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THE IRRABIATIOU BEHAVIOUH OP COATED PARTICLE FUEL
by

*J. B. SAYERS 
*K. S. B. ROSE 
**J. II. COOBS 

P. HAUSER
*'* ** *** G. 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 14$ of initial 
metal atoms.

In the higher burn-up range, covering up to 14$ of initial metal atoms 
(2 x 10^' fission/cm^), all the particles had fully enriched sintered "UC2" 
kernels with porosities in the range 30-50$. They were coated with two or three 
distinct pyrocarbon coatings, and tested both in compact form and as unsupported 
particles. The results show that this type of particle can withstand a burn-up 
of 8$ 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 attributed to an advanced form of "spearhead" attack, there is also some 
evidence to suggest that this had been aggravated by external corrosive effects.

In the lower burn-up range, up to 2.6$ of initial metal atoms 
(3 x 1Cr -1o21 fission/cm^ depending on kernel type and density), both sintered 
and melted (ThjITjOp, and melted (Zr,TJ)C particles coated with a triplex pyrocarbon 
coat have been irradiated at temperatures up to 1400UC only in compact form. 
Sintered (Zr,U)C particles c(oated with various types of pyrocarbon coatings have 
been irradiated similarly at temperatures up to 170O°C. The melted (ThjtflCg 
kernels cracked under irradiation causing stress cracking in all 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, b\rt metallographic examination showed them to be 
polycrystalline and less dense than the thorium containing kernels. ITo diffusion 
of the sintered (Zr,U)C into the pyrocarbon coating was observed,in spite of the 
high irradiation temperatures.

Only tentative comparisons between pyrocarbon and composite pyrocarbon-SiC 
as coatings, or UO2 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 detailJ-

(1) Thfe occurrence of a low temperature sintering phenomenon
attributable to irradiation.

^Metallurgy Division, A.E.R.E., Harwell
**0ak Ridge Rational Laboratory, attached to Dragon Project
***Dragon Project
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The so-called "spearhead" attack in pyrocarbon which is tentatively
ascribed to fission fragment recoil damage causing ordering and 
possibly graph!tisation 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*
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THE IBB1DIATI0N BEHAYIOUR OP COATED PARTICLE FUEL
by

*J. B. SAYERS 
*K. S. B. ROSE 
J. H. COOBS 

®* ** ***G. P. HAUSER 
***C. VIVAIJT2

HTRODUOTIOII

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 [l] in 1960 that alumina coated particles of UO2 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 Symposium 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 post-irradiation annealing of lightly irradiated material, 
since the question of which were the most important parameters involved in the 
retention of particle integrity to high burn-ups was largely a matter of 
intuitive guesses.

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)G2 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? 43 at lower temperatures than those of interest to 
high temperature gas cooled reactors, of., 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 phenomena. Hence, although certain technological questions can now be 
answered, these experiments have posed at least as many new questions on the 
mechanisms which lead to failure in a coated particle, and many of the 
tentative explanations put forward require additional definitive experiments to 
substantiate them.

Metallurgy Division, A.E.R.E., Harwell
** Oak Ridge National Laboratory, attached to Dragon Project

*** Dragon Project
- 7 -



2» TYPES OP FUEL PARTICLES TESTED IN THIS PROGRAMME
The Dragon Project has a dual objective of both developing a fuel for a 

large power reactor and, more immediately, to produce a fuel charge for the 
reactor experiment at Winfrith. In a power reactor the fissile to fertile 
ratio will be in the range 1*10 to,1|20, but criticality would not be achieved 
using these ratios because of the small size of the Dragon reactor corej 
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 UCg, 
tests have been performed with both (Th,U)C2 and (Zr,TJ)C fuel kernels.

Most of these fuel kernels have been coated with varying forms of pyrocarbon. 
Tests have also been carried out'with particles having a triplex coating, i.e., a 
SiC coating sandwiched between two pyrocarbon layers, as it has been shown in 
light irradiation tests that the barium and strontium release through silicon 
carbide is markedly lower than pyrocarbon [73® Contrary to most of the U.S. 
work the majority of the kernels have been of the sintered type. The ideal fuel 
kernel is probably a fused one, so that diffusional release of fission products 
is minimised, but with sufficient voidage around it to permit it to swell without 
stressing the coating. As such a particle is difficult to fabricate the next choice 
seemed to be a porous particle, because although the fission gas release from 
the fuel is likely to be higher, there is sufficient built-in voidage to 
accommodate solid fission product swelling. This principle had already been 
demonstrated in UO2 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 accommodate the expansion expected 
after 10^ burn-up of all atoms at 1500°C. 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 various 
experiments are given in Tables 4-8.
2.1 Pre-Irradiation Evaluation of Particles

The procedures adopted are mainly standard practice and include{-
1. Visual inspection.
2. Metallography.
3. a-counting for surface and near surface contamination.
4. Acid leaching.
5. Density measurements on both kernel and coated particle.
6. Microradiography.
7. X-ray powder and chemical analysis.
8. Xenon emission.

I
- 8 -



9* High temperature treatments followed by repeat of (3) and (4)*

10® Crushing strength®

2.2 Types of Irradiation Testa
Although most of the tests described in thi/* 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 ASEE P1 and DY irradiations were carried out on unsupported 
particles located in small diameter holes drilled longitudinally in a block 
of graphite surrounding a central thermocouple. Individual capsules were 
used to permit post-irradiation measurements of fission gas release.
Standard AEH3 light water cooled rigs for 4^ holes {1C)J were used for the 
irradiations.

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

The HPD (high tjower density) rigs were developed for the initial 
irradiation evaluation of different types of particle. All the fuel 
particles in HPD2-4 were incorporated into twelve compacts,
0.4 in. dia. x O.p in. in length. Modifications have now been made (HPD5 and 
following) to irradiate some unsupported particles in addition. As all the 
compacts are contained in one capsule no gas release data can be obtained 
if any variables are included. The rigs are irradiated in an in-core 
position in the Bis/ reactor.

The Pluto loop is capable of irradiating a 3 ft length of a Dragon 
fuel element under realistic conditions of rating, temperature and coolant- 
flow. Eighteen full size Dragon 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 
measurement 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.

FISSION PRODUCT RELEASE RESULTS

Post—irradiation fission product 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, AFIRE® In-pile fission gas release data are available for 
Pluto Loop IIIA and Studsvik I charges, brief summaries of which are included in 
this report so that comparisons with microscopic observations can be made. .
Work is still 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 elsewhere.



Ta'ble 1

Summry of Fi^el Charge Details

Details of Fuel Fabrication, Coating, Pre-Irradiation Assessment, and Irradiation Conditions are Given for the Various Charges in Tables 4-3.

Charge Kernel Type
Theoretical
Density

£
Coating Type

Irradiation-
Temperature

°C

Burn-up
Objective of Ixperimeut

> FIFA* f fhia* Fission/fuel
kernel

PI
BY

SEB2

Sintered GC^
Sintered UC^

Sintered ^ 
o 

o Laminar PyC 2 stage
Laminar PyC 2 stage

Laminar PyC 2 stage

300
920-1320

1250-1500

O

3.1-7.3

6.5-7.5

9
3.1-7.3

6.5-7.5

1.3 X 1021
or,

5.7 2 iokt°
1.35 z 10i1 

1.20-1.40 x 1021

Initial high burn-up tests on 
ASEE fabricated particles; to 
investigate the temperature 
dependence and mechanisms of 
failure.

HPB4 Sintered 5i1 (Th,TJ)C2 
Melted 5t1 (Th,tr)C2 
Melted 5*1 (Zr,U)C

50 ^
30+>
94 J Laminar PyC/SiC/iaminar PyC 1150-1400 12-16 2-2.7

( 3 x 1020
< 4.3 x 1020
( 1 x 1021

Radiation behaviour of 
triplex coatings. Comparison 
of sintered versus melted 
particles.

HFB5 Sintered 5si (Zr,TT)C S5 1st Coating interrupted 
laminar
2nd Coating
Types 1 and 2 - Columnar

3 and 4 - Laminar

1200-1750 12-16 2-2.7 7 x 1020 Effect of coating variables 
and temperature on one typo 
of kernel.

Pluto Loop IIIA 
(PL)

Sintered 00^ 50 Laminar PyC 2/3 stages 700-1200 7-14 7-14 ? x 1020 
to p.

1.8 x 1021

Initial Pluto Loop test on 
coated particles fabricated by 
Dragon. Very high burn-ups.

Studsvik I Sintered 10t1 (Th,IJ)C2 
Melted 10s1 (Tii,0)C2

32
94

Laminar PyC/SiC/Laminar PyC 800-1270 13 1.6 2.9 x 1020
3.4 x 1020

Complementary to HPD4» Study 
fission product release from 
triplex coatings with fairly 
realistic (Th,U)C2 kernels. 
Comparison also melted versus 
sintered kernels.

*fo Fife = <fo fissions per initial fissile atom 

fv Fima = f> fissions per initial metal atom.



(a) Post-irradiation Measurements for Cansule Tests

Temperature
°C

Burn-up
< Fima

Fractional Release
Kr-85*

DY1 1250 ■ 7.1 1 x 10~4
3 1300 7.3 2 x 10-5

5 925 6.6 2 x 10“5

7 1275 4*3 5 x 10
Qs 1000 3.3 -

-6♦Limit of accuracy is low for the lower releases| 5 z 10 represents lower
limit.

(D) In-pile Gas Release from Pluto IIIA

release rateFractional release birth rate

Kr-87
78m

ICr-88
2.77 h

Kr-85m
4.4 h

Xe-135 
°.2 h

Xe-133
5.2? d

At start-up 2.7 x 10“4 2.3 x 10“4 9.2 x 10“5 2.7 x 10~4

Final 3.4 x 10"4 4.5 x 10"4 2.2 x 10"4 1.7 x 10'4 4.2 x 10"3

(c) In-pile Gas Release from Studsvik 1
RA series of plots of average g 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 G represent a true indication of 
the properties of these particles. For comparison the data obtained by 
OML [13] from duplex pyrocarbon coated particles irradiated at 800°C to a 
hum-up of 15/o are plotted.

