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The satisfactory behaviour of hyperstoichiometric UC under

organic cooled reactor conditions has been demonstrated to burnups in
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cladding temperatures approaching 500°C. Satisfactory performance at

ratings above 100 kW/m and burnups of 250 MWh/kgU seems probable.
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Carbure d'uranium comma combustible pour les réacteurs
dont le caloporteur est organique

par

R.W. Jones et J.L. Crosthwaite

Ré sumé

On passe en revue 1'expérience acquise en

matière d1irradiation du carbure d'uranium compte tenu

particulièrement des aspects susceptibles de favoriser

son utilisation comme combustible; pour un réacteur de

puissance ayant: un caloporteur de type organique.

Le comportement satisfaisant du carbure

d'uranium hyperstoichiométrique dans les conditions

d'un réacteur dont le caloporteur est organique a été

démontré jusqu'à des taux de combustion supérieurs à

400 MWh/kgU pour des rendements énergétiques par

élément allant jusqu'à 90 kW/m et à des températures

de gainage de l'ordre de 500°C. Une performance

satisfaisante, a des puissances supérieures a 100 kW/m

et a des taux de combustion de 250 MWh/kgU, semble

probable.
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1. INTRODUCTION

Although the uranium carbides were first considered as a

nuclear fuel in 1946, intensive research and development did not begin

until 1959. Since then work has continued on the development of fabrication

methods, the measurement of properties and the evaluation of their

performance.

As a result of this earlier work, uranium monocarbide is

considered to be an attractive fuel for an organic cooled, heavy water

moderated reactor, and was selected as the reference fuel for the CANDU-

OCR-500* power reactor study. It combines some of the advantages of both

metallic and oxide fuels, i.e. high uranium density (12.96 Mg/m3), good

thermal conductivity, high melting point, reasonable dimensional stability,

low fission gas release during irradiation, and chemical compatibility

with cladding materials. Also, there are no dimensional changes resulting

from phase transformation over the range of temperatures of interest in

power reactor technology.

All materials have disadvantages and UC is no exception.

The disadvantages of carbides result from their thermodynamically reactive

nature. The UC-cladding compatibility limits, although high, are lower

than for oxide, but higher than for metal. The poor oxidation resistance

of carbides requires that they be handled in atmospheres of low oxygen

and moisture content. This poor oxidation resistance limits their use

to non-aqueous cooled systems such as organic, liquid metal or helium

cooled reactors.

* Canada Deuterium Uranium - Organic Cooled Reactor



1.1 THE URANIUM-CARBON SYSTEM

Figure 1 shows the region of the uranium-carbon phase diagram

of interest for a reactor fuel and indicates the existence of three

compounds: UC, U2C3 and UC2.

UC, stoichiometric uranium mcnocarbide, is a compound of

invariant composition containing 4.80 wt% carbon. It has a theoretical

density of 13-63 Mg/m3 and crystallizes in the fee* NaCl structure, which

is maintained up to the melting point. The UC is isomorphous with the

actinide metal monocarbides as well as UN, US and UP. Oxygen can also

replace carbon in the lattice structure up to approximately 25 atom %.

The cast material has a silvery metallic appearance and is hard and

brittle at room temperature.

Stoichiometric UC is difficult to prepare and impractical

on a commercial basis. UC fuels are classified as hypostoichiometric

(< A.80 wt% carbon) or hyperstoichiometric (> 4.80 wt% carbon). The

microstructure of hypostoichiometric UC consists of a fine dispersion

of U-metal within the UC grains or precipitated along the grain boundaries

(Figure 2a). The microstructure of as-cast hyperstoichiometric UC consists

of a UC matrix with a Widmanstatten pattern of UC2 platelets in the (100)

planes of the fee matrix (Figure 2c).

The "UC2" phase always appears to exist with a substoichiometric

carbon content<2), ranging from UC1.75 to Ud.90. "UC2" has a fee

fluorite structure at high temperature and transforms to a body-centred

tetragonal structure at 1820°C. Complete solubility occurs between UC

and "UC2" in the fee phase above 2000°C. The "UC2" phase is retained

in a metastable form in material rapidly cooled from the melt. It is

reported to transform to U2C3 at high temperatures (> 1400°C) under stress

or after prolonged annealing in vacuum (UC + UC2 +• U 2C 3). Henney et al.

believe that "UC2" is stabilized by dissolved oxygen.

* face-centred cubic
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U2C3, uranium sesquicarbide, cannot be produced directly by

casting or by compaction of a powder. Once formed at elevated temperature

it is stable at room temperature. It decomposes to UC and "UC2" at

approximately 1800°C. The structure is body-centred cubic.

Henney et al.(3) reported that U2C3 is formed by annealing UC

in a vacuum of about 10~3 Pa or in an inert atmosphere of low oxygen

content at 1000 to 1750°C. A temperature of 1500°C appeared to be optimum.

The formation of U2C3 was always associated with a drop in the oxygen

content to < 100 Ug/g. The formation of U2C3 always begins at surfaces

(cracks, porous areas, etc.), which is consistent with the removal of

volatile impurities.

It has been postulated CO that stress is necessary for U2C3

formation. However, the conclusion that only a low oxygen content is

necessary is not inconsistent with other data since, in most cases, vacuum

treatment was involved in the method of preparation.

Hahn'5) suggests that oxygen and nitrogen affect the phase

equilibria and possibly the irradiation behaviour of uranium carbide,

since these elements can replace carbon in the U-C lattice. Kerr^6)

uses the term "equivalent carbon" to specify a carbon composition which

contains a few hundred ppm oxygen and nitrogen. These impurities can

be significant near the UC stoichiometric composition because they can

cause "UC2" platelets to precipitate if the "equivalent carbon" content

of 4.80 wt% is exceeded.

1.2 FABRICATION OF URANIUM CARBIDE

Techniques for the fabrication of uranium carbide in forms

suitable for nuclear fuel elements have been reviewed by Accary(7). The

most common methods of preparing uranium carbide are:



Hypostoichiometric (4.53 wt% C)

b: Stoichiometric (4.80 wt% C)-

-*-c: Hyperstoichiometric (4.88 wt% C)

FIGURE 2: ARC-CAST UC SHOWING DIFFERENT MICROSTRUCTURES (250x)



(1) the reduction of UO2 with carbon, and

(2) the carburetion of uranium metal with graphite,
carbon black or a hydrocarbon gas (e.g. methane).

Fuel compacts are fabricated either by melting and casting

or by solid state compaction (i.e. sintering, hot pressing, mechanical

compaction). These techniques produce different types of material.

Cast material has a large grain size (> 100 ym), a high density (98 to 99%

of theoretical) and a low impurity level (< 500 yg/g 0 + N ) . Cold pressed

and sintered material has a small grain size (approximately 10 ym), a

lower density (90 to 95% of theoretical) and a higher impurity level

(1000 to 5000 yg/g 0 + N ) . All of the irradiations carried out at AECL

have used arc-cast material.

