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SUMMARY 

The R.C.N, work related to safety aspects of fast reactor fuel pins 

comprises the subjects: fuel pin performance tests, clad failure ex

periments and fuel pin loss of cooling experiments. The clad failure 

experiments are performed on fuel pins, irradiated at relatively 

severe operating conditions and on cladding tube sections pressurized 

out of pile up to failure. 

After a description of possible mechanisms and consequences of a fuel 

pin failure, the fuel pin and cladding test equipment and the intended 

experiments on the above mentioned subjects are described. 

Some preliminary results of already completed on introductory expe

riments are presented. 

The following results are noteworthy: 

- Fuel pins, clad in 6.00 x 5.24 mm stainless steel tube, were irra

diated in a stagnant sodium environment, at a linear power of about 

650 W/cm and a clad temperature of about 700 C, up to burn-ups of 

7, 19, 46 and 59 HWd/kg U02. The fission gas release of the 7 and 

19 MWd pins was respectively 28 and 42Z. The 59 MWd pin failed by 

cladding fracture subsequent to a fast start up. 

- Local flux peaking, caused by the absence of an adequate neutron 

absorbing material adjacent to the dished end of the enriched pellet 

fuel, resulted in gross fuel melting followed by clad melting. 

- Cladding tube sections with a free internal gasvolume of 15 cm3, 

equivalent to the gasvolume in & full size fast reactor fuel pin, 

failed after pres sur ization at 60 to 80 atmospheres and 975 to 

1050 C without an extraordinary expansion of the cladding outer dia

meter. Failure occurred by intergranular fracture. 

Reactor Centrum Nederland, 1970. 53 pages» 3 tables, 29 figures. 
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1. INTRODUCTION. 

The RCN work on sodium-cooled fast reactors is part of a programme on 

the development of sodium-cooled fast reactors, jointly undertaken by 

Germany, Belgium, Luxemburg and The Netherlands. An important item in 

this programme is the construction of a 300 MWe prototype reactor, 

called SNR (Schnelle Natrium Reactor). One of the tasks in the RCN con

tribution to the development of the SNR fuel element concerns an ex

perimental investigation of possible failure situations of a single 

fuel pin. The experiments concentrate on the following three aspects: 

- the causes of a fuel pin failure; 

- the mechanism of a failure; 

- the consequences of a failure. 

The start of a fuel pin failure can be caused either by an abnormal 

rise in temperature, an abnormal increase in fission gas pressure, a 

rapid fuel pin material disintegration or by a combined action of 

several of these events. The failure mechanism is determined by the 

fuel pin construction, fuel element lay-out, fabrication and irradiation 

history and by the origin of the failure. The consequences of a failure 

depend on the mechanism of failure, the fuel element and reactor core 

construction and the core operation conditions at the moment of failure. 

From a reactor safety point of view, failure studies should preferential

ly be performed on representatively large fuel elements, irradiated at 

maximum heat rating conditions. At the moment insufficient irradiation 

facilities are available for these large experiments and their costs 

would be a limiting factor. Therefore it is preferre1 to start with out-

of-pile experiments and single pin irradiations in order to minimize the 

number of large scale experiments. 

The RCN contribution in sodium-cooled fast reactor fuel pin failure stu

dies comprises the following subjects: 

1.1. Fuel Pin Performance Tests; Experiment R62. 

In the poolside facility of the High Flux Reactor (HFR) at Petten, The 

Netherlands, short length fuel pins, fabricated according to SNR dimen

sions, are irradiated in capsules up to different burn-nips at a heat 

rating of about 650 W/cm and with a clad temperature of about 700 C. 
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1.2» Clad Failure Experiments; Experiment R54. 

Short term irradiations of short length fuel pins» fabricated according 

to SNR dimensions» are performed in the HFR swing-in facility at 

600 V/cm heat rating» 700 to 1050 C clad temperature and an internal 

pressure in the range of 2 to 70 atmospheres, the combination of these 

conditions during irradiation is such that failure may be expected to 

occur within the intended one hour irradiation time. 

1.3. Loss of^Cooling Experiments; Experiment R63. 

Short term irradiations of short length fuel pins, fabricated according 

to SNR dimensions» at a maximum heat rating of 600 W/cm, clad tempera

tures in the range of 600 to 700 C and internal gas pressures between 

2 and 70 atmospheres. After irradiation at constant conditions during 

30 minutes a stagnant sodium-potassium heat transfer layer between the 

first and second containment will be blown away in a short time. 