4. RESULTS OF MICROSCOPIC EXAMINATION
4.1 Fuel Kernels

4.1.1 UC£ Kernels
Fully enriched, sintered UC2 kernels were used as fuel for the 

F1, DY, HPD2 and Pluto Loop IIIA charges. Irradiation conditions 
covered the temperature range 700-1500 C and hum-up in the range 
3-14/- -Fima.

- 11



4.1.1.1 Phase8 in Fuel Kernel
The fuel kernels, as fabricated, consisted of UC2 with 

a small amount of UC. Those of the DY series in addition
contained small amounts of discrete graphite particles.
During the initial coating stages some pyrocarhon was 
deposited within the pores and as a thin surface layer on 
the kernels (Pig. 1).

Three distinct types of phase distribution were 
observed after irradiation

(i) The majority of the kernels, irrespective
of irradiation temnerature in range 300-1300OC, 
via., PI and PL IIIA/2 (800°C), DY3 (130060)
DYT (1275°C) and PL IIIA/? (1150°C), consisted 
of a white carbide matrix containing a dispersed 
vrey phase which v/as also present as a continuous 
surface layer (Pig. 2, 3 and 6). The grey phase 
was not attacked by the normal carbide etchant

IIlIO^ilIAciI^o) and showed elastic behaviour 
when subjected to nicrohardnoss tests. This 
behaviour supyrcsts that the grey phase is a forsft 
of carbon. In all cases densification has 
occurred, but whilst in the low temperature 
irradiated kernels (PI and PL IIIA/2) no 
voidage existed within the kernel, at higher 
temperatures some voidage was present within the 
carbon phase (described in next section) *

(ii) A ranch coarser distribution of carbon was
found in PL IIIA/5 (l000°C) and PL IIIA/I (700°C), 
having appeared to have nucleated on the sites of 
cracks or large pores present in the original 
kernel (Figs. 4? 5 and 10).

(iii) The solo exceptions to this total re­
distribution of carbon were a small proportion 
of the particles from capsules DY1 and 5» where 
contrary to all the other observations, the kernels 
remained unsintered and some of the original 

• discrete graphite particles present in the 
unirradiated material were still observable.

In summary, no pattern of temperature and/or burn-up 
effects with the phase distribution present in irradiated 
fuel kernels has been obtained.

The carbide phase in PL IIIA/5 was sufficiently coarse 
to obtain an estimate of the microhardness as 740 ±40 DOT 
(of♦, TTC (as cast) 700 DOT and UC2 (as cast) 500 DOT [14])# 
Overall carbide plus carbon microhardness measurements on 
fuel kernels frora the ho. 2 and 9 compacts were 400 and'
300 DPl-f respectively. The response of the carbide phase to

12



the nitric/acetic acid etchant showed that the particles 
irradiated at 700-90G°C darkened in two minutes while all 
the others darkened in about twenty seconds,. This etch 
when used on unirradiated fuel darkens the UC after twenty 
seconds and the ¥62 after 1-2 minutes* This suggests, but 
does not prove, that the IJCJ2 baa transformed to either 
U2C3 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 3-14^, on the etching characteristics of the 
carbides^

On the other hand, preliminary results from X-ray 
diffraction measurements on particles from the DY7 capsule 
have shown that both UCg an^ UC are still present.

4*1*1*2 Sintering and Swelling
The most obvious effect observed in the majority of 

irradiated UC2 kernels is the virtual absence of porosity 
within them compared with the as-fabricated kernels which 
contained upwards of 3Q^> porosity (of., Fig. 1 with Fig. 2). 
Densification occurs over the Whole temperature range 
covered by these tests, but it is most pronounced at the 
lower temperature, i.e., 700“800°0 (PI and PL IIIA/2). The 
microstructure shows a fine dispersion 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 
(XI00), but at higher magnifications (X1000) the carbide 
phase is seen to be dense and the porosity present occurs 
within the carbon phase. This is a general observation with 
these 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 
observed to have contracted away from the outer coating, the 
fuel kernel is still confined within the inner coating 
(Fig. 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 
later.

That the sintering is in some way irradiation-induced 
was shown by the fact that an out-of-pile anneal of some DY 
particles in the temperature range 1150-1350°^ for the full 
irradiation period of 40 days caused no microstructural change.

- 13 -
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-------
:

. -fwo e^iftions to this fora of 'behaviour have "been 
©1sserve<tt-*' ■ • .

(a)
cf ^ssi.srsrs
appreciably. In all oases where this occurred 
there was pronounced diffusion ©f the fuel phase 
■into the coating (Pig. 8)®

‘

0») Particles in 0PD2 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 (Fig. 9) had 
occurred. 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 solid 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 UC2 appears to be able to deform 
readily without cracking.

It has not been possible, however, to establish any 
idea of the volume increases produced because of the 
sintering 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 
2>fo of total metal atoms and at temperatures as low as 800°C.

Fission gas bubbles are not normally resolvable 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 electron microscopy.

One exception to the absence of gas bubbles is the P1 
particles. Although no bubbles were observed 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 25*1 in diameter .(Fig® 11). The appearance of 
the coating suggested that failure was due to:excessive , 
internal pressure,'.so it: seems reasonable to postulate that 
the■restraint provided by the coating up to the point of 
failure was sufficient to restrain the gaseous.swelling®

—___________ ,_____—

— 14

.. ____



The P1 particles were irradiated at only QOO°C, and
hence it is likely that the yas retention within the kernel 
was higher than for equivalent particles irradiated at 
hi.rhcr teraperatui’es. In contrast to the P1 hehavioxir no 
such difference in the swelling of failed and intact 
particles has been observed in the other series, even in 
PL ITIA/2.

4.1.2 HerneIs
The melted kernels, propared by plasma arc melting of sintered 

spheroids,shad a coarse striated type of structure and appeared to
ho monocrygtnllire hofore irradiation. Llany of the pil (Th^UjCg 
kernels had become po1ycrystal1ine, however, after irradiation at 
1400°C follower'! by aircalinr at 1500°G for two hours. The re- 
crystallisation anneared to proceed fro® the edges towards the centre 
of the particles and often three sonos were visible (Fig. 12): a
completely rccrystallised, light-coloured outer cone, a dark 
irrewilar jrtornodiate sono, and an inner sono where the original 
structure is still weakly visible* dec ary [11] has suggested that 
the rocrystallisatior nay be due to a phase transformation of ThCg 
beliowod to be reversible and to occur at about 1300'C, but which 
is eve yet well authonticatod. Similar kernels irradiated at 1300 C 
did not transform but retained the unirra&iated structure, and many 
exhibited cracking along the crystallographic planes (Fig. 13).
The crucl-s frequently extended through the particle coating. Similar 
effects were noticed during the coating of these kernels, and -are 
probably caused by the thermal release of stresses locked in the 
kernel during the ranid cooling following melting in the plasma arc*

The results from Studsvik I on melted kernels of 10:1 (Th,Ij)C0
seems to bo at va.rian.ee with those from HPT)/! reported above, since"" 
kernels irradiated at a maximum temperature of only 1100“C had 
connlotolv rocrystallised. Y/hilst it is possible that the change in 
flislJ ratio from. 5:1 to 10:1 together with an increase in free carbon 
in the fuel from 0.2 w/o to 1.0 w/o had affected the transformation 
temperature, it is also possible that the recorded temperatures in 
Studsvik I were in error, reading in fact several hundred degrees low 
in all the capsules, since the platinum sheathed thermocouple'in B 
(nominal temperature 1270°C) had reacted with both the graphite 
matrix and coatings whereas such thermocouples normally withstand 
temperatures of 1500°G for long periods without any reaction occurring.

Both the 5:1 and 10:1 (Th,IT)0p sintered kernels showed little 
change on irradiation at 1375 and 1150 0 respectively, though a 
greater degree of sintering; was observed at the higher temperature 
(Fig. 14).

4.1 .3 (ZyftT)C Kernels

The melted y:1 (Zr,U)C kernels in 1TPD4, although prepared rv 
the same technique as the (Th,U)C2 kernels, were polycrystalline. 
They withstood irradiation at 1400°C without showing any signs of 
cracking (Fig. 31)*
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Similar1,}", the sintered 5*1 (Zr,U)C kernels frem HPD5 showed 
little chan■ :c: after irradiation at a series of temperatures "between
1300-1700°C (FxG£, 27-30).

Coatings and Interactions between Fuel and Coating
4*2.1 Pyrocarbon Coatings '

Two main types of coating have been investigated*-
(a) Double or triple layers of laminar type (P1, DY, HPD2

and Pluto Loop IIIA). Thickness rangel 62~78|i.

(b) An initial layer (25of laminar pyrocarbon containing
interruptions, followed by a thicker layer of either
laminar or columnar type pyrocarbon (HEDh). Thickness
range: 70-115^.

A ounmary of the results with these two types of coating and the 
probable causes of the observed failures is presented in Table 2.
4.2.1.1 Difftioional kffocis

Three apparently different forms of diffusion of fuel 
into the pyrocarbon have been observed. One is a straight™ 
forward phenomenon occurring only at high temperatures 
whilst the others appear to be associated with lower 
temperatures.

Thermal annealing of unirradiated particles will 
produce quite appreciable migration of UO2 fuel into the 
pyrocarbon coating at 2000°C after only three hours, and 
complete penetration at. 2200°C (Fig. 15)* In terras of long 
term in-reactor behaviour, based purely on the out-of-pile 
data, temperatures in excess of 1700-1800°C are likely to 
show evidence of this phenomena® Particles irradiated in 
the PPD3 test showed quite clearly that at temperatures in 
the region of 1900°C, complete penetration of the coating 
occurred. The direction of migration was, however, random 
in contrast to the "amoeba" effect reported by General 
Atomic [16], in which migration toward the higher 
temperature was observed. Post-irradiation annealing at 
18000C for -g h of the PL IIIA/? compact showed local 
evidence of fuel migration into the coating to a depth, of 
~ 5{j (Pig. 1-6). In these high temperature treatments 
counter diffusion of carbon into the fuel is also observed,

A somewhat similar phenomenon was observed in a small 
percentage of the particles in both the DY1 and 5
capsules. This was surprising in view of their low 
operating temper attires, 1. e., 1270° and 920°C. Contrary 
to the normal behaviour, where no diffusion of the fuel 
into the coating had taken place, neither sintering nor 
densification occurred (Fig. 8 and 17a). The diffusion 
zone extended 20-40 (J into the coating and was more uniform 
than the high temperature type. Further major differences
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Table 2
Susmsiy of Failures on Pyrocarbon Coated Particles

PI

Charge Kernel Type Theoretical
Density

Irradiation
Temperature

Bum-up 
% Fima

Coating Type, Deposition 
Temperature and Thickness

Failed Coatings 
(Estimated 
microscopioally)

Probable Cause of Failure

Sintered UC^

% °c %

70 900 9 Laminar 2 stage/1830°c/69 y- 5 Coating fracture due to fuel swelling
and possibly excessive internal 
pressure.

nr 1,2 3,4 5,6
Sintered TC2 70 1250

1300
925

7.1
7.3
6.6

Laminar 2 stage/lo50oc/ 62 (J. 00
1 External corrosion coupled with

diffusion of fuel into coating.