2. PROPERTIES OF URANIUM CARBIDE

The physical, mechanical and chemical properties of uranium

carbide have been reviewed in detail by several authors'2'8"12) and only

a brief mention of some of the more pertinent properties is given here.

2.1 PHYSICAL AND MECHANICAL PROPERTIES

Uranium carbide is a hard, brittle material and is subject

to thermal stress cracking'13' when operated at high heat ratings. It

is harder and stronger when compressed than most other materials. It has

a melting point of 2495 ± 30°c(12). The density of uranium carbide of

various carbon compositions can be calculated from the theoretical densities

of UC (13.63 mg/m 3), UC2 (11.68 mg/m3) and U-metal (19.05 mg/m3). A number

of different values for the thermal conductivity of UC have been reported



ranging from 0.16 to 0.23 W/cm.degC^12) for unirradiated material. Tachis

et al. (llf) measured the in-reactor thermal conductivity and found it to

be represented by the equation:

X = 0.113 (1 + 3.67 x lO^T)

where X = thermal conductivity in W/cm.degC and T = temperature in °C.

They attributed the different values reported by various laboratories

to unknown differences in physical structure and/or chemical composition

of the UC.

A comprehensive investigation of the variations in thermal

expansion with carbon content and temperature has been reported by Atomics

International(15). The coefficient of linear thermal expansion of UC

at room temperature is reported to be 11.3 x 10~6 per degree C.

2.2 CHEMICAL PROPERTIES

2.2.1 OXIDATION (REACTION WITH OXYGEN AND WATER)

Uranium carbides react with oxygen or air. The rate of attack

appears to depend on the amount of water vapour present(B). In the absence

of water, oxygen rapidly forms a thin (1 nm) protective coating'16). Under

certain conditions in the presence of water vapour, the formation of a

coherent oxide film in the initial stages of oxidation appears to inhibit

the reaction with water'2).

The carbides react rapidly with water as the temperature

increases forming UO2, hydrogen and hydrocarbons^8'12'17^, thus making

them unsuitable as fuel for water or steam-cooled reactors.

The chemical reactivity of uranium carbide also necessitates

care in handling and storage during fuel fabrication. Storage under

vacuum, dry argon, or heated mineral oil have proven to be acceptable

methods.



2.2.2 REACTION WITH NON-AQUEOUS REACTOR COOLANTS

Uranium carbide appears to be fairly inert in organic coolants

such as Santowax OM and HB-40. A test on low density sintered carbide

showed no reaction in diphenyl or terphenyl after 5 hours at 350°c(18).

Atomics International carried out tests on arc-cast UC in Santowax R for

1000 hours at 400cc(8). The carbide broke into several pieces, but this

was attributed to the presence of water in the coolant. Small additions

of water (e.g., 400 Ug/g) are usually made to an organic coolant to maintain

the oxide film on zirconium alloy fuel cladding and to control the coolant

fouling potential. Defected UC fuel elements have operated in such an

environment for several days without any deleterious effects' '.

Uranium carbide is also compatible with several liquid metals^

such as sodium, sodium-potassium alloys, lead, and bismuth. No test data

are available on UC compatibility with molten salts, but the thermodynamic

properties suggest there would not be any problem.

2.2.3 COMPATIBILITY WITH CLADDING

The compatibility of uranium carbide with cladding materials

has been studied extensively(2°~23). In general, uranium carbides exhibit

a greater chemical reactivity with metals than do uranium oxides.

Atomics International have shown(22) that uranium carbide

is compatible with zirconium-based alloys up to 800°C. No evidence of

UC-Zr interaction has been observed in the post-irradiation examination

of Zr-2.5%Nb, Zircaloy-4, or 0zhennite-0.5 clad UC fuel elements.

Hypostoichiometric uranium carbide is compatible with type

304 stainless steel up to 970°C with or without a sodium bond^22).

Hyperstoichiometric uranium carbide is compatible with 304 stainless

steel with gas bonding up to 870°C. It is incompatible with sodium



bonding because of carbon transfer from the carbide to the steel, which

becomes brittle.

Uranium carbides are compatible with SAP alloys (sintered

aluminum product) below 500°c(23). Localized reaction begins at approx-

imately 510°C and rapid reaction occurs above 565°C.

3. IRRADIATION BEHAVIOUR OF UC

3.1 IRRADIATION EXPERIENCE OUTSIDE AECL

The irradiation performance of uranium carbide has been studied

fairly extensively since 1960 when a series of six capsules were irradiated

by Battelle Memorial Institute for Atomics International(2h>25). The

fuel specimens were 9.5 mm diameter and 127 mm long in NaK-filled stainless

steel capsules. All of the UC was arc-cast material. Four specimens

were hyperstoichiometric, one was stoichiometric and one hypostoichiometric

UC. The fuel was irradiated at maximum centre temperatures between 700

and 1000°C to a peak burnup of 600 MWh/kgU. Dimensional stability was

good and fission gas release was approximately that expected from recoil

from the fuel surface.

These were followed by additional irradiation tests on somewhat

larger specimens^2"*^ (12.7 mm diameter, 300 to 450 mm long) also in NaK

or Na-filled stainless steel or nickel capsules. Peak centre temperatures

up to ̂  1300°C were estimated and burnups ranged from 150 to 575 MWh/kgU.

Most of the capsules contained hyperstoichiometric UC.

Increased swelling with increasing fuel temperature and burnup

was observed. Fission product gas release was low and in agreement with
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calculated values derived from surface release and diffusion. The fuel

specimens were cracked in a manner typical of brittle materials under

thermal stress. Carbon transfer from the hyperstoichiometric UC specimens

to the stainless steel cladding was noted.

Further irradiation testing of UC by Atomics International

was directed toward the proof-testing of arc-cast, hypostoichiometric UC

under conditions suitable for use in a sodium-cooled graphite reactor

system (SGR)( 5, 2 6~ 2 8) % Some of the tests operated at element linear

heat ratings of 113 to 120 kW/m and centre temperatures of 900 to 1000°C,

and reached burnups of 480 to 720 MWh/kgU.

The tests were carried out in Na-bonded, stainless steel

capsules. The fuel column consisted of approximately six pellets totalling

457 mm. Fuel diameter was 12.7 mm. The uranium in these and the earlier

irradiations was 10% enriched. This resulted in a higher fission rate

near the fuel surface, a larger fraction of the total fissions in the

lower temperature fuel and a higher average fuel temperature.

From these tests Atomics International concluded that fission

gas release and density changes in hypostoichiometric UC were acceptable

for use in sodium-graphite reactors. Fuel density decreases of 2 to 3%

per 240 MWh/kgU were observed and fission gas release was generally less

than 1%. In one experiment a release of 3.3% occurred, but the fuel had

inadvertently operated at a temperature of over 1400°C (possibly as high

as 22OO°C) for a short period. Severe swelling of the fuel also occurred

(̂  7.5% per 240 MWh/kgU).