Irradiation will be stopped two or more seconds after the loss of cool

ing starts. 

1.4. Pressure Testing of Cladding Tubes; 

Out of pile pressure testing of SNR cladding tubes at temperatures in 

the range of 700 C to 1050 C and internal pressures in the range of 20 

to 70 atmospheres with increasing temperature, at constant pressure, 

and with increasing pressure, at constant temperature. 

After a short description of possible fuel pin failure causes, mecha

nisms and consequences, the above mentioned -fuel pin failure experiments 

wil| be described in aore detail and some preliminary results on the 

subject» J. 1, 1.2 and 1.4 will be presented. 
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Asstinting that the amount of heat generated in the fuel is constant» the 

result of the two mentioned failure initiating mechanisms is that the 

sodium temperature will increase. In the present experiments, however, 

the phenomena in the sodium resulting from the sodium temperature in

crease will not be considered. The increase in sodium temperature, 

caused by a decrease in coolant flow, results in an increase in succes

sively the cladding temperature, the dad-fuel gap and the fuel tempera

ture. Depending on the amount and rate of canning temperature increase 

and on the internal fission gas pressure, the canning may fail either 

by melting or by rupture due to reduction of mechanical strength. The 

fuel temperature increase might result in excessive fuel swelling, 

fission gas pressure increase and possibly in central fuel melting. 

Excessive fuel swelling leads to severe mechanical fuel-clad interaction 

which might result in clad rupture. When fuel melting occurs- a sudden, 

more or less local, fission gas release burst can occur which may result 

in a local inflation of the cladding. Inflation of the cladding increases 

the fuel-clad gap so that the molten fuel «one will extend. The increase 

in fuel volume caused by meltjing, cannot always be accommodated within 

the outer solid fuel shell. Volte* fuel, might be pressed thtmugh exmcfcs 

in the solid fuel shell and might contact the cladding* Xhia can result 

in local melting of the clad. It is of course also posaible that cla4 

failure is the result of a combination of the different single .event». 
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with subsequent expulsion of sodium. This may lead to cladding over

heating of neighbouring fuel pins causing propagation of the failure. 

If the fuel is molten and drips out of the pin the same sequence as 

described above may occur, and fuel can come in direct contact with 

neighbouring pins causing local clad overheating with or without 

failure and local coolant flow blockage. 

If liquid fuel is being ejected out of a pin while liquid sodium is 

still present» fuel fragmentation may occur. This results in a very 

rapid heat transfer from the fuel to the sodium with the possibility 

of high pressure pulses. It is very likely that also in this case fuel 

contacts the neighbouring pins. 

The liquid fuel - sodium interaction may also result in sodium expulsion 

with consequences as already described before. 

It should however be proven that in the considered cases still some 

sodium is left in the liquid state to make a liquid fuel - sodium inter

action likely to occur. 

Release of enough fission gas may affect the cooling of the neighbouring 

pins in such a way that overheating occurs with subsequent clad failure. 

Also the determination tf the time scale of an accident sequence is im

portant. The time scale dictate* how much time the safety system has 

available for detection of an accident situation and to take action to 

avoid propagation of the accident. 

The presented accident sequences are part of a general safety philosophy 

and can be used as a basis for an irradiation programme to study safety 

aspects of a sodium cooled fast reactor. The aim of such an experimental 

-_ study should be, to give a reply on the following questions: 

- Can a cooling disturbance lead to a clad failure? 

- How does eventually a clad failure occur? 
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3. FUEL PIN PERFOBMANCE TESTS. Experiment R62. 

3.1. Description of Fuel Pin and Capsule. 

Fuel Pin. 

In general the fuel pin of experiment R62 consists of a stainless steel 

clad filled with 50Z enriched U0 2 pellets. The pellets have dishes on 

one side. The fuel length for the low- and high burn-up experiment is 

250 and 200 am respectively. The pellet density is about 91.5Z T.D. More 

details of the pins are given in figures 4 and 5. 

Capsule. 

