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Résumé

On a conçu et développé un dispositif d'essai de
fluage sous contrainte biaxe destiné à fonctionner dans
le réacteur WR-1. Ce rapport décrit les grands principes
du concept de ce dispositif, sa construction et l'expérience
acquise avec lui.

Le dispositif d'essai de fluage sous contrainte est
optimalisé de façon à pouvoir recueillir des données de
fluage dans les gaines du combustible CANDU (Canada Deute-
rium Uranium). On donne des résultats typiques obtenus sur
des gaines en Zr-2.5%- en pds Nb pour illustrer la précision
et la fiabilité de ce dispositif.
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ABSTRACT

A biaxial stress creep test facility has been designed and
developed for operation in the WR-1 reactor. This report outlines the
rationale for its design and describes its construction and the operating
experience with it.

The equipment is optimized for the determination of creep data
on CANDU (Canada Deuterium Uranium) fuel cladding. Typical results from
Zr-2.5 wt. % Nb fuel cladding are used to illustrate the accuracy and
reliability obtained.
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1. INTRODUCTION

The recent advene of computer models to describe the behaviour

of CANDli*fuel under normal operating conditions has led to renewed

emphasis on the mechanical properties of Zircaloy fuel cladding. In Che

future, fuel cladding development programs will be heavily reliant upon

the guidance provided by computer models for the indication of prop-

erties most in need of improvement. Concurrently, however, the pre-

diction of sheath strain by the models is only as good as the properties

input and considerable care must therefore be taken over the deter-

mination/selection of these properties.

Since the computer code must handle start-up, shut-down and

power changes, in addition to steady power operation, there is a need

for both tensile and creep testing under conditions as close as possible

to those experienced by the fuel cladding in operation. For creep

testing, this requires in-reactor testing under biaxial stress con-

ditions. This type of testing has never been done for the thin-wall,

collapsible cladding used in CANDU-PHW 'power reactors, and therefore

required the design and development of a new type of in-reactor test

facility.

This report describes the design and development of a biaxial-

stress, creep test facility for the WR-1 reactor; outlines its mode of

operation;and shows typical data from the equipment.

1.1 EXISTING TYPES OF IH-REACTOR CREEP EQUIPMENT

Canadian expertise in the design and development of in-reactor,

creep testing equipment is unsurpassed and h?s produced essentially two

types of test - the uniaxial test on bar (or strip), and the monitoring

of larger diameter tube.

The uni;Jv"ial, in-reactor, creep machine possesses the

unique capab.iJ.it; ' monitoring dynamic strain. This is achieved by

means of a sophisticated differential pressure gauge. Stress is applied

^Canada Deuterium Uranium

**Pressurized Heavy Water
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through a pressurized bellows. Temperature is controlled by balancing

the effects of gamma heating, water cooling and h at from a miniature

furnace. The machine is very accurate but is restricted to uniaxial

tests on bar or strip material.

Reliable in-reactor measurement of the dynamic strain of

internally pressurized tubes is exceedingly difficult to achieve. For

this type of test, therefore, the trend has been to rely upon measure-

ments of diameter made under reactor shutdown conditions or after re-

moval from the reactor. Full-size pressure times have been monitored in

this way by internal diameter gauging with a specially devised probe

fitted with linear variable differential transformers . Since the

pressure tube must necessarily be an operating component of the reactor,

the flexibility of choice of stress and temperature for a creep test is

very restricted. One way of overcoming this problem to some degree is

to use smaller diameter tubes (typically 23 mm diameter) of various wall

thicknesses which can be joined end to end and the system pressurized

(3)

separately . In this case, diameter monitoring has been done inter-

nally by air gauge.

The current requirements differed irom these techniques in

that :

the time scale of the tests on fuel cladding was very
much shorter, typically 1000 h,

both longitudinal and diametral strain measurements were
required,

biaxial stressing was required on tubes of only 12.5 mm
internal diameter and 0.4 mm wall thickness.

Prior experience dictated that, for a minimum development time

and maximum reliability, the system should be designed with a minimum

number of in-core systems requiring control.
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1.2 IRRADIATION FACILITIES

WR-1 is s 60 MW(t) reactor of vertical pressure tube design,

moderated by D O and cooled by an organic fluid consisting of a mixture

of partially hydrogenated terphenyl isomers. The fuel is of rodded

bundle design and contains uranium carbide pellets clad in Zr-2.5% Nb

alloy.** Within the reactor two types of site were available, both of

which consisted of a 71 mir; diameter hole at the center of the fuel

bundle hanger tube.