It was also concluded that there was a correlation between

the composition of the UC and swelling, dimensional stability of the

fuel increasing with increasing carbon contect. The presence of free

uranium metal appeared to be detrimental to dimensional stability at

high temperatures and high burnups. No migration of carbon was observed

in either stoichiometric or hypostoichiometric fuel. Gaseous fission
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p-oducts appeared to migrate to grain boundaries where they coalesced

into microscopically visible bubbles. Free uranium metal within the

UC grains tended to agglomerate at the grain boundaries, particularly

at higher temperatures. Also, the free uranium concentration appeared

to increase in the colder fuel relative to that at the centre.

The first electricity produced from fission of UC was in

June 1963 when two elements were inserted in Core II of the Sodium Reactor

Experiment(26). Ten elements were inserted in the first core of the

Hallam Nuclear Power Facility. Satisfactory operation of all elements

was reported at burnups of less than 240 MWh/kgU and maximum fuel

temperatures up to 1000°C, but no post-irradiation examination results

are available.

A series of capsule irradiations was carried out by United

Nuclear Corporation to determine the suitability of UC as a fuel for

high heat flux reactors 'l l*. The irradiation program was designed co

determine the effects of carbon content and method of fabrication on

irradiation stability.

Three capsules each containing five 12% enriched UC specimens

9.45 mm x 19 mm were irradiated using Nb-1% Zr as cladding material.

Two of the capsules were sodium bonded and the third was mechanically

bonded and helium filled. Both arc-cast and sintered material of different

stoichiometries were irradiated in each capsule. Linear heat ratings

ranged from 80 to 120 kW/m. Burnups ranged from approximately 340 to

960 MWh/kgU. Maximum fuel temperatures ranged from 1000 to 1350°C.

The results indicated that fuel swelling and fission gas

release decreased with increasing carbon content. The authors concluded

that hyperstoichiometric UC (5.2% carbon) can be taken to burnups of

860 MWh/kgU at 1100 to 1200°C with release of 5% of the fission gas

produced and a diametral increase of approximately 6%. Somewhat poorer
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performance was exhibited by stoichiometric fuel, and hypostoichiometric

UC (4.4% carbon) was inferior with respect to swelling and fission gas

release. In general, arc-cast material was superior to sintered UC.

The UK have reported(29) results from the irradiation of

small (2.5 mm diameter) fully enriched, sintered, slightly hypostoichio-

metric UC fuel pins taken to burnups of 100 to 140 MWh/kgU. Estimated

centre temperatures were 570°C. Swelling and fission gas release was

low, but microscopic examination of the fuel suggested that fro.e metal

in the structure would swell because of the formation and growth of gas

bubbles as in bulk metal. The authors recommended that hypostoichiometric

structures be avoided.

There is a considerable amount of data available from the

fast reactor program in the USA on the irradiation performance of mixed

U, Pu carbides^30'32). The similarity between UC and (U, Pu)C permits

a qualitative extrapolation of the data.

Mixed carbides have been taken to burnups in excess of

2400 MWh/kgU. The fuel was sintered, hyperstoichiometric carbide and

centre temperatures were as high as 1500°C. Fuel density decreases were

1 to 2% per 240 MWh/kgU. Fission gas release ranged from < 1% to ^ 50%

for the highest burnup specimens. No significant microstructural changes

were reported.

Mixed carbide irradiations have also been carried out in the

UK(33,3i») an(j i n F r a n c e(35)_ xhese irradiation tests are summarized in

Reference^12).
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3.2 X-7 IRRADIATIONS

3.2.1 X-711 AND X-715

The first AECL* irradiation of uranium carbide was done in

the X-7 organic cooled loop in the NRX reactor at CRNL**^36) in February,

1962. The fuel assembly consisted of six SAP clad and two stainless

steel clad elements, which were supplied by Euratom. The stainless

steel elements were provided with in-fuel thermocouples. The fuel defected

on reactor startup but was irradiated for two weeks until a rapid increase

in pressure drop across the fuel was noted. Examination revealed that

the sheath of one of the elements had split circumferentially and the

element was in two pieces(19). Activity levels in the loop remained low

throughout the irradiation.

This was followed, in April, 1962, by an irradiation of two

more instrumented, stainless steel clad UC elements. These operated

successfully for one reactor cycle (21.7 effective full power days) as

scheduled. No detectable change in element diameters was noted during

the post-irradiation examination. Average fuel pellet diametral increases

were 3%.

3.2.2 X-716

Uranium carbide was irradiated in the X-7 loop as part of a

co-operative program between AECL and EURATOM^37). The primary objective

of these tests was to measure the thermal conductivity of UC under

irradiation. In addition, the experiments were designed to obtain inform-

ation on radiation damage effects in UC and chemical compatibility between

UC and SAP.

The fuel was nominally stoichiometric arc-cast UC (measured

carbon values ranged from 4.67 to 4.85%), clad in SAP. Two 7-element

* Atomic Energy of Canada Limited

** Chalk River Nuclear Laboratories
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assemblies were irradiated for one reactor cycle, one in November, 1963,

the other in March and April, 1965. Maximum element linear heat rating

was approximately 75 kW/m and peak centre fuel temperature was approximately

1000°C.

The results of the second phase of the experiment have been

reported in detail(14). The short irradiation period resulted in a burnup

of < 7 MWh/kgU, and therefore little pertinent information on swelling

and fission gas release behaviour was obtained.

3.2.3 X-721

Exp-NRX-72l(38) was the first AECL long-term irradiation of

UC and was a co-operative experiment between AECL and Atomics International.

The irradiation was carried out in two phases from December 1963 to

December 1964. The fuel was arc-cast, slightly hypostoichiometric UC

(4.6 to 4.8 wt% carbon) and operated at element linear heat ratings up

to 104 kW/m. The UC fuel stacks were 180 mm long and 14 mm in diameter.

The elements were clad in finned SAP and some were instrumented with central

thermocouples. The highest temperature measured was 1620°C at the start

of the irradiation. This value decreased to 1020°C at the end, presumably

as a result of an increase in fuel-to-sheath conductance as the fuel

swelled. Burnups ranged from 85 to 265 MWh/kgU. The irradiation was

terminated because of a split in the cladding of the element with the

highest burnup. The failure was attributed to the fuel over-straining

the SAP cladding.

Post-irradiation examination of the fuel showed a maximum

density decrease of 6%. Diametral expansion of the fuel ranged up to

1.5%. Maximum fission product gas release was 1.4%. Metallographic

examination revealed the migration of free uranium towards the periphery

of the fuel.
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3.2.4 X-736

Exp-NRX-736 was a series of single element irradiations

intended to investigate arc-cast UC performance at the high power densities

required in the WR-1 fast neutron (FN) facility fuel.

Five irradiations (Phases) were completed. All elements

were prototype FN facility design with the following specifications:

Length: 422 mm

Diameter: 10 mm

Fuel Stack Length: 395 mm

Carbon Specification: 4.8 to 5.2 wt% C

Table 1 summarizes the known data for the five irradiations.