The construction of the capsule is schematically given in figure 6. The 

fuel pin is surrounded by a shroud tube (AISI-316). This tube promotes 

natural convection of the sodium along the fuel pin, serves as a first 

barrier in case of an accident and is used for attachment of the thermo

couples. The fuel pin and shroud tube are fitted iu a stainless steel 

(AISI-316) containment. This first containment is filled with sodium, 

so that the fuel pin is irradiated in a sodium environment. 

Two minitubes have been connected to the upper part of the containment 

for gas flushing and fission gas detection. A pressure of about 3 kg/cm-

helium is maintained in the first containment. A second containment 

surrounds the first one. 

The gap between these containments can be filled with different gases 

or a mixture of gases to create a thermal barrier. This barrier can be 

controlled by varying the width of the gap and the nature of the gases. 

The outside of the second containment is cooled by water in forced con

vection. The cooling water is taken from the HFK pool, passes a flow 

indicator and is pumped through an annular gap around the second con

tainment back into the pool. The temperature difference between in-

and outlet of the cooling water in the annular gap is measured, so that 
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They have been performed and the post-irradiation examination is in 

progress. The average linear power was approximately 650 V/cm and the 
o 

average cladding temperature about 700 C. The target burn-ups were 7, 

20, 50 and 80 HWd/kg U02. 

Irradiation of the capsules R62-A03 and -A04 has however been terminated 

at a burn-up of 46 and 59 MNtt/kg UO2 respectively» because of failure 

of the thermocouples for A03 and because of fuel pin failure for A04. 

The fuel pin failure of A04 occurred subsequent to a fast start-up of 

the HFR. The pin failed by fracture of the cladding in the neighbour

hood of the quarter length position. 

3.3. Preliminary Results. 

The post-irradiation examination of R62-A01 and -A02 has been completed 

and a report is in preparation. The burn-ups of these pins were 

approximately 6.5 and 18.5 MWd/kg UO2 respectively. From the results it 

was concluded that some interaction took place between fuel and cladding. 

The attack of the cladding of fuel pin A01 was less severe than that of 

A02. The figures 7, 8 and 9 give some idea about the interaction. The 

maximum observed depth, of the attack was approximately 0.013 and 0.016 mm 

for A01 and A02 respectively, which is about 4 and 5% of the cladding 

thickness. No significant dimensional changes of the fuel pins hsve been 

measured. The amounts of fission gas released in the pins A01 and A02 

were 28Z and 42Z respectively. 

The post-irradiation examination of experiments R62-A03 «ad -A04 has 

been started. Sofar dismantling of the R62-A04 capsule showed that part 

of the fuel had disappeared from the pi&and was found below the pin, 

outside the shroud. Tiki shroud tube itself was still intact, The post-

irradiation examination is still coniiouing. 
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Figure 7. 

Detail of the interaction between claddingand U02 of fuel pin 

R62-A01. (500 x). 
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Figure 9. 

Detail of the in terac t ion between cladding and UOo of fuel pin 

R62-A02. (500 x ) . 
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4, CLAD FAILURE EXPERIMENTS. Experiment R54. 

4.1« Description of Fuel Pin and_Capsule. 

Fuel Pin. 

The fuel pin of this series of experiments consists of 6Z enriched U02 

pellets, clad in Sandvik 12R72HV tubing. The pellets have dishes on 

one side. The fuel length is 80 mm. At both ends of the fuel column the 

pin contains a pellet of natural U02 +1.3 w/o UB^ particles with dia 

meters between 110 and 125 microns, to avoid flux peaking at the end of 

the enriched fuel column. The pellet density is 10.3 g/cE* (94Z T.D.). 

The total length of the pin is 127 mm. More details of the fuel pin 

are given in figure 10. However, figure 10 does not show the minitube 

welded in the top plug. This minitube is connected to a pressure trans

ducer, allowing measurement of the internal gas pressure of the fuel 

pin during irradiation. If desired the pressure can be maintained at a 

constant value. 

Capsule» 

The construction of the capsule can be seen in figure 11. Also in this 

figure the minitube at the top plug of the fuel pin has not been drawn. 

Going from inside to outside the following components or materials are 

met: 

fuel pin - sodium annulus - shroud tube (AISI-316) - sodium annulus -

first containment (AISI-316) - gas gap - second containment (AISI-316) 

- cooling water - coulant tube (AISI-316) - pool water. 