The first type of site was one in which the fuel and channel

were part of one of the main reactor circuits. In this case the coolant

temperature was set by other experiments in the circuits. In the second

type of site the fuel and channel were part of an individual, single-

(4)

channel loop . Coolant temperature in this case is a matter of arbi-

tration between the fuel experiment in the loop (if any), the channel

creep experiment (if any) and the creep insert. To some extent there-

fore, in this latter case, the coolant, temperature could be dictated by

the creep tests.

The same fuel was employed in both type-i of site and the fast
1 ft —9 — 1

flux (>1 MeV) available ac the center of the hole was 0.5 x 10 n.m s .

1.3 DESIGN REQUIREMENTS

The design guidelines established were that the creep equip-

ment should:

fit inside a 71 mm tube and have the maximum number of

samples possible,

operate within the temperature range 300-500°C,

* thermal

** i.e. 2.5 wt% Nb
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possess temperature monitoring and some degree of temper-

ature control,

allow biaxial stressing of fuel cladding,

permit the application of a range of stress,

be simple, reliable and require a minimum of development.

We will show how a simple, effective design was conceived,

modified and developed into an inexpensive, efficient, in-reactor device

for providing creep data on zirconium alloy fuel cladding.

2. CONCEPTUAL DESIGN

In the initial design considerations, four basic problems had

to be solved. These were:

application and measurement of a biaxial stress,

measurement and control of temperature,

measurement of neutron flux,

measurement of strain.

The rationale for the design choice will be considered for each sep-

arately. Since simplicity and expense were, of prime importance, and as

with all irradiation testing there was a driving force to maximize the

number of samples and available test conditions, in many cases tha

decision was forced by these Lectors rather than by considerations of

higher accuracy or finer control.

2.1 STRESS APPLICATION AND MEASUREMENT

The only convenient way to apply a biaxial stress is by in-

ternal pressurization of a tube. Fuel cladding is ideally suited for

this type of loading.
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The initial concept was to have several U-shaped hairpins

go?rig into the available hole with a dynamic gas or steam supply for

temperature control. This would have been expensive and have presented

considerable fabrication problems due to the small wall thickness of the

fuel cladding. In addition, if a rangf; of stress conditions were to be

examined, variations in wall thickness would be necessary and the entire

hairpin would have to be about 4 m long.

The most flexible arrangement from the points of view of both

program planning and fabrication was a series of small, sealed lengths

of cladding with just a single pressure lead. This permitted fabrica-

tion of a relatively small experimental section, and by means of con-

ventional pipe fittings the zirconium alloy lead tubing could be joined

to stainless steel tubes in-core. This eliminated the need to weld a

very long zirconium alloy assembly to reach from the top closure to the

core centreline.

In practice, a limit on the number of individually pressurized

"capsules" is set by the complexity and space availability at the rig

head. A compromise was arrived at, whereby eight pressure leads could

be accommodated at the rig head. Eight capsules ^ould be accommodated

at any single level in the facility. Three levels were decided upc ->. for

temperature and flux reasons (see below). Each pressure lead was there-

fore employed to feed three capsules in series at different elevations

in the facility.

Since each pressure laad was a "deadheaded" line, no allowance

had to be made for pressure drop effects, and an accurate pressure gauge

was sufficient to provide a measure of the stress.

2.2 MEASUREMENT AND CONTROL OF TEMPERATURE

Heating of the sampl s occurs readily by nuclear heating in an

uncooled facilitv. Since it had been decided that there should be no
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recirculating system going into the core, the only means of removal oi

the heat was by conduction to tne central support tube, which was kept

at a steady temperature by the reactor loop coolant flowir.^ outside it.