Note that for Phases I and II the carbon specification was exceeded.

In Phases I, II and III the ratings achieved were only 65%

of those intended. The discrepancy was traced to an incorrect prediction

of the enrichment required to produce the desired ratings in NRX. This

was corrected for Phases IV and V in which the highest ratings conceivable

for the WR-1 fast neutron facility were reached.

Phase I failed at a circumferential ridge adjacent to a pellet

interface. Since the sheath was heavily hydrided from the ingress, and

subsequent pyrolysis of organic within the element, no firm conclusions

could be drawn about the cause of the defect. Phase II, despite operating

at a higher rating, survived twice as long without defecting and was

intensively examined for indication of a failure mechanism in progress.

At each pellet interface, the sheath was circumferentially ridged. A

longitudinal section through one of the interfaces is shown in Figure 3.

The ridge is heavily hydrided with deep penetrating surface cracks. At

the double dished fuel pellet interface, the contact rims of each pellet

are deformed toward the ridge.
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FIGURE 3: LONGITUDINAL SECTION THROUGH UC FUEL ELEMENT FROM X-736,
[PHASE II] SHOWING PELLET INTERFACE AND HYDRIDED SHEATH AT RIDGE.

The mechanism proposed for this imminent failure was that

compressive axial loading through swelling and thermal expansion caused

high stress and fuel creep deformation at the narrow pellet interface

rims. This in turn led to sheath ridging, surface oxide film disruption

and a hydrogen window at the ridge. In conjunction with this, the low

sheath temperature associated with the reduced heat flux in the vicinity

of the double dish could have resulted in a local hydrogen sink, and

the ridge may have been aggravated by the volume change associated with

the precipitated zirconium hydride.

Data quoted from General Electric Company experiments in

the UK^2) showed that high carbon content UC such as that used in

Phases I and II has low compressive creep resistance. Consequently
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the pellet rim interfaces of Phase II could have deformed to a greater

extent under compressive loading than if the carbon specification of

4.8 to 5.2 wt% C had been met.

In the Phase III irradiation, the fuel carbon content was

within specification and the rating of Phase I was repeated. A reasonably

high burnup was achieved without defect and the post-irradiation examin-

ation revealed smaller ridges at pellet interfaces. Only minute areas

of hydride had accumulated at ridge crests and there were no surface

cracks in these.

In addition to increased enrichment, the fuel for Phases IV

and V was manufactured with pellets dished at one end only since the

evidence accumulated from Phases I to III indicated double end dishing

was unnecessary for both fission gas and swelling accommodation. As

evidenced by the Phase II examination, double end dishing also appeared

to aid ridge formation. Nevertheless Phase IV failed early in the

irradiation at a circumferential ridge. The subsequent examination once

again revealed the phenomenon of hydride precipitation, ridging and

embrittlement of the sheath at pellet interfaces. However, at 4.9%

the volumetric swelling was significantly higher than in the first three

phases in which the fuel centre temperature had been 300 to 400 degC

cooler. This may have augmented ridge formation at the single-dished

pellet interfaces.

Phase V, the last in the series, was originally manufactured

as a replica of Phase IV. However when the latter defected after a

short burnup, two 0.64 mm diameter Ozhennite-0.5 alloy sink wires were

attached to the element to alleviate the effects of hydride migration

in the cladding. This element achieved a burnup of 240 MWh/kgU before

defecting. The wires apparently functioned as intended until reaching

terminal solubility when hydride precipitation at the pellet interfaces

once again resulted in a defect.
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As a result of the X-736 irradiations two important decisions

were reached regarding the design of UC fuel:

(a) All dishing of UC pellets was unnecessary to accommodate
either swelling or fission gas release. In fact such
dishes were detrimental to fuel performance because
they promoted circumferential ridging.

(b) It was imperative that the fuel carbon content be kept
within the specified limits of 4.8 to 5.2% by weight.

The experiment confirmed that in the two successfully completed

irradiations fission gas release was typical of the U-3 and WR-1 irradiations

reported in Sections 3.3 and 3.4. In all Phases the swelling rates were

within the curve boundary limits shown in Figure 4.

3.3 NRU IRRADIATIONS

3.3.1 U-302

Exp-NRU-302(39) was the first full-scale uranium carbide fuel

bundle irradiation test carried out by AECL. The experiment was intended

to demonstrate the feasibility of using UC as a fuel in an organic cooled

reactor system.

The fuel was arc-cast, hyperstoichiometric (4.8 to 5.0% carbon),

natural UC. The irradiation assembly consisted of two 830 mm long SAP

and three 500 mm long zirconium alloy clad, 19-element, 82.5 mm diameter

bundles.

Random length pellets between 40 and 150 mm long were dished

at one end to accommodate differential axial expansion of the fuel.

Maximum design linear heat rating of the fuel was 52.8 kW/m and maximum

centre temperature was calculated to be 950°C. Peak operating values

were approximately 10% higher.



TABLE 1

X-736 IRRADIATION DATA

Status

Linear Heat Rating (kW/m)

Average Burnup (MWh/kgU)

Max. Fuel Centre Temp (°C)

UC Carbon Content (wt%)

Volumetric Swelling
(%/240 MWh/kgU)

Fission Gas Release (%)

Max. Diametral Strain (%)

Longitudinal Strain (%)

Enrichment
(wt% 235U in total U)

Pellet Design

Cladding Material

I

Defected

53

130

900

6.8

1.2

-

2.8

0.72

4.95

Double Dished

Zi.rcaloy-4

II

Completed
Without Defect

73

269

1000

6.6

3.0

0.02

1.8

0.52

7.13

Double Dished

Zircaloy-4

PHASE

III

Completed
Without Defect

53

230

900

4.8-5.2

1.8

< 0.01

1.0

0.72

4.95

Double Dished

Ozhennite-0.5

IV

Defected

99

91

1300

4.8-5.2

4.9

-

**

1.4

19.0

Dished One End

0zhennite-0.5

V

Defected

100

240

1300

4.8-5.2

3.3

-

**

**

19.0

Dished One End

Ozhennite-0.5

** Data not available
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The fuel was irradiated from July 20, 1964, to October 26,

1964, and May 7, 1965, to July 5, 1965. The interruption in the irradiation

resulted from coolant chemistry problems (high fouling potential) and

modifications to the loop. The irradiation was terminated after reaching

a peak burnup of approximately 95 MWh/kgU (target was 190) and replaced

with the U-305 series of experiments.

No destructive examination of the fuel was carried out since

the burnup was too low to be of interest. However, the three zirconium

alloy clad bundles were profiled to obtain information on fuel element

bowing. Element bows were approximately 1 mm, which is considerably

greater than expected from data obtained from bundles irradiated in WR-1

to similar burnups. It should be noted, however, that the bundles were

in storage for approximately 4% years before the profiles were taken,

and the condition at the time of removal from the reactor is not known.