In the radial cross section of the capsule on figure 11 the location of 

the thermocouples can be seen. 

The upper part of the first containment has been provided with two 

minitubes for gas flushing and fission gas detection in case of a . 

failure. The pressure in the first containaent will be measured by means 

of a transducer. As the pressure inside the pin will be higher than in 
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The sodium temperature, at a certain rod power and gap width between 

the first and second containment, can be adjusted by varying the mix

ture of the gas. Changing from 100Z helium to 100% nitrogen results in 

a temperature increase of the sodium of about 150 C. 

The outside of the second containment is cooled by water from the pool, 

which is pumped through au annular gap around the containment. The 

coolant tube has not been drawn in figure 11. The average linear rod 

power will be calculated from the coolant flow and the temperature 

difference between in- and outlet of the cooling water in the annular 

gap. 

4.2. Description of the Experiments. 

The aim of these experiments is to investigate: 

a) the behaviour of the fuel and the cladding at high sodium tempera

tures, 700° to 1050°C; 

b) the pin failure mechanisms in case of .a cooling disturbance; 

c) the tureshold irradiation conditions which lead to failure at a 

constant rod power of 600 W/cm, with the clad temperature and in

ternal pressure of the pin as variables. 

High sodium temperatures may be the consequence of a cooling distur

bance, leading to a temperature increase of the cladding and the fuel. 

Internal pressurization of the pin simulates the fission gas inventory. 

Three experiments have been planned until now. The conditions have been 

based on the results of out of pile burst tests. The irradiations will 

be carried out at an average linear rod power of 600 W/cm. The irradi

ation time is one hour unless fuel pin failure occurs. The irradiation 

conditions are given in table 1. They have been chosen so that failure 

may be expected. 

Table 1. Irradiation conditions for experiment R54. 
i * I K . H M * M B i a H M M M M M 
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The post-irradiation examination will be concentrated on the following 

aspects: 

1. visual inspection of the capsule components and fuel pin; 

2. photography; 

3. gamma scanning; 

4. neutrography; 

5. profile measurement; 

6. determination of ÜO2 particle size distribution in the case fuel 

has come out of the pin; 

7. microscopic ceramography observation of the fuel and the cladding, 

especially at failure sites and locations where fuel-clad interactions 

occurred. 

4.3. Preliminary Results. 

As none of the planned irradiations has been carried out, no results 

can be reported as yet. However, before this series of experiments, an 

irradiation has been performed with about the same capsule but with 

different irradiation conditions, namely: 

- 50Z enriched fuel; 

- average rod power 1450 W/cm; 

- sodium temperature around the fuel pin: 530 C; 

- only about two atmospheres internal gas pressure* 

The code number of this experiment was R54-F05. 

The construction of the fuel pin can be seen in figure 12. This irradi

ation was one of a series of experiments for determining the failure 

limit as function of heat rating and sodium 'temperature* This programme 

has been replaced by one in which mora attention is paid to accident 

situations caused by cooling disturbances rather than by an over power* m 
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Figure 16 shows very clearly that a sharp difference in activity exists 

between the 50Z and 8Z enriched U02 pellets. The shape of a rising sun 

at the upper interface (figure 17) can only be explained by assuming 

that central fuel melting occurred, probably caused by flux peaking in 

this region. Micro structures of the interfaces are shovu in f iguies 

16a and 17a. 

V 
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^igure 13. 

Failed fuel pin of experiment R54-F05. 

.figure 14* 

top ptxt of failed pin R54-F05. 
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Figure 15. 

Botte» part o£ failed pin R54-F05. 
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Figure 16. 

Ancoradiograph of interface 50Z-8Z enriched U02 and 8Z enriched 

- natural U02 at the bottom side of fuel pin R54-F95. (20 x.) 
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Figure 16a. 

Microgtructure of interface 50X - 8% enriched 9j% and M enriched ~ 
natural U02 at the hottoa eide of fuel pin 154~f§§. (20 * ) . 
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Figure 17. 

Autoradiograph of the interface 50Z - 8Z enriched U02 at the top 

tide of fuel pin R54-F05. (20 x). 
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5. LOSS OF COOLING EXPERIMENTS. Experiment R63. 