Heat transfer calculations done on this design, assuming that

heat was transferred to the central support tube by conduction alone,

showed that the temperature variation around one of the samples at any

elevation would be about 30°C. To overcome this problem it was decided

that the samples should be contained inside a heat sink which would

create equilibration of this temperature variation. Clearly the re-

quirements for the heat sink material were that there should be a min-

imum of gamma heating (to keep the overall temperature as low as pos-

sible) and that it should have a high conductivity. A highly isotropic

graphite was selected (Poco AXF-Q1) which was known to have very low

growth characteristics under a neutron flux and a high conductivity

A gap of 0.4 mm between the sample and the graphite was de-

cided upon as a compromise between good heat transfer and sufficient

space to allow strain 10 occur in the sample. The initial gap of 0.5 mm

between the graphite block and the central support tube was arrived at

'•>y compromise between good heat transfer and ease of installation and

removal. Experience with a similar static irradiation device had

shown that some control of temperature could be achieved by employing a

mixture of helium and nitrogen gas in the facility. As the ratio of the

two gases changed, so too would the temperature, the high conductivity

helium leading to lower temperatures, as more heat was conducted away to

the organic coolant. The provision of this gas mixing facility was

allowed for although estimates indicated that to achieve sufficiently

low temperatures the loop coolant would need to operate at the bottom

end of its permissible range and the irradiation facility should be

flooded with pure helium. Further to ensure attainment of the low

temperature, pressurization of the sampled was also done by helium. In

the event of sample failure, the. purge gas would not change in com-

position or thermal conductivity.
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Measurement of temperature was possible through very long, but

otherwise conventional, sheathed and mineral insulated chromel/alumel

thermocouples, 1.6 mm in diameter. These were attached to the sa.mples

by means of a small stainless steel tab which had no calculated effect

on the measured temperature. It was conceded that attachment of thermo-

couples could lead to variu_ions in the diametral straining during creep

and it was therefore decided to run one of the sample strings unpres-

surized. This was a convenient arrangement since it was also important

that we Keep track of growth under irradiation.

2.3 MEASUREMENT OF NEUTRON FLUX

Data on the neutron flux di. ̂ ribution were already in exis-

tence for the type of geometry to be employed' . The vertical flux

distribution was approximately cosine in shape with the center 0.6 m

between 90-100% nominal flux. This led to the decision to employ 3

tiers of samples within this high flux volume. Although the positions

of lower flux could be utilized readily, it was felt that with the

series construction of sample strings, any increase in the number of

samples would increase the likelihood of a leak or failure causing

shutdown of an entire sample string.

In keeping with the drive for simplicity in construction and

operation, we decider' Lu determine fast neutron flux from fluence meas-

urements using pure iron wire monitors, sealed in glass, and installed

in holes in the graphite blocks.

2.4 MEASUREMENT OF STRAIN

Any mechanism for continuously monitoring the strain of a

biaxial stress test specimen, especially in both axial and diametral

directions, would necessarily be extremely complicated with a propor-

tionate decrease in reliability. Additionally, such mechanisivr vould

have to c developed from scratch. From time and cost considerations we
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decided to make strain measurements by mensuration before and after

irradiation. By depressurizing the samples at various times during the

irradiation a series of points on the strain - time plot could be ob-

tained and joined up to generate a creep curve.

Axial measurements and the accuracy required for them dictated

the accurate relocation of the section for measurement after irradiation.

By laboratory experiment it was found that the placement of diamond

hardness impressions under a 5 kg load provided the necessary balance

between visibility, under oblique lighting, and non-impairment of the

local deformation characteristics of the samples.

3. CONSTRUCTION

3.1 SAMPLE PREPARATION

A typical prepared sample is shown in Figure 1.

The 210 mm length of fuel cladding is closed at both ends by

Ziicjloy plugs. Initially these plugs were sealed in by means of Gas

Tungsten-Arc welding. However laboratory experiments showed that this

led to inadequate strength around the weld and unrepresentative de-

formation and fracture in that vicinity. Special end plugs were de-

signed such that standard electromagnetic force end cap welds could be

used to seal the ends of the tube. In addition, all end plugs, except

for the end of string plugs, were provided with a hole and an external

hollow spigot to allow socket welding by the Gas Tungsten-Arc process to

small-bore (3.2mm 0D) Zircaloy tube.