3.3.2 U-305

The U-305 series of irradiations was part of the US Heavy

Water Organic Cooled Reactor (HWOCR) program, and was a joint venture

of Atomics International and Combustion Engineering. The experiment

consisted of three assemblies, referred to as U-305, U-305 - Alternate 1,

and U-305 - Alternate 2. U-305 and U-305 - Alternate 1 were identical

assemblies, and consisted of three 18-element bundles of SAP clad hyper-

stoichiometric UC, and two 18-element bundles of Zircaloy-'' clad U0 2.

U-305 - Alternate 2 consisted of six SAP clad UC bundles. The irradi-

ations were carried out between July 1965 and February 1968. Table 2

summarizes the important parameters of the three assemblies. The corres-

ponding data for U-302 is included for comparison.

The irradiation performance and results of the post-irradiation

examination of U-305 and U-305A1 have been reported in
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TABLE 2

SUMMARY OF UC FUEL IRRADIATIONS IN U-3 LOOP

DIMENSIONS

No. of Bundles, SAP,
Zr

Bundle Length, mm

No. of Elements/Bundle

Bundle Diameter, mm

Clad Thickness, mm, SAP

Zr

Fuel Diameter, ram

Fuel Stack Length, mm

UC Composition, % C

U-302

2

3

830, 500

19

81.4

0.64

0.45

14.0, 14.3

770, 480

4.80 to 5.00

U-305

3

420

18

eo.6
0.76

12.7

345

4.82 to 5.20

U-305 -
ALT. 1

3

420

18

80.6

0.76

i:.7

34 5

4.i2 to 5.20

U-305 -
ALT. 2

420

18

80.6

0.76

12.7

345

4.82 to 5.20

OPERATIONAL DATA

Length of Irradiation, mo.

Target Peak Burnup, MWh/kgU

Actual Peak Burnup, MWh/kgU

Nominal Coolant Flow, kg/s

Maximum Linear Heat Rating, kW/m

Ave. Coolant Velocity, m/s

Max. Fuel Centre Temp., °C

5

190

-v 95

19.3

52.8

11.1

950

9

240

250

16.9

68.2

9.1

1090

17

240

340

16.9

68.2

9.1

1090

4

240

i.. qs

16.9

68.2

9.1

1090

The irradiations were designed to:

(1) evaluate the performance of SAP clad hyperstoichiometric
UG under HWOCR conditions,

(2) obtain information on swelling and fission gas release
behaviour of UC,

(3) obtain data on SAP cladding behaviour

(4) obtain information on organic coolant chemistry behaviour
and fouling.

All of the UC fuel for these experiments was arc-cast hyperstoi-

chiometric UC, 1.5% enriched in Z 3 5U. The fuel pellets were of random
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length between 25 and 150 mm, and spherically dished at one end to a depth

of 1.4 mm. The elements were loaded according to the carbon content of

the fuel to permit evaluation of the influence of carbon content on fission

gas release. The cladding material was finned SAP containing 5 to 8 wt%

A12O3. The 1100S aluminum end plugs were silver-eutectic bonded to the

sheath. The elements were screwed and pinned to stainless steel end

plates. The completed fuel assemblies were instrumented with sheath and

coolant thermocouples.

U-305 was irradiated from July 1965 to April 1966 when it was

removed because of a defect in the Zircaloy-4 clad U02 bundles. Peak

burnup was 250 MWh/kgU. The highest rated UC bundle was examined in

detail, together with a few elements from the other bundles. All of the

SAP/UC fuel was in excellent condition with no evidence of defects or

radiation induced degradation. All of the elements had bowed radially

outwards (maximum bow, 1.1 mm) but not sufficiently to cause the fuel to

stick in the channel.

The UC fuel pellets were relatively intact, except for cracking

typical of UC after irradiation and handling. Fission product gas release

was < 0.1% of the amount produced. There was a suggestion that gas

release was slightly higher in elements with 5.00% carbon. Fuel density

decreases averaged 2.1% per 240 MWh/kgU. There was evidence of slight

localized fuel-cladding interaction. The reaction product grew into the

fuel rather than into the cladding and was < 0.03 mm deep.

11-305 - Alternate 1 was irradiated from May, 1966, to October,

1967. The coolant was initially Santowax OM, the original U-3 loop

coolant, but was changed to HB-40 in August, 1967. Responsibility for

the experiment was transferred to AECL on May 1, 1967, because of termin-

ation of the HWOCR* program by the United States Atomic Energy Commission.

The fuel assembly operated in a defected condition for the final 4%

months of the irradiation period. No operating problems were encountered.

* Heavy Water Organic Cooled Reactor
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The highest rated bundle and the top bundle in the assembly

were destructively examined at WNRE. The examination confirmed the

results from the first irradiation. Fission product gas release was

again < 0.1% of the amount produced and fuel swelling averaged 2.0%

per 240 MWh/kgU. Peak burnup was higher, 340 MWh/kgU.

Fuel element bowing was greater (1.6 mm maximum), although

there is no record of the assembly sticking in the channel.

Some deterioration of the SAP cladding occurred at the top

of the upper bundle. There was a longitudinal split in the cladding

in the region of the fission gas gap and the top of the elements in

the region of the end caps appeared to have corroded. The corrosion

has tentatively been attributed to periods of operation with a high

water content in the coolant (i.e. > 500 yg/g). In U-305 - Alternate 2,

which was irradiated from October 28, 1967, to February 27, 1968, high

water levels (up to 2000 yg/g) were maintained and the SAP cladding was

severely corroded.

U-305 - Alternate 2 was not destructively examined because

the final burnup was only ^ 95 MWh/kgU.

The U-305 series of irradiations fulfilled the objective of

demonstrating the capability of satisfactory performance of SAP clad UC

under HWOCR conditions. The experiment showed that hyperstoichiometric

uranium carbide can be irradiated at a centre temperature of 1000°C to

a burnup of 340 MWh/kgU without excessive swelling or fission product

gas release.

3.3.3 U-39

U-39 was a capsule-type experiment C1**) done in co-operation

with Atomics International from July to November 1965 in NRU lat t ice
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positions K-23 and S-13. Small pins (1.6 mm diameter x 12.7 mm long) of

arc-cast uranium carbide were irradiated to obtain measurements of swelling

and fission gas release as a function of burnup, stoichiometry and operating

temperature. Some of the high temperature capsules failed during irradiation,

and precise operating temperatures for these are uncertain. The highest

burnup achieved was ̂  720 MWh/kgU.

Fission gas release measurements from such small specimens

are of little use since the quantities will be appreciably higher than

from a practical UC fuel specimen. Puncture test results from the intact

specimens ranged from ̂  0.2% to 6% of the amount produced, and as reported

elsewhere, there appeared to be a higher release from the hypostoichiometric

specimens.