5,1. Description of Fuelg in and_Capsule. 

Fuel Pin. 

The fuel pins of this series of experiments are clad in Sandvik 12R72HV 

tubing and contain 50% enriched U02 pellets, dished on one side. The 

fuel length is 250 mm, and the total length of the pin is 384 mm. The 

pellet density is 10.32 g/cm3 (94.2% T.D.). Details of the pin are given 

in figure 18. 

Capsule. 

The loss of cooling capsule is a modified R62 capsule, An extra contain

ment filled with NaK, has been added and a tantalum tube has been instal

led in the gas containment for safety reasons. Going from inside to out

side the following components or materials are met: 

fuel pin - sodium - shroud (AISI-316) - sodium - first containment <AISI-

316) - NaK - second containment (AISI-316) - gas gap (He/N ) - Ta-tube -

third containment (AISI-316) - water - coolant tube - poolwater. 

The construction of the capsule can be seen in figure 19. The NaK contain

ment has essentially a U shape. One leg is the annulus around the first 

containment, while the other leg is a tube leading to a small vessel at 

the upper end of the tube. Under stationary conditions both legs are filled 

with NaK. 

The loss of cooling simulation is accomplished by a very rapid pressure 

increase in the gas space above the NaK-annulus. The NaK will be pushed 

away from this annulus into the vessel at the end' of the other leg of the 

U tube. Three sensors in this NaK vessel indicate the position of the NaK 

level in the annulus. The first one :s used for the level under stationary 

conditions. The second one gives a signal when the NaK level in the amnilus 

has reached the top end of the fuel in the fin* A signal of the third 

tensor indicates that the NaK level has reached the lower end of the fuel. 

The signal of the third sensor can initiate, after A pre-set tine interval, 

a scram of the reactor, At several heights of the fuel pin the temperature, 

mainly in the sodium, will be measured. Some thermocouples will be mounted 

•'• in the in- and outlet of the cooling water channel for determination of the 

5spp*t$«l power under stationary conditions. A pressure transducer with a 

e M function o^ tie» dnring both stationary and dynamic conditions. 
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The gas space above the sodium containment is filled with pure helium 

at a pressure of 3 kg/cm2. The temperature, pressure and NaK level 

measurements will be recorded by ampex-equipment with 32 channels. Cycle 

times of 50, 100 and 200 millisecones can be adjusted, which means that 

all 32 points can be measured 20 times per second. 

As yet the moment of failure can not be measured. After the experiment 

has been terminated it will be determined whether or not the fuel pin 

has failed. This is done by measuring the radioactivity of the gas in

side the first containment when this is led to a gassystem. If failure 

occurs and is accompanied by a pressure pulse as a result of fuel-sodium 

interaction its registration may be used as a failure indication. In a 

later series of capsules, the fuel pin will be provided with a minitube 

for connection to a transducer to measure the internal gas pressure 

during the experiment. 

5.2,._ Description of the Experiment. 

In general it can be said that the main purpose of these experiments is 

to investigate the consequences of a fuel pin failure. In figure 3 a 

number of possible consequences have been presented. Special emphasis 

will be given to: 

a) the moment and mechanism of failure; 

b) the extent of possible interactions between sodium, cladding and fuel; 

c) the relocation of the fuel. 

So far, three experiments have been planned with different time interval» 

between NaK expulsion and reactor scram. The experiments will be start*d 

with an irradiation of 30 minutes under the following nominal conditions: 

average linear power: 600 W/cm. average canning temperature: +_ 540 C. 

Then the NaK is blown down from the second containment into the reservoir 

while after two or more seconds, after response of the last HaK level 

sensor, the reactor will be scrammed. The temperature increase will be 

very rapid. It is expected that if the reactor i» scrammed 3 to 4 seconds 

after the NaK is blown away the sodium around the pin start» to boil, 

while neither the canning nor the U02 in the centre *f the pin have reached 

their melting points. Melting of the clad is enfacted to#t**t after 

seconds, centre fuel malting after 4f5 to 5 *ed#*. tf tie f rector i 

aatfMWriMSj|ÉKSlm4 B l T ^ A l ^ ask. •« 
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6. PRESSURE TESTING OF CLADDING TUBES AT HIGH TEMPERATURES 

6.1^ General Description of the Programme. 