In order that the sample would sit symmetrically inside its

i.ole in the graphite sink block, the flash from the electromagnetic

force welds was trimmed down to a diameter 0.6 mm larger than that of

the tube.
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Figure 1: Sample with end plugs attached. Note
slightly larger diameter at location of
weld for centering in graphite block
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Finally, each sample was given nv*. ! 1 hardness impressions to

act as reference points for measurement. The 5 kg load was administered

by means of a Tukon tester using a V-block anvil. In all, six impres-

sions were made per sample. These were located as follows: two at the

center, diametrally opposed, and two pairs 75 mm on either side of

center.

Before installation, each sample was measured diametrally at

the three locations at 0°, 45°, 90° and 135° in relation to the diameter

joining the two hardness impressions. The initial diameter at each

location is the arithmetic mean of the four readings. Strain is deter-

mined from similar post-irradiation measurements in the hot cell facil-

ity. These measurements were made with a dial indicator snap gauge

having an accuracy of 1.2 pm and with a repeatability of 2.5 urn. Strain

resolution was therefore about 0.015%.

Axial measurements were made of the dist^;ice between the

hardness impressions by optical comparator, averaging the lengths from

both sides of the tube (total of about 300 mm). After the samples were

irradiated, the measurements were repeated in the hot cell using a low

power (20X) microscope with a moving stage, in combination with a long

stroke dial indicator. The accuracy of measurement was 25 ym and the

reproducibility 50 pm. Because of the large gauge length, a strain

resolution of about 0.015% was obtained.

3.2 INSERT PRODUCTION

A cross-sectional view of an eight-sample block is shown

schematically in Figure 2. The assembled insert is shown in Figures 3

(a), (b) and (c).

Following the dimensioning process, the samples were assembled

into strings of three by Gas Tungsten-Arc welding sections of small-bore

Zircaloy tubing between them. Eight sample strings were assembled,
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Figure 3(a) In-Core Section Containing Samples



Figure 3(b) Stepped Shield Plug
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Figure 3(c) Rig Head and Top Closure
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twenty-four samples in all, into the three graphite head sink blocks.

The holes in these blocks were accurately bored and reamed to provide a

snug fit at the end caps with a 0.4 mm radial gap between tube surface

and graphite. A hole was provided in each block to contain the flux

monitor. The most difficult machining problem was the drilling of small

diameter holes to allow the thermocouples to pass through the upper

blocks to the lower blocks. This problem has since been eliminated by

passing the thermocouples alongside the samples in milled slots. End

spacing grids made from Zircaloy were installed at the top and bottom of

each graphite block.

Although more thermocouples were used in the first instal-

lation, a typical rig had six. One thermocouple was located in the

center of each grapiiite block and one on a sample in each block. The

thermocouples were attached to the samples by first brazing theiu to a

stainless steel tab and then capacitance welding the tab to the sample

at mid-length.

The small-bore Zircaloy pressurization lines were joined to

small-bore stainless steel lines, about one metre above the upper sample

block, by meins of Swagelok connections. Pressure lines and thermo-

couples (chromel/alumel, mineral insulated and sheathed with stainless

steel or Inconel 600) were spiralled through the stepped shield plug and

continued to the top closure. There the thermocouples were fed through

and routed to a multipin compensated high temperature connector. The

pressure lines were terminated at a mini-bulkhead.

The stepped shield plug was manufactured as two tubes, sleeving

one inside the other. Pressure lines and thermocouples were fed through

the ends and brazed in, allowing sufficient slack to turn one of the

tubes through 360°. Nickel shot was introduced and radiography con-

firmed that the shield plug was full.
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A gas purge line was run to the insert with the pressurizing

lines to supply helium/nitrogen to the facility to permit temperature

control. This gas was vented tc the active ex/iaust from just below thc

top closure.

3. 3 INSTRUMENTATION

The out-core instrumentation (see Figure 4) was located approx-

imately 40 metres from the rig head. The lines terminated at bulkhead

connections on the wall of the upper service space. Pigtail connections

were used from there which would connect with the rig head in any of the

reactor lattice locations capable of accepting it.

Temperatures, measured by the in-co'e chromel/alumel thermo-

couples, were fed to the multichannel recorder which was equipped with

high temperature alarms. The activation of an alarm gave rise to manual

relief of the pressure in the samples and recording of the event.

Pressures, provided by high pressure helium gas, were adjusted

by means of high quality regulator valves to values indicated on the

pressure gauges. These gauges were equipped with both high and low

pressure alarm contacts which allowed a range of 1 MPa pressure to be

set. Finer control was prevented by the dead band of the regulator,

since the system had zero flow. Pressures were recorded manually daily

and usually fell well within the set band because minor adjustments were

made by the reactor operating staff.