Swelling measurements based on pre- and post-irradiation

density measurements ranged from 2 to 7% per 240 MWh/kgU. The values

tend to be higher than previously reported values but there is a large

uncertainty in the density measurements on such small specimens and there

was also extensive deterioration of some specimens.

The specimens were used by Oi for studying the behaviour of

fission gas bubbles in UC after post-irradiation annealingC*5). At

lower temperatures (< 1500°C) the volume increase from bubble growth in

hyperstoichiometric UC was much smaller than in hypostoichiometric UC,

but at higher temperatures it was greater. The behaviour of the UC in

this experiment was consistent with other reported irradiations.

3.3.4 U-311

EXP-NRU-311 was designed to demonstrate the use of hyperstoi-

chiometric uranium carbide at similar operating conditions to those required

for an organic cooled power reactor. Two fuel assemblies were built,

each consisting of four 100 mm diameter, 500 mm long, wire-wrapped,

36 element Ozhennite-0.5 clad bundles. The fuel for the first assembly
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was 1.8 wt% enriched in 2 5U to give a maximum element power output of

65 kW/m. The corresponding surface heat flux was 1540 kW/m2 and the

maximum fuel centre temperature was about 1000°C. Some elements contained

fuel slugs with dishes in one end for comparison with slugs with flat

ends.

The fuel was irradiated successfully in three stages between

August, 1970, and June, 1972, and reached a peak burnup of 295 MWh/kgl".

During the second operating period the power was increased between 15

and 25%. The bundles were rearranged prior to the third operating period,

resulting in a 60% increase in element power output for one bundle ffroir

47 to 75 kW/m).

Results of the pcst-irradiation examination'1*6) were typical

of UC irradiated under these conditions. Fission product gas release

was less than 0.1%, and fuel density decreases averaged 2.27, which is

at the lower end of the range expected for UC at the burnup and femnerature

of this irradiation. As shown in other tests, this irradiation a2 sf1

demonstrated that dishing of UC slugs to accommodate axial fuel exparsior

is not required.

The second fuel assembly in the experiment was enriched to

3.0 wt?o 2 3 5U in total U, and was irradiated to a peak burnup of 110 MWh/kgU

at a maximum element power output of about 90 kW/m for a series of coolant

heat transfer experiments. Visual examination in the hot cells indicated

the fuel was in excellent condition. No destructive examination was

performed.

3.3.5 U-313

Exp-NRU-313 is the irradiation of five 36-element Zr-2.5%Nb

clad UC bundles fabricated to the original concept for prototype OCR

fuel. The maximum element rating is 66 kW/m with a fuel centre temperature

of 1000°C.
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The bundles were irradiated in NRU to an average burnup of

50 MWh/kgU when they were withdrawn for an interim examination. This

revealed them to be in excellent condition. Subsequently four bundles

were transferred to WNRE* for continued irradiation at a rating represent-

ative of the middle-to-outer sites in an OCR (̂  60% of the rating achieved

in NRU). The objective of this was to determine what effects, if any,

lower ratings and longer residence times had on fuel and cladding perform-

ance. After a residence time of l.llxlO7 s (129 days) in WR-1, the

average burnup had reached 90 MWh/kgU. To test the effects of power

cycling on fuel performance the bundles will be returned to NRU in late

1973 where the element rating should again approach 66 kW/m.

3.4 WR-1 IRRADIATIONS

3.4.1 HR1-903

Exp-WR1-9O3C*7) consisted of two complete UC fuel assemblies

one clad in SAP and the other in Zr-2.5%Nb. They wore designed to operate

at a maximum linear rating of 55.3 kW/m to a target burnup of 385 MWh/kgU,

and were intended to demonstrate the practicality of UC as a relatively

high burnup fuel for an organic cooled system.

The fuel, which was 2.7% enriched in 2 3 SU, was hyperstoichlo-

metric UC (4.80 to 5.00 wt% carbon) in random slug lengths between 40

and 150 mm. The slugs were dished at one end to accommodate differential

axial expansion. The Zr-2.5%Nb and SAP bundles were 500 mm and 825 mm

long respectively.

Irradiation of the 903A assembly (Zr-2.5%Nb clad) began on

April 20, 1966, and continued until February, 1968, when it was found

to be stuck in its stainless steel channel. A lifting force of 3780 N

was required to remove it with the coolant at 190°C. It was re-installed

* Whiteshell Nuclear Research Establishment
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in a Zr-Nb experimental channel without difficulty where it remained

until May, 1968, when it was stuck again in the channel. In September

1969, it was inserted in a 1.8 mm larger diameter channel where it

remained until December, 1969, when it was stuck again and removed for

post-irradiation examination after reaching a peak burnup of ̂  275 MWh/kgU.

The 903B assembly (SAP clad) was originally installed in

the reactor in July 1966. In June, 1968, it was removed to gauge an

experimental channel and could not be reinserted. It remained in storage

until December, 1969, when an attempt was made to install the fuel in

an oversize channel. This was unsuccessful and the assembly was destructively

examined. Peak burnup was 220 MWh/kgU.

The sticking of both fuel assemblies was a result of severe

bowing of the bundles. Diameters of the centre Zr-Nb and SAP bundles

had increased by 4.5 mm and 18.5 mm respectively.

Except for the bowing, performance of the fuel was quite

satisfactory. In 903A there was no measurable change in element diameters,

although the bundle length had increased by approximately 0.5%. The UC

fuel diametral increase ranged from 0.37 to 0.55% which is less than the

original diametral clearance. There was no change in dimensions of the

pellet end dishes ard no evidence of any interaction between the fuel

and cladding. Fission product gas release ranged from 0.1 to 0.4% of

the amount produced and the measured UC density decrease averaged 2.2%

per 240 MWh/kgU.

Fission product gas release from elements in 903B was **» 0.1%

and fuel density decreases averaged 2.3% per 240 MWh/kgU. Fuel dimensional

changes were similar to those in 903A.
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3.4.2 WR1-925

Exp-WRl-925 was designed to provide information on the

limitations of hyperstoichiometric UC fuel performance due to swelling,

fission product gas release and type of cladding. Demountable elements,

4.95% enriched in 235U clad in Zr-2.5%Nb, Ozhennite-0.5 and type 304

stainless steel were irradiated in 250 mm long carriages at peak power

outputs of 94 kW/m, and surface heat fluxes of 1970 kW/m2. The irradiation

began in October 1970, and is continuing with the maximum element burnup

approaching 480 MWh/kgU.

The fuel elements have been removed at intervals during the

irradiation for inspection, and some were destructively examined and

replaced with fresh elements. A number of defects have occurred but

none were directly associated with poor fuel performance. There were

three types of defects:

- the first caused by severe hydriding of the 0zhennite-0.5
cladding,

- the second caused by bowing and overheating of the cladding.
and

- the third caused by excessive sheath strain in stainless
steel cladding in high burnup elements which had a small
initial fuel-to-sheath clearance.