For sodium-cooled fast reactors the most attractive fuel cladding material 

is thin-wall seamless tubing fabricated from vacuum melted austenitic 

stainless steel. The fuel cladding material in the SNR will be 

Uerkstoff nr. 4988 (Germany), 12R72HV (Sweden) or an equivalent material. 

Some characteristic data of both materials are presented in table 2. 

The wall thickness of the fuel cladding is calculated on basis of a mini

mum, required to obtain economicly acceptable fabrication and to assure 

maintenance of integrity during fabrication and in-core operation and on 

basis of a maximum dictated by an acceptable fast neutron absorption and 

a tolerable temperature difference across the wall. 

Maintaining the wall thickness within specified tolerances throughout the 

in-core life of the cladding is necessary for a predictable fuel pin 

behaviour. However, in spite of the close control of tubing dimensions 

during the many steps of tube fabrication, fuel pin assembly, and fuel 

element assembly, the occurrence of local defects in the cladding is in

evitable. Moreover, also local deviations from normal in-core operating 

conditions, as described in section 2, can result in deleterious clad 

thinning. Thus the aim of the R.C.N, pressure testing programme on SNR 

cladding tubes is three-fold: 

- to set the conditions for the irradiation experiments, mentioned in 

section 4; 

- to determine the interdepency of the moment and mode of clad failure, 

the clad temperature history and the mode and history of the stresses 

in the cladding wall; 

- to find an interpretable, destructive, tubing control method, capable 

to reveal defects whose deleteriousness is only shown by high tem

perature testing. 

Three categories of experiments will be performed: 
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c) +AT experiments; Pressure testing at constant temperature and pressure 

during one hour followed by a sudden rise in tempera

ture up to failure. 

The constant temperature will range from 700 to 1050 C while the constant 

pressure will range from 30 to 70 atmospheres. The results of the CTP ex

periments will be used to select the CTP conditions of the +AP and +AT 

experiments. The rate of pressure increase in the +AP experiments will be 

in the range of 2 to 100 atmospheres/minute. The rate of increase in tem

perature in the +AT experiments will be in the range of 10 to 2G0 C per 

minute. 

6.2. General Description of the Pressure Testing Apparatus andthe Test 

Method. 

The dimensions of the tested tube section are 5.24 mm inner diameter x 

6.00 mm outer diameter x 120 mm Length. The tube is heated electrically 

over a length of 80 mm by passage of an alternating current through the 

cladding. At the open, bottom end the test tube is firmly fixed in the 

apparatus while the closed top end is freely movable in axial direction, 

(figures 20 and 21). At its ends the test tube is clamped in water-cooled 

copper grips. The test tube is filled with 5.0 mm diameter alumina beads 

with a hole of 2.0 mm diameter. The test temperature is measured with a 

stainless steel sheathed chromel alumel thermocouple which is fixed in 

the centre of the test tube by the alumina beads. The temperature is 

measured at mid-length position of the heated zone. 

The gas in the test tube is pure argon or helium with less than 10 vpm 

oxygen. The total gasvolume, available for the energy release during 

bursting, is 15 cm3 being the free gasvolume in a full-size SIR fuel pin. 

The pressure, obtained from a normal high pressure bottle through some 

reduction valves, is measured with a calibrated manometer and • pressure 

transducer which is connected with a storage oscilloscope. The test tubt 

is surrounded by pure, oxygen-free, argon or helium which is continuously 

refreshed. • " ' " - -" ' ";-, J.:L_^r«** 

The sudden raise in pressure during the *ftt experts****, the 

A A A • ^ • y v f ^A w>lw» 9 »BlAa* A#A»A^ A>AAW T ' * * ^pA^j rW»£ Ai^^PA5AA^*i»* ~^!AjpH| f ^Wlg^A*^ 

' during bursting wiU be rit^*4^. t^tr«tuT 
róowtó 4i«in« testlit »t i»fc*f lirrtfiWfstfii Mis MBslUlillliri 
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Quartz rods contact the outer surface of the test tube at uiid-length on 

four sides, each contact being located 90 degrees relative to its neigh

bour on the circumference of the tube. The four rods are connected to 

the dial gauges. Normally the springs in the gauges assure that the rods 

remain in contact with the test tube surface during the experiment. The 

springs however can also be arrested so that the rods do not contact 

the test tube. The dial gauges are read at regular times. Before and 

after the test, the outer diameter at room temperature is measured with 

a micrometer at regular distances over the length of the test tube in 

two mutually perpendicular directions. When bursting occurs, also the 

maximum expansion will be measured. The burst appearance and the cross 

sectional metal lographic structure at the crack site will be documented 

by macro- and microphotography. 

