DY3; TUnirradiated Particle

(%250)

Pig., 2

PL IIT4/2;

Typical Perticle

(x250)



Fig. 3 DYTy Typical Particle

PI, TITA/5; Typicsl Particle




g

ig. 5 PL IIIA/1s Details of Structure of Kernel (7570)
and Spearhead Attack

Pig., 5 PL IIIL/2; Structure of Yernel (710000




Fig, 7 PL IITA/73 Large

Ditfusion of Puel dnto Coating
hes a low density and hag an
of graphite alt its cenire




Fig, 9 HPD2/3s Diffusion of Fuel and Coating (x250)

Fig, 10 PL IIIA/B; Details of Fine Precipitate (x250)
] in Carbide Phese
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Structure of Un~Recrystallised kernel (x350)

BPD4 /243

13

Fig.

(x150)

Typical Particle




Unirradiated, showing D%ffusion of Fuel
through Coating at 2200°C

PL TITA/7; Diffusion Zone Ixtending 5Sp




Fig., 17a DY13; Diffusion of Puel into Coating (x250)

Pig, 17b DY1; As Fig. 172 under Polarised Light (x250)




Fig. 18 PL IIIA/9; Severe Lamination of Coating (x250)
caused by External Corrosion

Cheracteristic Shape of Spearhead
Attack




Fig. 20

Fig. 21

DYTs

P1s

Spearhead Attack and Swelling of
Kernel into Voids

Microradiograph showing Spearhead Attack

(%x250)

(X150)
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Coatings Troctured by Wide Badial Cracks (XT 54)




Fig. 31 HPD4/3B; Intact Kernel, Cracks in SiC Often Correspond with
Tips of Spearheads in Inner PyC Layer (x200)
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FIG.32 PLOT OF RATIO OF RELEASE TO BIRTH RATE (Rfp)
VERSUS HALF F FISSION GASES IN STUDSVIK I