7,8
9,10

BPV2/3A Sintered OCg 70

1275
1000

1300-1500

4.3
3.3
7.5 Laminar 2 stag^,l650°C/62p

00
>50 "'j

M
Pinto Loop XHA-2 Sintered TC„

-5 2
-9

HPD5^2& Sintered 5:1 (Zr,0)C
4B
6b

50

65

1250-1450 6.5
800

1000
1150

8^ 1st stage Laminar/l350°C'l
12 r 2nd stage Laminar/1600°C > 54-77(1 
14 J 3rd stage Laminar/1400°C3

Type C200 1620 

1450 
1310

2-2.6

'1st coat Interrupted laminar/1600°C/20-25 
2nd coat C oluicnar/1800°C/53 P

Spearhead penetration together with 
counter diffusion of coating and 
fuel material. Suspected that 
irradiation temperature was higher 
than estimated by calculation.

Spearhead attack.
Spearhead attack coupled with external 
corrosion.

1A

3A

5A

HFD5/1B

3B

5B

2A
4A
6a

Sintered 5:1 (Sr,U)C 65

Type C201 1300

1660 

1375

Type C202 1300 

1660

1375

Type C203 1620
1450 
1310

2—2.6

^Ist coat Interrupted laminar/l600oC/20-25p 

2nd coat Columnar/l600°C/50n

2-2.6

1st coat Interrupted laiainar/1600°c/20-25 P 

2nd coat Laminaj/l600oC/40p

V

2“2 *0
1st coat Interrupted laminar/1600°C/20-25 
2nd coat Laminar/ 1450°C/95{-*

12

0

75

0 (50/
around edge)

0
90

Brittle radial cracks folio-wing 
spearhead attack to depth of 2G-3Qfi 
into coating#
Some failures in centre of compact 
due to reaction with platinum 
thermocouple.
Spearhead cracks extending 50-75 M* 
into coating.

Some failures in centre of compact 
due to reaction with platinum 
thermocouple.
Tide radial cracks appearance of 
relief of high internal pressure.

0
0

75 Thin hairline cracks in coating 
possibly associated with stress 
and corrosion.



Table 3
Summary of Failures on Triplex X^ocarboVsiC/tyeooarbon Coated Particles

Charge Kernel Type Theoretical
Density

Irradiation
Temperature

Burn-up 
% Fima

Coating Type, Deposition
Temperature and Thickness

Failed Coatings 
{Estimated 

microsoopioally)
probable Cause of Failure

55 °C 55

31j Helted 5:1 (Th,U)G2 80+
1350

1400; Annealed'} 
1500 2 h j

-2.7

-2.7

1st ooat Laminar PyC/l450oC/8^ 
2nd ooat SiC/1600°C/illi
3rd ooat laminar PyC/l700oC/32p

90

10

Brittle cracks, extending through all 
three coating layers, associated with 
severe kernel cracks.
Brittle cracks in SIC coat induced 
attendant cracks in l*yC,

3B Melted 5:1 (Zr»M)C 94 1400 ~2.7
1st ooat Laminar PyC/1450oC/22li 
2nd ooat SiC/l640oC/22p
3rd coat Laminar PyC/1720°C/30fi

0

W Sintered 5:1 (ThjTJjCg 50 1375 ~2.7
1st ooat Laminar PyC/l460°c/8p. • 
2nd coat SiC/l70Q°C/60n
3rd coat Laminar PyC/1800°C/40(1

0

Stuasvik X
A1 Sintered 10:1 (ThjtTjCg 82 900-1150* 1.2

1st ooat Laminar PyC/l340°C/5}i
2nd coat SiC/16G0OG/7^ 0
3rd coat Laminar PyO/l700°C/4-0

0

:} Melted 10:1 (Th,M)C2 94
970-1270*

850-1100*

1.15

1.6

1st ooat Laminar PyC/l380°C/5M 
2nd ooat SiC/16Q0cC/64fi
3rd ooat Laminar PyC/1700°C/44P

0

0

Failure of some particles associated with 
corrosion from platinum thermocouple.

*These temperatoes are thought to be too low#



from the high temperature effect were:-
(1) . Particles of fuel were only resolvable 

under the raicrosoope at the front of tho
diffusion zone. The pyrocarbon through which the 
fuel had passed appeared in a very porous state
(Pig. 8).

(2) There appeared to 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 (Pig. 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 3-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 treatment 
before sealing, no such treatment was given to the HPD2 
compacts, and these are likely to contain moisture ih 
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 failxrre in pyrocarbon-UC2 
particles, the kernels 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 No. 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 hut not to the same degree as 
in the other instances*

4*2.1.2 Spearhead Attack and Shrinkage of Pyrocarbon
"Spearhead attack,'1 vfhich in section normally appears 

as V-shaped voids originating at the fuel coating interface 
and extending into the pyrocarbon, is observed in most of 
the specimens. A •three-dimensional* picture obtained by 
sectioning a particle through the fission fragment recoil 
layer shows that the path formed by the void is not 
circumferential but has a fairly characteristic ’X* shape 
(Fig. 19). "Primary spearheads," regardless of burn-up and 
temperature, are remarkably uniform in their depth of 
attack and normally penetrate 20~25n into the coating 
(Fig. 20), The fission fragment recoil range in fully 
dense graphite is 13.6(a and in pyrocarbon having a density 
of 1.5 g/cm^ it is 20p, Ho correlation has been found 
between the volume of spearhead voidage and temperature, 
burn-up, or temperature of deposition (hence density of 
pyrocarbon), because in the random cross sections taken 
there is too much variation even within a batch of particles 
irradiated under the same conditions.

Coating failures are very often the result of 
continuing growth of the primary spearhead through the 
coating. It was encouraging to find, therefore, that in the 
DY series, apart from the corrosion effects noted previously, 
no failed particles were observed. These particles had a ■ 
double laminar coating, and the spearheads rarely penetrated 
further than a few microns beyond the interface between the 
two layers; 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 contamination; 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 ORIIL particles having a duplex structure of 
the laminar/columnar type tested at OfilTL [1?].

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 technique described by Sharpe [18] ,
(Fig* 21).• ffiicroradiographs also confirmed the shape of 
the spearhead and showed that these were not circumferential 
cracks.

In some particles (BY particularly) the pyrocarbon 
damaged by recoil of fission fragments is clearly visible 
as a darker band when viewed under incident white light 
(Fig. 3). This region under polarised light polarises
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v@tj strongly compared with the remainder of the coating 
which is only weakly responsive (Pigs. 22a and b)f and 
suggests a degree of ordering or possible graphltisation 
in this layer adjacent to the kernel.

In the DY1 and 5 particles in which the diffusion of 
fuel into the kernel was observed, a shell 20fi thick 
immediately outside the diffusion zone responded to 
polarised light in addition to the pyrocarbon through which 
it had passed (Pigs. 17a and b). As noted previously, no 
spearhead attack was present in these particles.

Although the coatings of the Pluto Loop IIIA particles 
were actually composed of 2 or 3 layers, due to variations in 
temperature conditions during coating, these did not produo© 
interruptions in the same sense as in the BY series. In 
nearly all cases failures were due to the growth of the 
primary spearheads until eventually the whole coating was 
penetrated (Fig» 7) though in some cases the effective 
path was reduced by external corrosion thinning the coating. 
The percentage of failed particles ranged from 10^5 for 
compact Ho. 2 to 50/" for Ho. 9*

The HPD5 series was prepared to test further the 
effectiveness of interruptions in the coating in preventing 
the growth of primary spearheads. The first coat for all 
the particles, totalling 20-25and deposited at 1600°C, 
containod three thin layers of laminar pyrocarbon interrupted 
by two thin columnar layers; the interruptions were 
produced by altering the partial pressure of methane in the 
fluidised bod. Pour different types of second coating 
were then applied, viz., columnar coatings deposited at 
1600°C (C201) and 1300°C (0200) and laminar coatings at 
1450°C (0203) and 1600°C (C20?), (Pigs. 23-26).

Microscopic examination of this series has shown that 
only one type of coating failed as a result of growth of 
spearheads, viz., the 1600°C columnar (C201) irradiated at 
1375°C (Pig. 2?). One particular feature was that the 
penetration of the spearheads was less severe at the 
highest irradiation temnerature (1660°C) (Pig. 28). In the 
other three types the interrupted laminar coatings were 
basically successful in that the furthest penetration into 
the outer coating was limited to b|i, and there was no sharp 
tip to the spear which would tend to propagate a crack 
through internal pressure. A large number of failed 
particl’es were, however, observed in both the C202 and C203 
types, in one 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°G respectively.

Since 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 temperatureb, 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)
(Fig® 3)? or a thin layer within it (Fig. 22a) separates 

• from the remainder of the outer coating leaving a gap. 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 where 
the whole of the inner coating apparently contracted intact 
without formation of spearheads, a gap of 5**lO|i has opened up 
between inner and outer coating (Fig. 3)*

Further evidence of the ability of pyrocarbon to deform 
is obtained from the observation that there is a greater 
separation locally between the inner and second layer 
(Fig® 9) adjacent to a spearhead crack which has not quite 
penetrated the inner layer*

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 (Pig. 11). Similar effects 
have been observed by the MI [23] and GRNL [193 workers.