3.4 NEUTRON FLUX DETERMINATION

The "fast" flux was measured using weighed iron wire monitors

sealed in glass, one in each graphite block. A cross section of 6 fm
54

was used for Fe . The residual activity was measured after irradiation

and any short intermediate shutdown periods were compensated for in the

decay curve. The flux measured was nominally that of neutrons with
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Figure 4 - Instrumentation panel
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energies >1 MeV. However lattice damage occurs at all energies above 25

eV. This displacement damage to the zirconium alloy is a summation of

the products of the number of neutrons in any energy level times a

damage quality factor for that energy level which is an unknown, but

approximately linearly dependent upon the energy of the neutrons. The

fast flux (>1 MeV) is therefore very close to being the total displace-

ment damage from all neutrons (see Figure 5).

4. OPERATING EXPERIENCE

4.1 TEMPERATURE CONTROL

Nine thermocouples were installed in the initial experiment

and six in each succeeding one. The now standard arrangement of six

consists of one at mid-height in each graphite block and one at mid-

height on the unpressurized sample at each level. Additional thermo-

couples in the initial rig were in the centre block at an end-cap, on

the sample 120° around from the existing thermocouple, and on a second

sample at the same elevation.

The first insert demonstrated that the temperature of the

samples, as expected, was crucially dependent upon the gap between the

graphite block and the central support tube. The end cap was, in gen-

eral, 10-20°C hotter thsn the mid-section of the tube. In the center

block, the difference between two thermocouples at the same elevation on

the sample 120° apart was always less than 10°C. The principle of gas

mixture temperature control was also confirmed for this geometry. For a

standardized purge flow rate, the temperature could be raised about

180°C by changing the purge gas from 100% helium to 100% nitrogen.

Increasing the helium flow rate (with 100% helium purge gas) from 2 to
3 -1

17 cm •s produced a temperature drop of 30-35°C.

Since the ultimate heat sink is the organic cnlant, its

temperature at any elevation effectively governs the sample temperature
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at that elevation. As a result of the flux distribution, the top and

bottom blocks have approximately the same heat generation rate. How-

ever, the coolant temperature difference between the two elevations was

typically 2O'JC. When the temperature of Lhe center block sample was

365°C, the top block sample was 372°C and the bottom block 350°C.

These temperatures were also strongly affected by the reactor

power level. As power was increased, the heat generation rate increased

and hence the temperature rose. This effect could be quite marked. For

example, the temperature of the center block sample was 370°C at nominal

100% reactor power but dropped to 345°C when power was reduced to 90%.

Since other experiments and circumstances sometimes governed the reactor

power, a principle of equivalent operating time was introduced whereby

test time was not counted if reactor power dropped below 95% nominal

full power. Since the reactor power could rise to typically 105%,

the maximum temperature variation introduced into an experiment was 25°C

for any operating temperature. The WR-J. reactor is extremely reliable

and, after start-up, the number of hours below 95% nominal full power

typically is less than 10%.

Considerable effort has gone into correlation of the measured

temperatures with calculations. Any further refinement of temperature

control is highly dependent on this correlation. This calculation was

computerized to take account of heat" generation in the central support

tube and its feedback influence upon the temperature of the graphite

block. This calculation is shown in Appendix A.

The calculation is done for a one-dimensional, radial heat

flow system and is based upon the following assumptions:

- all heat input comes from nuclear heating,

- all heat loss is in the radial direction to the coolant,

- ail heat transfer occurs by conduction,

- the three conduction regions are block/tube gap,
tube wall and tube/bulk coolant.
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Many years of experience with organic coolants enabled us to assign a

value of 2.5°C i.o the tube/bulk coolant temperature drop on the basis of
(9)

the calculated heat flux .