Performance of the UC has been excellent to date. Fission

product gas release has been less than 0.05% of the amount produced,

and fuel swelling has averaged about 2% per 240 MWh/kgU.

3.4.3 WR1-951 AND 952

Exp-WRl-951 and 952 were two experiments in a planned series

of SAP clad hyperstoichiometric UC irradiations in WR-1 and were a joint

venture between Atomics International and Combustion Engineering on

the Heavy Water Organic Cooled Reactor Program.
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The objectives of the tests were to:

(1) determine the irradiation swelling behaviour of arc-
cast hyperstoichiometric UC containing 4.85 to 5.25 wt%
carbon operating at a maximum element heat rating of
52.8 kW/m and peak centre temperature of 1000 to
1100°C,

(2) determine the suitability of SAP cladding, i.e. acceptable
strain levels, compatibility with UC, fin wear, bowing,
etc. ,

(3) determine the thermal and mechanical stability and
fouling formation characteristics of long, close packed
fuel bundle assemblies.

Each fuel assembly consisted of two 1.1 m long bundles

containing 19 finned, SAP clad elements in a hexagonal array. The UC

for two elements in each bundle was fully characterized as to stoichiotnetry,

density and dimensions. The fuel slugs in one element were dished at

both ends, but all others were fiat ended. The uranium was 3.0% enriched.

Both assemblies were provided with in-fuel and sheath thermocouples.

WR1-951 was irradiated from May, 1966, to January 1968, when

it was removed because of a suspected defect. WR1-952 was irradiated

from May, 1967, until September, 1968, when it was found to be sticking

in its channel. It was transferred to another site in October where it

remained until a defect occurred in November, 1968. Peak burnup for both

experiments was 300 MWh/kgU.

In the subsequent post-irradiation examination no evidence

of a defect could be found in WR1-951. The defect in the WR1-952 assembly

was located in one of the in-fuel thermocouples.

Operation of both assemblies was reasonably satisfactory-

Fouling of the elements in WR1-951 was relatively light, but was heavy

in WR1-952, particularly in the inner sub-channels. There was also

pronounced bowing of the fuel elements in both assemblies although no



30

measurements were made because the long bundles were incompatible with

the profiling equipment.

The carbide was in relatively good condition except for the

usual cracking typical of irradiated UC. Maximum increase in fuel diameter

was approximately 1%. Swelling averaged 2.0% per 240 MWh/kgU with a

maximum of 3.0%. Fission product gas release was < 0.1% of the amount

produced.

There was no evidence of UC-SAP interaction in any of the

elements examined and no difference in behaviour between elements with

and without end dishes in the fuel slugs.

3.4.4 WR1-954

Exp-WRl-954 was the third experiment in WR-1 in the series

of SAP clad hyperstoichiometric UC irradiations for the HWOCR program.

The test objectives were essentially the same as those of the previous

experiments except that the design fuel rating was increased to 81.7 kW/m.

The external configuration of the 954 assembly was essentially

the same as for WR1-951 and 952, i.e. a 19-element hexagonal array of

elements. Because of the increase in rating, only seven elements in

each bundle were fuelled (the corner elements and centre element of the

array). The remaining dummy elements were helium filled.

The fuel for this experiment was 4.9% enriched in 235U. The

fuel slugs in one element of each bundle were dished at both ends. All

other slugs were flat-ended.

The fuel assembly was installed in the reactor on February 4,

1968 in an outer site of the reactor core where it operated at a maximum

of 85% of its design rating (I.e. 69 kW/m). On January 14, 1969, it was

moved near the centre of the reactor, but because of the accumulated
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burnup did not operate at a higher power than it had previously. In

February 1969, the fuel was removed to permit installation of an experi-

mental channel. Subsequently, it could not be reinserted in the channel.

It was installed in a larger channel on March 27 and was removed on

March 29 after an indication of a defect during a reactor startup.

Peak burnup was 302 MWh/kgU.

Subsequent post-irradiation examination revealed a split in

the SAP sheath near the bottom of an element in the lower bundle. The

reason for the defect was not determined. Except for the defect the

fuel was in good condition. Measured fuel density decreases ranged from

1.6 to 3.6% per 240 MWh/kgU, slightly higher than in WR1-951 and -952.

Fission gas release was less than 0.1% of the amount produced. As in

the previous irradiation the long (1.1 m) fuel elements were bowed

extensively. There was no obvious difference in the performance of the

element with dished fuel slugs and those without dishes.

3.4.5 WR-1 FAST NEUTRON FACILITY FUEL IRRADIATIONS

Two loops in WR-1 are used as fast neutron (FN) irradiation

facilities for materials testing. Four fuel bundles, each a 25-element

annular array, surround and are supported by a 71 mm ID central support

tube. Materials irradiations under the fast flux provided by the fuel

is possible within the support tube. Each fuel bundle is 0.4 m long

and has a 0.1 m 0D.

The bundle elements have the same dimensions as those irradiated

in the X-736 experiment: 10 mm OD and 395 mm fuel stack length. The

enrichment is 4.95 wt% Z 3 5U in total U. Hyperstoichiometric UC with a

4.8 to 5.2 wt% C specification is used.

The present FN fuel operates at a maximum element rating of

54 kW/m. The first full-scale FN irradiations began in April, 1970,
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and since then four strings have achieved burnups in excess of 240 MWh/kgU

and have been withdrawn from further service. Near their intended end-

of-service, two of these four strings defected in a single element and

were subsequently intensively examined to determine the cause. Both

were clad in Ozhennite-0.5 and were not equipped with hydrogen sink

wires.

The post-irradiation examination confirmed that the defects

could be attributed to hydrogen embrittlement of the cladding adjacent

to the gas plenum between the top of the fuel stack and the end cap.

The cladding in this region operates about 100 degC cooler than that

adjacent to the fuel and in the absence of sink wires is an area

susceptible to hydrogen concentration by migration. The defect mechanism

could not be related in any way to the performance of the UC fuel.

Rather, it appeared to be connected with deficiencies in the cladding

design which were rectifiable by the use of a different material and

the attachment of hydrogen sink wires.

In both cases the fuel was able to remain in service for

about 2 weeks following the initial defect signal. Radiation fields

within the loop remained at a low level, presenting no hazard to operating

personnel.

The WR-1 FN fuel was the first zirconium alloy clad uranium

carbide to be shuffled and re-irradiated. The maximum heat rating increase

experienced by the bundles following this maneuver is 93%. This is now

a standard procedure at mid-life of the FN fuel to achieve maximum burnup

on all bundles. Thus it has been repeatedly demonstrated that UC is

capable of withstanding severe rating changes.
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DISCUSSION

The foregoing review shows that the irradiation performance

of uranium carbide has been studied fairly extensively, and that UC can

be considered as a proven fuel material under certain conditions. Various

combinations of stoichiometry and method of fabrication have been tested,

i.e. arc-cast and sintered hypo-, hyper- and stoichiometric material.

Testing has been done up to reasonably high temperatures and with a

number of experimental variables such as chemical composition, cladding

material, heat transfer medium and heat rating.