4*2.1.3 Other Cracking Phenomena

(a) Wide Radial Cracks

These occur as wide parallel sided cracks running 
through the whole thickness of the coating (Pig. 29).
One to three such cracks are observed in a cross 
section, usually regularly spaced around the circumference 
Failure must have taken place in a brittle manner sine© 
no local deformation was noted in the adjacent coating 
material. This type of failure was observed in 9^ 
of particles in one compact in HPD5 charge (C202) 
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 
particles were retained by a matrix, some of the 
cracks had opened up to widths of or more*

«
(b) Hairline Cracks

These have been observed only in two instances in 
laminar coatings from the HPD5 series. In one compact 
containing the low temperature laminar coating (C203)
7??? of the coatings in the field observed contained 
fine cracks originating at the outside surface (Fig, 39). 
They were randomly orientated with respect to the compact 
and varied in form in the particles, some cracks being



approximately radial, other cracks being wholly within, 
the coating. Initially it was thought that the 
polished section had been taken too close to the cut 
face, hut a second section taken 0.050 in further in 
from the cut face showed exactly the same phenomena.
The other instance where particles exhibited this 
behaviour was in the high temperature compact (1660°C) 
containing the (0202 type) high temperature laminar 
coating. This compact initialljr surrounded a centrally 
placed platinum sheathed thermocouple (Ft-O.I^Mo,
Pt-5r’ Ho) which melted during irradiation. The centre' 
zone of particles was badly corroded by platinum 
diffusion into the compact, but immediately adjacent to 
these was a narrow zone of particles that exhibited 
hairline cracks in the coating. In the outer zone 
no cracked particles were seen. It seems, therefore, 
that this cracking could be initiated by stress and 
impurities, though no corrosion of the carbon coating 
was observed.

4*2.2 Triplex Coatings (Pyr0carb on /S11ic on Carbide/Pyrocarbon)
Triplex coatings on both melted and sintered (Th,U)Cg and melted 

(Zr,U)C kernels have been tested in the IIPD4 and Studsvik I charges. 
The coatings consisted of an inner laminar pyrocarbon layer of 0-20|i, 
an intermediate silicon carbide layer of 30~60|i, and an outer laminar 
pyrocarbon layer ~30|ji 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,Tj)C2 particles (Pig. 14) where the 

~ inner pyrocarbon layer was so thin that the silicon carbide was 
effectively bonded directly to the kernel.

Cracking in the silicon carbide layer occurred in some particles 
with both types of melted kernel. Gross cracking of all three 
coating layers occurred with the (Th^Oc,-, particles when the 
kernels themselves shattered during irradiation (Pig. 13). Where 
recrystallisation occurred, both in HPP4 (Pig. 12) and in Studsvik I 
with 10:1 (Th,U)C2» the SiC layer remained intact.

The melted 5*^ (Zr,U)C kernels did not crack, hut their SiC 
coating had cracked radially in a brittle manner in a few particles, 
the cracks often extending from the tips of spearheads in the inner 
pyrocarbon coating (Pig. 31). The outer pyrocarbon coatings remained 
undamaged.

Post-irradiation annealing was carried out on two compacts from 
the HPD4 charge in order to assess whether heating above the 
irradiation temperature would cause additional failures. The inserts 
were annealed at 1500°C 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 contamination 
remaining is only a fraction of that contained in one particle.
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The particles with melted (Th,U)C2 kernels irradiated at 1400°C 
gave a small steady release of fission 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 been present. The Xe-133 release from the 
melted (Zr,u/c) particles irradiated at 1325°C was only a fraction of 
that contained in one particle and no broken particles were observed • 
on subsequent examination, again indicating that heating of this 
type of particle to 1500°C has little 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 necessary 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 (20-25n) 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 
properties are seriously affected. Conversely, failure of a coating can be 
defined as either a crack, a spearhead, or a diffusion zone extending to less 
than 25Hfrom the outer coating surface.

Many factors, either singly or in combination, could cause premature failure. 
of the coating. In the following disctission those which are considered to be the 
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 sintering behaviour of UCo under irradiation is marked even at the 
lowest irradiation temperatures (8D0°C) and burn-ups (3/0 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)C2 and (Zr,U)C kernels do not appear to show such a marked 
change, but precise comparative experiments have not been carried out.

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

This densification during irradiation appears to have a very beneficial 
effect on the fission 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 UC2 deforms readily under 
irradiation at temperatures as low as 800°C, whilst the unirradiated material 
does not show marked plasticity until 1100°C [14]• As the hardness of the 
carbide phase measured on a kernel from Pluto Loop IIIA/5 indicated a 
similar value to that reported for as cast UC2, the observed plasticity
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appears to "be an irradiation induced phenomenon similar to that observed in 
UO2 after high burn-ups {8].

No swelling effects were observed in the (Th,Tj)C2 and (Zv^TJ)0 sintered 
kernelss but as these had not densified to the same extent as the UC2 
kernels, any swelling would have probably occurred into the internal 
porosity and hence not be so noticeable. The burn-up levels achieved so 
far are, however, lower than those attained in the UCg kernels. The 
impression given in the HPD5 series containing the sintered (Zr,U)C kernels 
is that failure in the three types in the range 1300—1400°C generally 
appeared to 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.

No swelling was observed in the melted (Thjt^Og or (Zr,U)C particles, 
though the maximum burn-up attained is only 2»Tf> 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 (30^ fima) have been achieved at irradiation temperatures 
below 950°C with melted UO2 particles at ORNL [l?3, and though the swelling 
has been quite Jiigh it was not sufficient to cause failure of the coating, 
sufficient voidage apparently being provided by spearhead attack and by the 
soft carbon 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 
single crystals in the melted particles. With sintered particles it 
appears that the initial estimate of the voidage necessary was pessimistic, 
the only evidence of swelling causing failure being in the B1 particles, 
and further, it does not appear that the assumed higher gas release from 
sintered particles constitutes a problem in itself. The economic advantage 
would seem to lie with sintered particles.

5.2 Fission Product Release
Fission gas release results were obtained from the DY static capsules 

and from the Studsvik purged capsule and Pluto IIIA Loop tests. A 
reasonable correlation with the number of failed particles observed under 
microscopical examination was obtained on all except the Pluto Loop results.

In the DY ('pyrocarbon coated HCg) capsules, the low fractional release 
of Kr-85 measured (10“4 to 5 x 10"°)^ agreed with the observation that no 
failed coatings were observed except in DY5 (kg failure). Very low release
rates (- (Xe-133) = 10*~^ at 890-950°C) were also observed on two of the
three purged capsules in the Studsvik I test (PyC-SiC-PyC coated (Th,U)C2) 
in which again no failed particles were found. The gas releases showed a 
marked temperature dependence. The third capsule operating at 1220°C 
however, gave releases over two orders of magnitude higher
(g for Xe-133 » 4 x 10 ~>)» This higher release, however, was mainly
attributable' to a corrosive effect on the coatings of particles adjacent to 
the centrally positioned platinum thermocouple.



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 to 
the observed releases.

In the Pluto Loop IIIA test (pyrocarbon coated UCp) the percentage of 
failed particles was so high that examination of over 100 particles in each 
compact was found to give reasonably representative figures, the range 
being from 50^ failure in compact 9 (1150°C, 14^ fima) to 10^ in compact 2,
(800 0, 8^ fima). This high percentage of failures was unexpected as

(i) the initial release rate (| » 1-3 x 10"^ for short-lived gases)
corresponded fairly well with that expected from the pre- 
irradiation measurements of the surface contamination and did 
not markedly increase throughout the whole period of the 
irradiation. As the Pluto Loop particles were.initially 

■ porous it was, therefore, anticipated that virtually 100^ 
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 0BNL [1?], and one high bum-up test from 0BIL [21 ] gave high 
release values from uncoated fused particles, viz., 0R1TL test gave
§ (Xe-133) - 7 x 10“2 for up to 4/^ burn-up at 815°C.

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 
0RKL fused particles, even if no aoCount 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 
BUI data [22] on unsupported pyrocarbon UC2 particles irradiated to 4$ ■ 
burn-up at 1070°G, in static capsules. The Xe-133 releases obtained on 
post irradiation puncturing of two capsules were O.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 
TJC2 produced by sintering in-pile could retain its fission products better 
than the fused material irradiated by 0R1JL, 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., UO2* Thust-

(i) UO2 suffers a very severe decrease in its powers of fission
gas retention above 5$° burn—up [8] whilst UCg apparently behaves as 
if its retention powers are increased.

(ii) UO2 shows severe gas bubble swelling at burn-ups around 10/S 
even when highly restrained in the form of a cermet, where as, 
only in one isolated case (P1) have fission gas bubbles been 
observed in UCp and these were in broken particles. The failed .

. particles in the Pluto Loop specimens did not show any more 
swelling than the intact ones where restraining forces could



have influenced the growth of bubbles. This absence of gas
bubble swelling would seem indicative of low fission gas
retention.

(iii) Unlike UOgj or any other irradiated fuel for that matter, no
burst of fission gas was observed either during in-pile, transients
or on post-irradiation annealing to 1800°C.

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
a very thin coating, which according to experience should fail rapidly,
should 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 
is 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 a 
pessimistic swelling rate and assuming complete release of gases and ' 
volatiles indicated that for a 300f* diameter particle with 100|i coating,
50^ voidage would be required for 10^ burn-up at 1500°C if the maximum 
stress in the coating, ignoring 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 asswaptions were pessimistic; for although these particles 
only went to 7*3^ burn-up at 1300°C, they only contained 30g porosity and 
spearhead attack had reduced the effective coating thickness to 37H*

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 release is found to be as low as 
the rare gases then these particles represent an extremely promising find.

5*3 Fuel Phase Composition
Some disagreement still exists between workex*s in the field on the 

exact conditions under which UC2 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 depletion at elevated temperatures.

On etching the fuej. 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 DY?.

1 lot of questions regarding the phases existing in the kernel remain 
unanswered at the present and require that the equilibrium diagrams be 
better defined, particularly for the alloyed carbides, before definite 
answers can be given.
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The•presence of fission products such as Sr,Ce and Ho in the fuel, all 
of which form carbides, could affect both otchinp and phase equilibria, as.
at the high burn-ups these constitute amounts greater than '

The composition of.the kernels in the UPD series has intentionally: 
included oarcon in excess of the stoichiometric composition in order that 
the kernels operate under saturated carbon conditions. It was thought 
initially that the attack of the coatimps in the HID2 series resulted from 
mass transfer of the coating through a gaseous phase to the kernel. Although 
it is now thought that the spearhead attack does not result from a chemical 
reaction, it cannot be ruled out that this type of mass transfer process 
could occur, and may play a part in the growth of spearheads. It is not, 
however, clear how important the excess carbon has been and separate tests 
must be performed to define this point, '• ■

There also seems to be some evidence for a phase change in the (ThjDOCg
specimens above 1300 C [1p], but more work is required before any conclusions 
can bo made.