A considerable amount of data comparing block temperature and

coolant temperature has been collected and is shown in Figure 6. The

range of coolant temperatures was 21O-33O°C. The total temperature

difference between the graphite block and the coolant was principally

influenced by the block/tube gap. The cross-hatched areas in Figure 6

show the calculated range of AT for the radial gap involved over the

range of coolant temperature employed. The difference between the two

cross-hatched areas is caused by varying the nuclear heating rates of

the component materials. These parameters were arrived at by experience
r

in the Static Irradiation Rig for WR-1

due to the slight geometry differences.

in the Static Irradiation Rig for WR-1 and T.ay be subject to change

The relatively poor correlation of calculated with experi-

mental points is thought to be caused by dimensional uncertainties.

Major changes in AT can be obtained with a relatively small change in

the block/ tube gap. Typically, a 0.1 mm increase in the gap increases

the AT by 10°C. Graphite block diameters were machinpd accurately to

withiu 0.01 mir.. However, the inside diameter of the central support

tube was not as well known. The outside diameter varied, by 0.15 mm.

This, in combination with a variation in wall thickness of 0.1 mm and in

ovality of 0.23 mm, gives rise to a possible variation at the inside

diameter of 0.48 mm. This would translate to a AT as high as 26°C. In

addition, canting of the graphite block may occur inside the tube gen-

erating erratic, tapered gaps. The circumferential location of the

thermocouple becomes important under these conditions. Efforts have

been made to overcome the latter problem by machining the outside dia-

meter of the graphite blocks with slight ridges at each end. No major

improvement in correlation of the temperature with theory was achieved.
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.2

Pressure control by the regulator valves has worked well

within the possible range established by the "zero flow deadband", i.e.

-̂ 1 MPa. In practice, however, routine minor adjustment by operating

staff has enabled control to within 0.3 MPa. This would mean a typical

variation in stress of 6 MPa. The stresses employed are usually in the

range 100-200 MPa giving a maximum stress variation of about 6%.

Since it was possible that samples might fail during oper-

ation, they were pressurized with helium in order that the purge gas

composition would not be disturbed. This high pressure helium system

has been responsible for many of the operational pro^eirs. Due to its

high diffusivity, helium is a difficult gas to contain and the high

pressure compounded the difficulties. For a period, very high helium

consumption rates were experienced. This was due partially to leakage

and partially to continued high pressure pump failure. Many components,

particularly valves, did not adequately seal against helium and even

sections of pipework leaked helium through undetected flaws. These

leaks were steadily eliminated and the rate of consumption of helium is

now typically 0.2 m per day at STP including the purge flow.

A high pressure diaphragm pump was installed to provide the

high pressure helium but it suffered from repeated diaphragm fatigue.

When this pump was out of commission, pressure was provided directly

from a bottled supply. This was a logistics problem since only about

10% of a bottle of gas at its highest pressure could be used. Pump

diaphragm fatigue problems were eventually solved by ignoring manu-

facturers advice and manufacturing and fitting our own thicker dia-

phragm.
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4.3 MISCELLANEOUS OPERATING PROBLEMS

It was perhaps inevitable that the crucial aspect of th

design, the close fit of the graphite blocks in the central support

tube, should give rise to most of the major problems which all, in one

way or another, involved sticking of the rig in i:he tube.

The excessive flexibility of the rig was recognized at an

early stage and a funnel had been manufactured as a guide for its in-

sertion into the tube. Slight sticking completely prevented instal-

lation since no compressive load could be applied. The entire iig

buckled when this was done inadvertently. A central shaft was omitted

from the design deliberately as it would contribute significantly to the

heat generated in the rig. After the buckling problem arose, a com-

promise was reached and a central shaft was made from fuel cladding

which was fairly rigid and would not contribute excessively to the heat

load.

Pressures were established for the first rig by reference to

pressure tube creep data. During the test, several samples were ue-

tectet! to have failed (failure to hold pressure) and subsequent attempts

to remove the rig resulted in very high dynamometer loads on the lifting

gear. Hot Cell examination revealed that the samples had crept to such

an extent that they had cracked the graphite block and were jamming the

rig into the tube (Figure 7). Clearly fuel cladding did not have the

creep strength of pressure tubing and subsequent pressure levels were

set lower. This problem has not recurred.

Organic coolant tends to carbonize under the effects of heat

and irradiation and the key to its use as a reactor coolant is the

avoidance of this process. After installation of fuel in a WR-1 loop it

is necessary to vent the channel. Inevitably this involves spillage of

coolant --~r the top closures. On one occasion, this ran down inside the
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Figure 7: Broken Graphite Block due to
excessive creep of samples
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central support tube until it was stopped by the close fit of the

graphite blocks in the tube. During operation, it carbonized and ef-

fectively glued the rig into the tube from which it could not be with-

drawn .