The method of fabrication appears to be of lesser importance

than the structure and density. Arc-cast material is preferable because

of its higher density and hyperstoichiometric material appears to be

the most stable form under irradiation.

4.1 SWELLING BEHAVIOUR

Temperature is considered to be the most important variable

that affects swelling^17). Below some temperature (900 to 1000°C) there

is a minimum growth due to the accumulation of solid fission products-

This results in a density decrease of approximately 1.8% per 240 MWh/kgU.

At higher temperatures the swelling will increase as a result of fission

gas pressure. Figure 4 is a graph of swelling vs fuel centre temperature

showing the range of experimental data that is available. The data

indicate that swelling is greater for hypostoichiometric UC. The

greater volume increase is apparently associated with the free uranium

metal phase. Fission gas diffuses to the uranium at the grain boundaries

where the fine bubbles nucleate and cause excessive swelling. In

addition the uranium phase tends to migrate to the fuel surface resulting

in porosity in the central region.
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For hyperstoichiometric UC, at centre temperatures up to

1000 to 1100cC, the average density decrease is approximately 2.5% per

240 MWh/kgU. The swelling is apparently isotropic, resulting in a fuel

diametral increase of ^ 0.7% per 240 MWh/kgU.

There does not appear to be any effect of burnup on the

swelling rate of UC, at least below 1000°C. Any effect of burnup at

higher temperatures is probably over-ridden by the effect of temperature

itself. Similarly there does not appear to be any effect of rate of

burnup.

4.2 FISSION GAS RELEASE

Fission gas release from UC is also greatly dependent on

temperature. Figure 5 illustrates the spread in gas release figures

reported from various experiments. The data indicate that substantial

release will likely occur above 1300 to 1400°C. Below this temperature,

gas release is generally * 1%, and below 1000 to 1100°C it is < 0.1%

of the amount produced. The quantities released at the lower temperatures

correspond to release by recoil or "knock-out" by recoiling fission

fragments from the fuel surface.

Gas release from hyperstoichiometric UC is substantially lower

than from hypostoichiometric material. The higher release is caused by

the presence of free uranium, which also acts as a network of easy-escape

paths. The effect is more pronounced at higher temperatures. The two

highest values for gas-release from hyperstoichiometric UC (5%) were both

obtained from capsule experiments^11^. Gas release results from such

experiments tend to be higher than those from full-size elements because

of the large surface-to-volume ratio.
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Sintered carbide appears to release more fission gas than

cast material, presumably because of the greater surface area. In post-

irradiation annealing studies coarse-grained material is reported to

release less gas than fine-grained material("*8).

There is no good evidence to suggest that fission gas release

increases with burnup. Any indications of such an effect are outweighed

by other factors such as temperature. Mixed carbides (Pu, U) have been

taken to burnups of 720 MWh/kgU with < 1% gas release below

Melehan and GatesC*9) have studied the rate of fission gas

release from small specimens of irradiated uranium carbide of various

stoichiometries at temperatures ranging from 1000 to 1600°C. Most of

the samples were arc-cast material. Gas release was temperature dependent

but never exceeded the theoretical recoil release. Because of the low

release rates, the diffusion coefficients could not be measured.

4.3 DEFECT PERFORMANCE

Although information on the defect performance of UC fuel

is less extensive than that for UO2, experience to date has been generally

satisfactory with both SAP and zirconium alloy clad fuel.

All of the early defect experience was with SAP clad fuel.

In the X-711 irradiation, an element failed on reactor startup and was

irradiated for two weeks before removal. Activity levels remained low

throughout the irradiation although the element had split circumferentially

in two pieces.

All of the U-305 series of experiments operated in a defective

condition. However, U-305 and U-305 Al contained defective U02 fuel

bundles as well as UC and it is not known when the UC fuel defected.
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U-305 A2 contained only UC. The first indication of a defect occurred

on February 2, 1968. The defect signal increased with each power or

pressure transient until February 27 when a sharp rise in loop activity

was noted. The loop activity monitor exceeded the arbitrary limit of

50,000 counts per minute and the fuel was removed without incident.

Small defect signals were recorded from the WR1-951, -952 and

-954 fuel strings, but the reactor was shut down immediately and the fuel

removed. Therefore no operating experience with the fuel in a defected

condition was obtained. The defect signal from the WR1-951 experiment

was somewhat ambiguous, and, in fact, no defect was located during the

post-irradiation examination. The signals from WR1-952 and -954 were

unambiguous and the defects were positively identified in the hot cell

examination.

A few naturally occurring zirconium alloy clad UC defects

have been detected and removed from WR-1 without difficulty after operating

in the defected condition for at least 2 weeks.

Several deliberately defected Ozhennite-0.5 and Zr-2.5%Nb

clad elements have been irradiated in the X-7 loop at CRNL as part of

an overall program to study the detection and location of defected UC

fuel, and to establish the maximum operating time that a defected element

can be allowed to remain in-reactor. Because of the very low fission

product gas release from UC fuel, the magnitude of the signal from a

defected element on the activity monitoring system is small compared to

a UO2 fuelled element. For zirconium alloy cladding, the allowable

operating time for a defected element appears to be limited by the rate

of hydriding which results from the ingress and pyrolysis of the organic

coolant. Defected elements have operated for 5 to 6 weeks at fuel powers

and sheath temperatures required of an organic cooled power reactor

without serious damage. The test program is continuing to define the

limits for such fuel.
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4.4 CURRENT PROGRAM

All of the available experimental data on the irradiation

performance of uranium carbide suggest that it is a superior fuel for

use in an organic cooled reactor, and, as a conclusive demonstration,

it will be used as "driver" fuel for the WR-1 reactor.

Also planned is a demonstration irradiation of the 18-element,

100 mm diameter OCR-500 reference fuel bundle design in the U-3 loop in

the NRU reactor. In addition, demountable. OCR reference size elements

are being irradiated in WR-1 to demonstrate their "overpower" capability.

5. CONCLUSIONS

Satisfactory behaviour of hyperstoichiometric uranium carbide

under organic cooled reactor conditions has been conclusively demonstrated.

Burnups in excess of 400 MWh/kgU at element power outputs of 90 kW/m and

cladding temperatures approaching 500cC are possible.

Satisfactory performance at element power outputs in excess

of 100 kW/m to burnups greater than 250 MWh/kgU seems probable.

Arc-cast uranium carbide containing 4.8 to 5.2 wt% carbon

exhibits a maximum swelling of 3% per 240 MWh/kgU at centre temperatures

below 1100°C. Fission gas release is less than 0.1% under these conditions.

Large increases in power following prolonged irradiation at

low power outputs are not detrimental to UC fuel performance.
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Zr-2.5%Nb clad UC fuel elements can operate in a defected

condition for 5 to 6 weeks at fuel powers and temperatures appropriate

to an organic-cooled power reactor without serious element deterioration.
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