In the HKD5 series the kernels, were fabricated by sintering a mixture 
of UO + ZrC powders, and wore not completely homogeneous. In a subsequent 
test the route was changed to ensure homogeneity; it will be interesting
to compare their behaviour.

5,4 Temperature and Burn-up

The number of failed particles occurring under irradiation for any
particular type of kernel and coating will be a complex function of
temperature, temperature cycling, burn-up and burn-up rate. Only one test • 
(Pluto Loop IIIA) 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 degree of burn-up has not been varied over a very 
wide range (HKD series) or only a few isolated.failed particles were 
observed, as in the DY series.

5.4.1 Temperature Effects
The upper temperature limit for safe operation for UC2 particles 

coated with pyrocarbon is fairly well defined. Tests at General Atomic 
on (Th,Tj)C2 [l 6], and the HPD2 test on UC2 kernels both showed
diffusion of the fuel completely through the coating. The G.A.
temperature was estimated at 1900°C while in the IIPD2 it was ^1700 C; 
in the G.A. particles the fuel moved toward the higher temperature, 
but no directionality was noted in the HPD2 samples. However, it is 
clear that 1700°C represents the upper limit for continuous operation 
for UO2 and (Th,TJ)C2 particles. Ho evidence of diffusion was seen 
in the HPDp test‘with (Zr,U)C, the peak temperature of which also - 
approached 170G°C, indicating that the diffusion rate is lower for 
this material than for the uranium and uranium/thorium dicarbide. 
Out-of-pile annealing tests on (Zr,U)C (ZrsTJ-235 = 5*1 ) at 2000°C confirm 
this. ■ .

At intermediate temperatures the pattern of failures does not 
present a clear picture. It might be expected that very little of 
the fission product gases would be retained in the kernel at the
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higher temperatures and that a -very high internal pressure would 
result, neither 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 affects must be sought.

The HPDp series produced the unexpected result that the'failure 
rate of three different types of (Zr,U)C particles was extremely 
high in the temperature range 1300-1400°0, yet negligible at 
1450-1620 C. The other rather surprising data was from the BMI 
results [23] which showed that whereas UO2 particles coated with TOp- 
pyrocarbon failed under irradiation in a matter of hours at 1.00°C, 
at 1070 C failure did not occur for 5-10 days and resulted from 
temperature cycling. It was suggested that the low temperature 
failure was due to stresses locked in during; cooling from the 
coating temperature. The problem was apparently solved by making the 
coatings thicker, i.e., >90|i» suggesting that locked in stresses were
only partly responsible. Although no low temperature irradiations 
have been performed in this Dragon series, most of the coatings were 

■ also about 70^ thiol:: and yet burn-ups up to 8^ have been achieved 
without any failures. This seems to indicate that so many variables 
are playing; a part that at present it is ill-advised to use the 
information obtained from one type of particle to explain behaviour 
in another.

Similarly there is no indication that failure rate can be 
attributed to thermal cycling alone as indicated by the EMI workers. 
The largest number of thermal cycles occurred in the PI capsule 
(47 major cycles) which had 5/'' failures. The most comparable tests 
are the DY and HPD2 where irradiation temperature and number of 
cycles are similar, yet there was no failure in the appropriate 
capsule in DY compared with over phy in IIPD2.

It has often been stated that heating a particle above the 
coating temperature will cause thermal stress cracking in the 
coating. This is not supported by results from either particles of 
the fiY type which have been heated bo 2200°C before irradiation, or 
the Pluto Loop particles which have been heated to 1800°0 after 12^ 
burn-up (200°C higher than coating temperature) without additional 
failure. Similarly in the HPD5 series particles with a laminar 
coating deposited at 1450°C were irradiated at 1700°C with no 
failure, yet fins hairline cracks occurred in those irradiated at
1300°c.

0
5.4*2 Burn-up and Hate-of Burn-up

The DY series showed that burn-up could-be achieved with 
pyrocarbon coated UC2 at temperatures in the range 900-1300oC with 
virtually no coating failure, and 0R3TL [19] have irradiated particles 
containing a fused UC2 kernel with a duplex laminar/columnar pyrocarbon 
coat to 305m burn—up at temperatures between 0OO-9OO°C with only 1.5^ 
failure. In the HPD5 series the only particle type which showed 
100/ intact particles had a duplex coating sirdlar to those tested at 
OBHL, i.e., outer columnar coat deposited at 1800°C, though the 
equivalent burn-up in HPD5 was an order of magnitude lower. It 
appears, therefore, that the burn-ups required in high temperature
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'power reactors are capable of being achieved, though the conditions 
required to guarantee lOC^t success are not well defined®

The surprising conclusion is that burn-up alone does not appeal
to, bo oiie of fche nia jor x ac tors af f 0 c t xng part role life® The fact
that 307-' burn-xip has been reached with a very lov/ percentage of 
failures, albeit at temperatures at the lower end of the temperature 
range of interest to the Dragon Project, is proof that these high 
burn-ups aro achievable.

■

:v
;
;

Burn-up rate has been varied over a wide x’ango from 0,03^f. fima/day 
(comparable to t,be Dragon- rate) to Q.37X' firaa/day on the undiluted
UGg kernels in IIP'DB. Because of the time scale involved in irradiatior
testing, full Trarn-iin tests have been carried out only on undiluted 
kernels at accolorakod rates while on alloyed kernels the tests so 
far have only attained of the target burn-ups in suite of thermal 
flux levels two or throe times higher than in the Dragon reactor. 
Although no obvious effects of burn-up rate have been observed this 
effect has not yet been studied on one particular type of particle, 
and one can cite many parameters that may bo affected which could 
perhaps influence the coating integrity.

Coating Structure
The ekandard form of pyrocarbon coating tested in these experiments

has connin'on of two or throe layers of the laminar typo material® Iti the
IIPDJ series Id 10 relative properties of coliiranar and laminar outer coatings 
wore investigated, fho obvious disadvn,' 11agos of the columnar type is that 
the rate of deposition has to bo lower than the laminar tyro. The particular 
merit in columnar coatings is lbat hrI havo re ported that the diffusion 
rate of xenon and krypton in lower than through the laminar, typo though 
on the other hand the uranium diffusion rate was faster®

The TIPDt scries did not gi’-'O a clear cut answer on the relative merits 
of columnar versus laminar coatings. The reasons for failure in some oases 
aro not clear, o.,g., a large percentage of failures occurred in a laminar 
coating deposited at 1600°C (lIPDp/pB) irradiated at similar temnoratures 
and to a much lower buru-np than similar coatings in ])Y3 and 1* Only one 
type, having a columnar outer layer deposited at 1BOO°0, was 100g successful 
at all irradiation, temperatures. This coatin'' is similar to the T'TOO-AD type 
irradiated so successfully at 01BTL to 30p- burn-up, and obviously merits 
further investigation into both its performance and why under similar 
conditions the columnar coating deposited at 1600°C is so inferior. Further 
tests aro ali’oady in progress on both laminar and columnar coatings*

The importance of interruptions in the coating in preventing growth 
of pi'imary spearheads was shown by the DY irradiation, series. The pseudo­
interruptions introduced in the ITFD5 series were only partially/ successful 
because the thickness of the whole laminar coat was barely greater than 
the recoil distance. It is suggested that one or two interruptions at a 
distance slightly greater than 25|i from the kernel surface will be the most 
effective in limiting the growth of spearhead, attack.

Laminar coatings are susceptible to peeling (lamination) 
external corrosive effects and internal shrinkage. ORHL f2/]J

both through 
have shown
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0that steam at temperatures in the range 800-1100 0 produces either severe 
lamination in the outer layers of laminar coatings or, 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 
steam 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 future to he applied 
to all the charges. From the irradiation tests so far examined it is not 
possible to say whether columnar coatings will laminate in the same way. 
Corrosion effects were not very pronounced in the HP!)5 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 20^> without cracking has been described. It 
is considered that this probably occurs under slow rates of strain, but 
whether fast neutron irradiation influences the behaviour is not known. The 
brittle radial cracks observed in HPD5/5® and 6A are probably the result of 
sudden loading, thermal shock, or sudden release of elastic stresses by 
corrosion effects.

Although 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 coupled with 
microscopy should be valuable.

5.6 Fission Fragment and Fast Neutron Damage to Pyrocarbon and Silicon Carbide
Two observations have been described which have been attributed to 

fission fragment damage:-
(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 (SiC, MgO, BeO, AlpOj) are from BMI [6]. ^
Exposures have only been in the range 1 to 5 x 10fission fragments/cm^ and 
at a temperature of 80°C (of,, doses up to 7 x 10^7 fission fragments/cm^ 
to temperatures up to 1700°C in the particle coatings) and hence the data 
are not necessarily very applicable. However, these experiments showed 
that all the materials expanded under bombardment 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 annealing at 1200°C, though the pyrocarbon samples did not give 
a clear result due to its anisotropic properties, and secondly, that an 
increase in dose from 10^4 to 5 x 10^4 fission fragments/cm^ 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, therefore,’ that 
effect of the fission fragment bombardment is twofold?-

'

'

■

(i) The major effect is to cause a shrinkage; 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 one another. The 
density of the deposit depends oh the gas used, flow rate and 
temperature. For coatings prepared by pyrolysis of methane, the 
lowest density (1.4-1.6 g/om^) occurs at deposition temperatures 
of 600 C. Unfortunately, the coatings are normally deposited 
at this temperature, for if they are applied at higher 
temperatures the uranium diffusion is too high and the coating 
becomes contaminated, and if applied at lower temperatures there- 
was thought to be a risk that operation at temperatures higher 
than the coating temperature would cause cracking due to the 
higher thermal expansion of the fuel relative to the coating.