One of the original features of the design was an attempt to

render as many components as possible reuseable. The reason for this is

that the graphite blocks, shielding plug and top closure all involve

considerable time and expense to prepare. It was apparent from the

results of the first experiment that the graphite blocks were too active

to be used again. An attempt was made to recover the shielding plug but

the activity was sufficiently high that the precautions which would be

required to use it again would have led to more expense than to manu-

facture a new one. Top closures were reused for some time until it was

discovered that after the first installation the seal was imperfect and

resulted in a considerable increase in the use of helium. For geometry

reasons, refacing the seal was extremely difficult. No components are

reused at this time.

5. RESULTS

5.1 GENERATION OF THE CREEP CURVE

The usefulness of this creep rig is its ability to test a

series of samples at different stresses and temperatures. However,

because of the limited sample numbers, a compromise was usually made

whereby one temperature and two stresses were set. Since in-reactor

growth measurements are also of interest, one sample string was left un-

pressurized for reference. Therefore, from eight strings, seven can be

split into creep tests - for example 4 strings at one stress and 3 at

another, or five and two. Figure 8 shows a typical set of results which

define creep curves. It is apparent that the high stress curve with

only two points has some error associated with it, but when five points



Material: Zr-2.5? Nb

Temperature: 400 C 100 MPa

72 MPa

1200

0 MPa

1600

FIGURE 8: TYPICAL OUTPUT FROM A SINGLE BI-AXIAL CREEP RIG
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are used, a good creep curve can be obtained. (The apparent inverse

primary in the creep curve could be due to the annealing of the cold

work during the test period) An obvious limitation in these creep

curves is the lack of short-time transient creep behaviour. Although it

has not been tried, setting the time to sufficiently short periods

presumably would provide the necessary data.

5.2 STRESS DEPENDENCE OF THE CREEP RATE

The stress dependence of Zr-2.5% Nb fuel cladding at about

400°C is shown in Figure 9. The data come from two separate rigs. The

scatter in the data is somewhat larger than might be expected and can

probably be attributed to the following factors:

temperature control,

- pressure control,

material differences.

Temperature was monitored from the thermocouple attached to

the unpressurized sample string. Canting of the graphite blocks in the

tube could result in higher temperatures on the side away from the point

of contact. However, graphite is a good thermal conductor and this

variation should never be more than 40°C.

The variation in applied pressure was about 0.3 MPa which

translates to a change in stress on the material of about 8 MPa in this

case. This could change the creep rate by about 20%. Variation in the

wall thickness could be as high as 0.025 mm providing an additional

stress change of 6%.

Material variability is not thought to be a major influence in

this case. Structurally, dimensionally and in terms of surface finish,

the fuel cladding was very consistent and there is little reason to

suppose that any of the material was stronger than the rest.
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6. OVERALL ASSESSMENT AND CONCLUSIONS

This technique for biaxial creep testing of fuel cladding in-

reactor works well. It is simple in concept and operation and can

provide creep curves over a temperature range from 300°C to at least

600°C. It is extremely economical in botli material and labour require-

ments.

The equipment is particularly suitable for biaxial creep

testing over a wide range of stress. The use of a standard product form

for the sample permits the direct determination of design data and the

ready comparison of differences in heat treatment, manufacturing route,

etc. is possible with the large sample array.

There are, however, some shortcomings and limitations:

1) The strain rate range over which this technique may be applied
is limited at one end of the scale by the detectable strain
and at the other by the maximum strain permitted by the hole
diameter in the graphite block. For complete creep curves
this range is about 10~° to 5 x 10""-' h . Partial creep
curves can,however, be obtained in the range 1.5 x 10~ 7 to
5 x 10-3 h-1.

2) The scatter and inability accurately to predict specimen temp-
erature is disconcerting and the system was viable only because
the coolant temperature could be adjusted. Undoubtedly much

of this difficulty is associated with the internal dimension
of the central support tube. Future central support tubes
should be honed to as accurate a dimension as possible.

3) Stress control is not as accurate as could be desired but any
significant improvement would be achieved only at considerable
expense.
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