Pyrographite, however, has a density of 2.11-2.22 g/cm .
It has been found that thermal annealing in the presence of UOg 
of pyrocarbon deposited in a fluidised bed caused graphitisation 
at 2200°C [25]$ which was presumed to be due to the diffusion of 
uranium through the pyrocarbon. However, identical material not 
mixed with UO2 could not be graph!tised by heat treatment up to 
2800°C. It is possible that the effect of fission fragment 
bombardment is to markedly reduce the temperature at which this 
transformation occurs. The characteristic 7-shaped void is 
attributed to the larger degree of shrinkage in the more heavily . 
damaged material adjacent to the kernel. This postulate, however, 
requires proof and the effects of fission fragment dose, 
temperature and density of coating on the process must be studied.

(ii) The secondary effect could be an expansion caused by the 
formation of vacancy-interstitial pairs. At 80°G the MI 
workers [6] calculated that the observed expansion corresponded 
to about 1CP displacement atoms per fission fragment, but as 
would be expected, a large proportion of the damage was annealed 
out above 86o°C. A further contribution in the high burn-up 
samples will be the accommodation within the lattice of the 
fission products either in an elemental state or combined with 
carbon.

There is little indication of a large variation in the amount of 
shrinkage caused by the fission fragment recoil atoms in pyrocarbon^.-within 
the range of temperature and dose studied. This appears to indicate that - 
saturation occurs below the lowest dose so far investigated, and -further
expe . intents are planned. Yariation in coating density should,- if the
postulate is correct, have quite a narked effect and this will also be 
investigated. ■ ' .
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In all the particles examined the initial coating 3ms teen either of 
the laminar or interrupted laminar tyre. It was* however, observed in the 
EPD5 series that a columnar second coatiny deposited at 1600°C did not halt the 
advance of spearheads as effectively as either of the laminar coatings or the 
columnar coating deposited at 1800°C. This would suggest that this type 
of coating is particularly affected by fission fragment bombardment; one 
possible mechanism for the advance of spearhead attack would be duo to the 
fission fragments ejected further into the pyrocarbon from the fuel 
deposited on the inside surface of the spearhead by a process of knock-out 
from the kernel surface thus repeating the initial" process. The existence 
of the la;/er has been shown by microprobe analysis, though what is not 
known at present is the chemical effect of fission products on the process.
This will require active microprobe analysis to determine if there is an 
associated concentration of any fission products, e.g., formation and 
decomposition of caesium graphite during temperature cycling. Similarly 
mass transfer of carbon through a gaseous phase might also be occurring.

In the HED4 and Studsvik tests triplex coatings were applied to the 
kernels. The initial pyrocarbon layer, however, was not sufficient in some 
batches to protect the silicon carbide from direct recoil bombardment. 
Measurements on SiC deposited at 1600°C show it is very dense (~95!p theoretical 
density), and hence based on the pyrocarbon hypothesis one would expect 
little or no spearhead attack in SiC. This is borne out by observation.
Most cracks in the SiC 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 stress cracking, may well be more 
resistant to spearhead attack than pyrocarbon. This conclusion requires 
further tests under strictly comparable conditions of temperature and burn-up.

The data on fast neutron damage 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 thiclcness (*c1 direction). Ho directly relevant data on pyrocarbon at 
high temperatures are available. In the particles examined it was impossible 
to determine'whether any dimensional changes had occurred in the outer layers 
of the coatings 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 
lajrer, that small changes in dimension of the outer coating are relatively 
unimportant.

The total fast neutron dose to which these coatings have been subjected 
is partly self-generated from fission of the kernel, the remainder being 
from the reactor flux. No obvious differences which could be attributed to 
fast neutron damage were observed between the HPD series and the remaining 
experiments, although the HPD series were irradiated in an in-core position 
and Ijad 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 not, therefore, appear to be 
a major factor in determining the integrity of a particle.

Past neutron irradiation of SiC has shown that isotropic expansion of ^ 
the order of Vfo occurs after an integrated fast neutron dose of 4.6 x 1Cr° n/ctn 
at 150°G [26]. As yet, no higher temperature data is known, but it would be 
expected that the changes would be far smaller at the temperatures of 
interest in an HTR. It seems likely that this will not be a major problem,
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though full term 'burn-up tests on the triplex tjpoe of coating are necessary 
to ensure that differential changes between SiC and pyroearbon will not 
cause excessive stresses.

mmm MB ooitolusioits
'

(l) The function of a coating around a fuel kernel is to contain as much •
of the fission product activity as possible. Fission gas release from 
lightly irradiated particles is normally very low and arises freer 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 migrated to within fission fragment recoil distance 
(-^ 20|i) of the outer surface either by diffusion or by 'spearhead' attack®

(2)

(3)

Most of the fuel kernels tested in this programme were sintered and of 
fairly high porosity in contrast to the U.S. approach which was to use high 
density melted kernels. Apart from possible cost advantage, sintered 
particles provide a 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 to be 100^. lo serious disadvantages 
to the approach have been revealed and the marked densification that q 
occurred in the UCp kernels at irradiation temperatures as low as 800 0 
appeared to give the advantages of both approaches. Very low failure rates 
have been obtained at burn-tips of up to 8^ fima and irradiation temperatures 
up to 1300°C using sintered UC2 kernels coated with a double laminar pyro- 
carbon coat.

A qualitative.correlation between fission gas release and the number of 
failed particles observed has been obtained in all except the Pluto Loop IIIA 
test.. This appears to show that, even in particles with failed coatings, 
the UC2 retained ~99!b of its fission product gases and at the same time was 
remarkably swelling resistant. This behaviour is contrary to U.S. experience 
and the differences have not been resolved. It was also shown that out of 
pile annealing 'transients* to 1800°C, i.e., 600°C above the normal in-pile 
operational temperature, caused neither cracking of intact particles nor 
further release of fission gas.

(4) - In addition to undiluted UC2, (Zr,U)C, specifically designed for the
Dragon reactor, and (Th,U)C2 fuels have been tested in both melted and 
sintered forms, neither the sintered (Zr,IT)0 nor {Th,U)G2 kernels appear 

' to densify as markedly as UC2 under irradiation, even at temperatures,of 
1700°C. (Zr,U)C kernels can apparently withstand higher operational 
temperatures than UC2 without marked diffusion of the fuel into the coating 
occurring. Melted, polycrystalline (Zr,U)C kernels appear essentially 
unchanged by irradiation. The melted (Th,TJ)C2 kernels, which were mono- 
crystals, either cracked which resulted in cracks also occurring in the 
coating, or appeared to undergo a phase transformation. Neither of the 
alloyed kernels have yet been tested to such high burn-ups as UC2, and 
hence a complete coraparison cannot be made.

.

The outstanding advantage of SiC over pyroearbon as a coating material 
is its superior retention of barium, strontium and caesium. It has been



tested as the "meat” in a triplex pyrocarhon/silicon carbide/pyrocaroor, 
sandwich coating. These coatings have not yet been tested in conjunction 
with such high burn-up particles as pyroearbon alone, but excellent results 
have been obtained so far using- them in conjunction with both sintered and 
polycrystalline melted kernels. Radiochemical analyses for the solid 
fission product release in these tests are not yet complete. In particles 
where the inner pyroearbon layer was very thin, direct finsion recoil did 
not appear to damage the silicon carbide.

(6) Spearhead attack, the formation of characteristic V-ob rped cracks 
extending radially outwards into the first 20-25H of the pyroearbon coating, 
is observed' in nearly all particles. This fission fragment bombarded layer 
was optically active under polarised light in contrast to the adjacent 
undamaged coating. It is tentatively postulated that spearhead, attack 
results from the shrinkage of the low density pyroearbon, the fission 
fragment bombardment causing ordering or perhaps graphitisation of the pyro­
earbon . Failure of a coating normally occurs through the outward growth of 
spearhead attack or cracks associated with it. The cause of this growth is 
not clear and there may be more than one phenomenon operating. Fffoots 
apparently resulting from both internal pressure and internal corrosion 
which might be either gaseous or associated with fission products have been 
observed. External corrosion, probably from water vapour, has also been 
responsible for some failures.

(7) Spearhead attack has often been observed to have been halted by 
definite interruptions between two laminar pyroearbon coatings. 1 test 
incorporating a pseudo-interrupted inner laminar coat with either a laminar 
or columnar outer coating emphasised that these interruptions can be 
effective though there are some, as yet, unexplained failures. A 
combination of this modified laminar inner coat with a columnar type outer 
coat deposited at 1000'C gave consistently good results.

AOICR OhLI’DQI IFIITS

The authors a,re very conscious of the fact that a very large number of 
people have taken part in the many stages involved in an irradiation programme 
of this magnitude, and this report is the culmination of a great deal of work. 
All the work, with the exception of the early AEES fabrication and irradiation 
tests, has been performed within the Dragon Project either directly or under 
contract. As .1.', would bo invidious to mention specific naraes the major groups 
that have taken part are listed onlys-

Puel Element Fabrication Group, Met. Div. ASHE 
Irradiation Services Group,' " " "

High Activity Handling Group, Eng. Div. "
Graphite Technology Group, Chem. Eng. Div.

AERE
Fission Product Technology Group, Chera. Div. AERFi 
Pluto Loop Users Group, Chem. Div. "
Fuel Element Development Group, Dragon Project 
Dragon Irradiation Facilities Group,

Kernel fabrication.
Rigs and post-irradiation 
services.
Post-irradiation handling. 

Coating;.
Fission product analysis. 
Pluto Loop operation. 
Particle preparation. 
Irradiation preparation.
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,
Active Handling Group, A.B. Atomenergi, Studsvik Post-irradiation handling. 
Hadio-chemistry Group*. h »» n Fission Product analysis.
Danish AEK, Hiso Irradiations#
S.G.A.B. Seihersorf Pre-irradiation, assessments.
The authors regret that they are unable to reference the large number of 

Dragon Project Reports that have been used in the preparation of this report in 
order that it may be published in an unclassified form.

Finally, acknowledgment must be made to Mr^ R. A. TJ. Huddle for the overall 
direction of the programme, and the help and encouragement given during the 
preparation of this report. The authors wish to thank Mr. C, A. Rennie, the 
Chief Executive of the Dragon Project, for permission to publish this paper.

.
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Table 4
Details of Pyroearbon Coated UC„ Particles for P1, DT and HPD2 Charges

Charge Pluto P1 Dido D1 and HPD2

Kernel Fabrication Prepared from tTOg using
Williams [27] process 
TJCg spheroids reacted at
1400°C, followed by 
further sintering at 
1600°C, Density ~70/»
theoretical

Prepared from TJO^ using Williams [27] process OCg spheroids 
reacted at 1500°C, Density ~70t» theoretical

Coating Details [28] 
Batch Wo.*
Av. Kernel dia. (p.)
Coating Conditions 
Stage 1 Pre-cos(.t 
Temp. °C
Main coat temp. °C 
Coating thickness (p) 
Stage 2 Main coat 
Temp. C
Coating thickness (p) 
Av. Total coating 
thickness (p)
Type of pyroearbon

BT 46 
290

1500-1830
1830
42

1850
25
69
Laminar

ITT 69 
190

1450-1650
1650
25
1650
37
62
Laminar

HT 70 
188

1450-1650
1650
28

1650
36
64
Laminar

Pre-Irrad. Testing 
Fraction core 
leached 8.3 x 10'-6

a-assy. tf visible 
TJ in core

,-5

Light Irrad. Data 
Cumulative fractional 
release of Xe-133 on
annealing at 1500°C

3.7 x 10

6 h 4.4 x 
24 h 7.3 3 
48 h 1.1 3
72 h 1.4

10 , 
ioi 10-5 lo"5

W.D.

1.8 X 10-5

H.D.

2.7 x 10

^ J48 h 4.8 x 
72 h 6.3 x 
100 h 8.5 x 10'

n"5
-3

6 h 2.7 x 10 
24 h 7.5 x 10”^
48 h 9 x 10“5
72 h 9 x 10“; 
100 h 9 x 10

Irradiation Capsule 
Identification DY 3-10 DY 1 and 2

HPB2 Compacts 1-6

Irradiation Conditions Capsules Capsules
A.verage Irradiation 3,4 5,6 7,8 9,10 DY 1.2 HPD2/3A HPD2/6A

Temp. °C 800 1300 925 1275 1000 1250 1300-1500 1250-1450
Burn-up ^ Fima 9 7.3 6.6 4.3 3.3 7.1 7.5 6.5

io Fifa 9 7.3 6.6 4.3 3.3 7.1 7.5 6.5
No. of days full power 144 43 43 '20 20
No. of major thermal
cycles 47 6 6
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7.able 5

Details of Particles in TDIDi Charge

ITPB.1 Prc-Irradiatlor, and Irradiation Data (Th,U)09 mh/U~235 =■■ 5 (3r,U)C lT;i35. - 5

Pornol S t n.r t i n <; iiia t, or i al s UC„ + Th + C 2rC + U + C
Fabrication ourichnent of Uranium (d 23t) • 0° 02.73

I-bcconrj Carbonvi 0 »2'v stoichiometric

Sinterin'' cond.itior.e - Tor in. 200CoC 1eoo°C
- Time d h 1 h
- Atnon. 'Dicuum Argon

/'elkiur .in nlasmn arc rfo Yes Yes
Boi’iiit.Y (o/cin3) - 'Theoretical ?.0l 9. <°>9 3.05

- Xylene 9.3 9-5) 7.4
- ' .'orenry 5 P, 7.3

X-ray analyeia ThC0 lines ThC lines ZrC lines& 2 (solid Solution)

Coat in/ ; +2p1 -353 +211 -dcO +251 -353
Be tailo Batch rmrnbcr C°d 0100 C142

Temneratu.ro ( O) 14 AO 1310-1760 1340-1600
1st, Stage Thic’mens (ji) P, P 22

Pype "yrocarbon, laminar

Temneratnro (°C) 1 yeo 1600 1 640
Pnd St aye PPic’-ne ns f do 41 22

SiC (p) SiC (P) SiC (P^

"lCi inoratnre ( Cj
3rd. St ago Thiol'eons (fi)

iCom 1700 1720
do 32 30

nynn nyrocarbon, laminar

Total Tlin edn ons ( (i) -j 0°, d 74

Fraction of core leachod 1.72 x 1 o'? 6.44 x 10"? 
0.06 x 10

not, leached
Pre-
Irradiation

Fraction of core visible (1J 
(tt-aocy)

O.On x 10 0.5 x 10-5

'Pes ting Density of Coated particles (g/ci.i^) 3.10 3.42 4.02
Urar-ium Content, of Coated Particles

•d. .5 Y'.C- 20.3

Coin.iv.cts Compact fabricated from a mixture 3 compacts 6 compacts of 3 compacts,
of graphite powdor and binder; this batch, distributed in
impregnated with PyC ilenonitod 
from Tonseno 12 li at PPd°C

evenly
distributed

Boxes 1,3,5
through the 
rig (one in
each box)

DADG tS 00’ TT'ACTS UXAUIHUD

Irrad') at,ion
Temperature (°C)

13 I'D Cr, 1 325°C') annealed
Conditions 1 'Vdn-1 / on 2A (r Oh, 1350Oc)

Burn-up £ fima 
fifa

2.0-2.5 3A (t: Th, 140d°C) annealed
1 2-1 d 333 fo Sr, 1d00OC)

Ho. of days full power 42 4B (S Th, 1375°C)
Ho. of major thermal

6A (S Th, 0 )cycles 2 1225 C) annealed

- -



'I'ablr?
Details of Pyrocarton Coated ("r:,IT)C Particles Irradiated in HPD5

Prepared from hafnium free ZrC and TJC powders 5 vol. lfo
excess carbon added. Spheres sintered at 2000°C for

Kernel Fabrication A h in vbcuo.
Density (in xylene) 7.06 g/om. Av. closed porosity 4.890

(in Hg) 5.24 g/onr Av, total porosity 35.0'h

Coatina; Details
Kernel diameter (|i) 201-295
1st stay© Coatiny temp, °C 1600
Total thickness . (ji) 20-25
Type of coating Tills first strg' actually consists of five steps, the

pa. ■ i is 1 pro s si i to of methane being dropped after 25, 20,
10, 20 and 10 minu.to intervals to produce interrupted
laminar coating

2nd stage
Bad.ch Do, 0200 0201 0202 C203
Coating temp, C 1 300 1 600 1 600 1450
Thickness (p) 0 3 50 40 95
Coating structure Columnar Columnar Laminar Laminar
Total coating thickness (|i) 73 72 62 117

PregCfa-radiatioji Tostin,:.;
Pr-action of core leached - _ 6.7 x 10-4 8.0 x 10-5

IT visiblea-assy, —r—----IT in core
Light irradiation, data **
<Jumulat ive fra ct ional

3.3 x 10“^
6.3 x 10"^
6.4 x 10"7 
7.9 x 10~'

5.5 x 10^ 
7.7 x 10“' 
9.4 x 10”;1.2 x A0 r

relea.se of Xo-1 33 on *1 2.2 x 10"’
40 b p, t x 10*2 

■Vl Is 5.9 x 10 -;1
100 h 7.0 x 10~2

j _7j<5 x 10 '

200 b 0,6 x lO'o 1.5 x 10~b )Fractional release at end 
of test of other fission
products - test time h 220 144 ?4.3 x 10 ,

3.1 x. 10”^ 
5.9 x 10

150 _o 240 ,Ba—140
1-131

4.1 x 10
9.3 x 1o~3
0.9 x 10“;

2.9 x 10 ^
6.3 x 10 ,
1.6 x 10"-

1.1 x 10 ^
6.5 x 10"^

Cs-137 5.4 X 10"4

Compact Details Charge contained 3 capsules of each type

Irradiation Cor ditions
Average irradiation temp. °C Bange covered 1350-1?50°C
Burn~up Pima

f, Pifa
2.0-2.7
12-16

No. of days at full power
No. of major thermal cycles

40

— mA
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Table 5

Details of Particles in H?D4 Charge

HPB.i Pre-Irradiation and Irradiation Data (Th,U)C0 Th/lJ-235 =•• 5 (3r,tJ)C - 5

Kernel
Fabrication

S t o,r +■ i n': ma t o r :i. al s
bnrichnent of Ur;i.ninn {[' 23j)
Excess Carbonh

UC0 + Th + C
c O3>0o

0.2'"

SrC + U + C
02,73

stoichiometric

Sintorin '• conditions - To-in.
- Time
- At'•nos.

2000°C 
-1 h

Vacuum

1o00°C
1 h

Argon

Eel-tin;' in nlasna arc
Density (g/cm^) - Theoretical

- Xylene
- ''forcury

.X-rn.y analyr.is

Ho
9.0>?
9.3
0

ThCg lines

Yes
9.09
9-5
0,

ThCp lines

Yes
3.05
7.6'
7.3

ZrC lines 
(solid Solution)

Coatinn 
Befcailo

Kcrnol diameter (fi)
Batch number

Teavaorati.u'O { C)
1 at. Stage Thich.no sa {(i)

T?/;>o

+231 -353 
C°o
Ep'O

0

+251 -46O 
0100

1330-1360
0,

nyrocarbon,

+251 -353
0142

1340-1 600
22

laminar

IV'xrnorn/l.i.ii-o { °H)
2nd lU.n^o rrniic1'.no3o f fi)

f'py->-,Q

1700
60

SiC (0)

1 600
41

SiC (0)

1 64-0
22

SiC (01

"■'ciiporature ("o)
3rd Stage T}ii.ct':iec3 ((I)

Ty.no

1 Oer,
'.10

1700
32

nyrocarbon,

1720
30

laminar

Total fhiobooss .(ji) 1 0°. 31 74

Pre-
Irradiation
Testing

Traction of core leachod
Fraction of core visible (1)

(a-asoy)

Urar-ium Content of Coated Particles
(VH. '/') .

1.72 j: 1 0“;’ 
0.0.6 x 10“"’

3.10

9.5

6.46 x 10"3 
0.06 x 10_9

3.42

10.6

not leached
0.5 x 10-5

4.02

20.3

Compacts Conn,act fabricatod from a mixture 
of graphite nov/dor and bindor; 
impregnated with. PyC ilenonitod 
from Bciiacno 12 b at P3tt°0

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

3 compacts, 
distributed in 
Boxes 1, 3, 5

PAHG'tS , CO’ 'PACTS UXAT-'IEUD

Irradiation
Conditions Temperature (°C) 

Burn-up /! fima 
fifa

Ho, of days full powei 
No. of major thermal 

cycles

Vurs-i.-tno
2.o-2.6

1 2-1 9
42

2

113 (i: Sr,
23 (r. Th,
3A (r Th,
313 ft" Sr,
4B (s Th,

6A (S Th,

1325°C) annealed 
1350°C)
1400°C) annealed 
1400°C)
1375°C)

1225°c) annealed
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Talkie 6
Details of Pyrocar'bon Coated (f,T-tU)0 Particles Irradiated in HPD5

Kernel Fabrication

Coating Details

Prepared from hafnium free ZrC and UO powders 5 vol. t/*>
excess carbon added. Spheres sintered at 2000°C for 
4 h in vaciio. . , ,
Density (in xylene) 7.06 g/om^ Av. closed porosity 4,8‘S 

(in Hg) 5*24 g/om:5 Av. total porosity 35.0'^

Kernel diameter (jj)
1st stage Coating temp. °C 
Total thickness ' ..((i)
Type of coating

251-295 
1600 

20-25
This first si.?-go actually consists of five steps, the 
pari.ial pros.mro of methane being dropped after 25, 20, 
10, 20 and 10 minute intervals to produce -interrupted 
laminar coating

2nd -stage 
Batch Do.
Coating temp, °C 
Thickness 
Coating structure 
Total coating thickness

Pre-Irradiation Tosting 
Fraction of core leached.

(9)
ffi)

0200
1200

pi
Columnar

75

C201
1600

50
Columnar

72

0202
1600

40
Laminar

62

0203
1450

95
Laminar

11?

6.7 x 10~4 8.0 x 10-5

a-assy. TF visible 
IT in core

Light irradiation data 
Cumulative fractional 
relea.se of Xe-133

Fractional release at end 
of test of other fission 
products - test time h

Ba-140
1-131

Cs-137

20
40
lo

100
200

Compact Details

Irradiation Conditions
Average irradiation temp, °C 
Burn-up fo Pima

fc Fifa ' ■
Bo. of days at full power 
lo. of major thermal cycles

b 4.2 x 
h 5,1 x 
b 5,9 x 
h ?„o x 
h 8,6 x

10 ; 
m"5
10.4 10 i 
10 -

5.5 x 10”^
6.3 x 10~{
6.4 x 10-'
7.9 x 10~

5,5 x 10™^
7.7 x IO-'
9.4 x io“;
1.2 x 10“®
1.5 x 10

<<5 x 10

)

220 ■ „
4.1 x 10~)
9.3 x 10“( 
5.9 x 10“-

144 _0
4.3 x 10"' 
3.1 x. 10'", 
5.9 x 10"’

150 ?
2.9 X 10“^ 
6,3 x 10, 
1,6 x 10“J

240
1.1 x 10 •:
6,5 x 10“J 
5.4 x 10“4

Charge contained 3 capsules of each type

Range covered 1350-1750°C 
2.0-2,7 
12-16 
40



Tatis 7
Details of Pyroearbon Coated UCg Particles Irradiated in Pluto Loop Charge IIIA

Kernel Fabrication Prepared from U0„ using Williams process. Reacted at 1400°C for 3 h to produce spheroids of density 5*5 g/°

Coating Details
Batch It o. C20 C27 C23 C29 C30 031 C32
Kernel Diameter 1.78-250 123-173 128-173 123-173 173-250 128-173 128-173
Coating Conditions
Stave 1 !?“?• °C.... . Time m

1300 1300 1350 1350 1350 1350 1350
10 20 20 20 20 20 20

„ Temp. °C 1 6 SO 16?'' 1600 1600 1 600 1600- 1600
r Time m 90 50 60 60 30 60 60

o Temp. °C
Time m

1400 1400 1 400 1400 1430 1430
25 40 40 100 50 45

Average Coating Thiolcness (^fi) 153 64 61.5 54.5 55 78 77.5
Weight of UCg particles in charge g 5.0 10.52 11.2 10.39 7.73 9.22 5-27

»

I Pre-Irradiation Testing
Fraction of core leached 
a-assy
Light Irradiation Data 
Cumulative fractional release of 
Xe-133 on annealing

7.5 
0.2^ of

x 10_3-9.4 x 10-3

20 h 
40 h 
60 h 
80 h 
92 h

core visible
1000°C
1500°c
1500°c
1500°c
1500°C

0.31
2.2
2.7
3.4
3.6

1°-j10-4
10410 7 
10-4

Compact Details Compacted into matrix using mixture of fine graphite powder and binder. 
Impregnated with pyroearbon for 18 h 35C-890 C

Irradiation Conditions

Average -Irradiation Temp. °C 
3urn-up ^ Fima 

Fifa

I»To. of days at full power 
ITo. of major thermal cycles

Range in Loop Insert 2 Insert 5 Insert 9

700-1200 800 100 1150
7-14 8 12 14
7-14 3 12 14

33
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Ta/ble 0 ■■ I
Details of Wticles in StudsVllc I Charge'

S11!f 1GV1.y X V.rv;'r, rno-lrradiatlon and Irradiation Data (ThjU)Cg pip-j-= 9.55 (nominal a 10)

(1) U + —> UG„ (sintering 3 h in vacuo 1500°C)
Starting materials

(2) UC2 + Th + 0
Uranium enrichment (11-23550 93.09

ftemnorature 2000°C
Sintering Conditions (Time

Vacuum (10 mm Hg)(Atmosphorn
Kerriel
Pabrloation . Composition of fTheoretical U = 0.07/ Th =• 81,59f C a 9.59^- U/Th a 0.1086

Sintered Particles (Experimental (area) U a fl.SCt/' Th a 81.03'g C = 10,665( U/Th a 0.1025
Melting in plasma arc Wo 'es

Density (g/oiA) = (Theoretioal 9,76 0.76
(Xylene 8.0 o,2

"X-ray analysis" ThCg lines + filint ThOg lines

Kernel diameter (|i) -353 +25? -422 +251
Batch .Itumher 083 C92

Temperature (°C) 1340 1380
lot Stage Thicknoso (n) 1.5 9

Type pyroearbon laminar

CaatinR Temperature (°C) 1600 1600
Details 2nd Stage Thioknoos (p)

Typo SiC (p)
64

SiC (p)

. 3rd Stags Temporaturo (°0) 1700 1700
Thickness (p) 40 44
Type pyroearbon laminar

Total Thioknoos (fi) 121 113

.Fraction of core visible ((t-assy. ) 3.2 x IO-5 5.4 x 10-6
Density of coated particles 3.33 3.41

^Pro-Irradiation Uranium content of coated particles (Wt. r) 4.21 4.41
Testing Crushing strength (g) 2100 2630

Light Fractional release of
Irradiation Xe-133 at 1500°C
Data ~ after 2^ h 1.5 X 1o“5 3.6 x to"7

- after 200 h 2.1 X 10 4

. Compact Details Samo procedure as for H.PD4 Two compacts containing The four compacts
these particles were in containing melted
Loop A particles were in

Loops B and C

Loop A Loop B Loop C

Temperature (°C) (iieon11"
000-1000
970-1150

970-10701200-1270
850-930
950-1100

Irradiation
ConAittons

Burn—up € fima 
f> fifa

1.2
13.4

1.1512.8
1.6

18
Wo, of days at full power 37 3? 37
Ho. of major thermal cycles „
Average thermal flux (n/s/cnr)

7 u0.78 X 10 + 7 14 7 . 140.75 r 10 4 1.07 * 1014
Compacts examined mioroooopioally 4, B1 C1
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Fig. 1 DYf Tin irradiated Particle (X250)

Fig. 2 PL IIIA/2; Typical Particle (X250)



Fig. 3 DY7$ Typical Particle (X250)



Fig. 5 PL IIIA/l j Details of Structure of Kernel (X570)
and Spearhead Attack

Fig. 6 PL IIIA/2; Structure of Kernel (XI000)



Pig, 7 PL IIIA/7; Large Spearheads Penetrating
the Coating

Pig, 8 DY5j Diffusion of Fuel into Goa,ting; Kernel 
has a low density and has an inclusion
of graphite at its centre

(X250)

(1250)



Figs 9 HPD2/3f Diffusion of Fuel and Coating (X250)

■l

Fig. 10 PL IIIA/5} Deta.ils of Fine Precipitate
in Carbide Phase

(X250)



Fig. 11 (XI90)P11 Broken Particle

HPD4/3A5 Structure of Partially 
lecrystallised Kernel

Fig. 12 (X380)
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Fig. 13 HPD4/2A| Structure of Un-Hecrystallised kernel (X350)

Fig. 14 HPF4/4F5 Typical Particle (X150)



Fig. 15 DY; TJnirradiated, showing Diffusion of Fuel 
through Coating at 2200°C

(X240)

Fig. 16 PL IIIA/7; Diffusion Zone Extending 5^ (X250)



Fig. 17a DY15 Diffusion of Fuel into Coating (X250)

Fig. 17b DY1| As Fig. 17a under Polarised Light (X250)



Fig. 18 PL IIIA/9$ Severe Lamination of Coating (X250)
ca,used bj External Corrosion

Fig. 19 Characteristic Shape of Spearhead 
Attack

(X2?5)
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Pig. 20 DY7i Spearhead Attack and Swelling of (X250)
Kernel into Voids

Pig. 21 P1| Microradiograph showing Spearhead Attack (XI60)



Fig.

Fig.

22a BY1; Particle under Whits Light (X2rjO)

22b DY1 | As Pig. 22a under Polarised light (XipO)



?ig. (X160)

Fig. 24 HPD5; Ocating Type 0200, Unirradiated (xi6n)



Pig. 2p HPD5; Coa,ting Type 0203) Unirradiated (XI60)

Pig. .26 HPD5; Coating Type 0202, Unirradiated (X1 60)



Fig. 2? HPD5/5A; Penetration of Spearhead Attack into Outer Columnar 
Coating (X154)

Fig. 23 HPD5/3A; Spearhea.d Attack Limited to Inner Coating



29 HPD5/5B; Coatings Fractured by Wide Radial Cracks (XI94)



Fig. 31 HPD4/3B5 Intact Kernel, Cracks in SiC Often Correspond with
Tips of Spearheads in Inner PyC Layer (X200)
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