6.3. Introductory Pressure Testing Experiments. 

Some introductory experiments were performed with an apparatus which was 

not equipped with the dial gauges so that the outer diameter could only 

be measured at room temperature after the high temperature test periods. 

Tube sections from 12R72HV material, delivered as 15Z cold worked mate

rial, were used for these experiments. 

During the first 30 minutes, heating was performed in 5 minutes periods, 

while during the second 30 minutes test time heating was performed in 10 

minutes periods. After each heating period the test tube was cooled to 

room temperature in about 15 minutes. The outer diameter was than mea

sured with a micrometer at five positions, evenly distributed over the 

length of the test tube. Three measuring positions were located in the 

heated zone. 

With the help of axial marks, drawn on both cold ends of the test tube, 

the location of the measuring positions was fixed so that measurements 

performed in succession were done at the a^me site. 

For the investigation of failure mechanisms and its consequences the 

maximum expansion is the most important variable. The curves presented 

in the figures 22, 23 «ad 24 give therefore the maximum measured outer 

dismeter as a function of total test time. 

Tha spread in the measured outer diameters, caused by local difference» 

in Shi outer diameter «ad |fep inaccuracy of the micrometer mea*ares»nt, 

-£.&• + A- -''j/s - * i £* &A-,% / U V | 

yi^'j^l }&>,i j' 
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The general shape of the 900 C curves may indicate that pressure testing 

at these conditions represents the first and the onset of the second stage 

in a normal creep test. Apart from the work hardening effect also pre

cipitation hardening, occurring during the rather slow cooling down to 

room temperature and heating up to test temperature after each heating 

period, will contribute to the shape of the 900 C curves. 

The 975 C curves, presented in figure 23, show a practically linear depen

dency of the outer diameter increase on fetal test time in the 5 to 50 

minutes range. Probably during these tests an equilibrium is attained be

tween work hardening, precipitation hardening and annealing effects. 

Continuous testing at 975 C should, because of the absence of precipita

tion hardening»result in an accelerating increase in diameter with test 

time. 

The P = 20 and P = 30 curves at 1050°C, figure 24, are similar to the 

P = 30 respectively P • 50 curves at 975°C. The other curves at 1050°C, 

where P = 40, 50 and 60 atmospheres, show the accelerated rate of dia

meter increase typical for the tertiary creep, resulting in the imminent 

failure of the tube through intercrystall ine fracture. 

Some experiments resulted in bursting of the test tube. The structural 

and surface appearance after bursting is presented in the figures 25 to 

29. The micro structure of the cladding wall, at locations close to the 

maximum point of expansion, shows that grain growth attributed to the 

formation of holes and that precipitation occurred. Careful observation 

in the microscope showed that the holes are preferentially located at 

the grain triple points. Bursting of the tubes apparently occurred by 

gradual, inter granular cracking with the main cracks originating from the 

outer surface. Because the gasvolume behind the burst was only 15 cm3, 

being the free gasvolume in a full-size SNR fuel pin, neither a violent 

bursting nor an extraordinary expansion of the cladding occurredta( the 

moment of failure. 

Some experiments were performed with continuous heating and the dial 

gauges in position. The thermal expansions at several tempétatiirii are" 

presented in table 3. The'spread in th* a*«^ed *xp*nalona i. > ^ 4t 

of the average expansion. Because of a possible disturbance 0 sW'Btt*** 

temperature, resulting in a lower expansfen̂ /satiftawt 

* '" * -» .. 'V, - t- > -

973* C and with aamtiammas eêttfeac-fi 
•r^* ^^ ^^ ^^^^^^ ^ ^ ^ ^ ^ P " ^'^^^pvw'|p^mm^^mj,^s!^F (B i^m,!^jeH^mra!i^^ 

^^^^n'^^n^^n^H'ni^n^^'nB^pm^ ^r^*ismjm|^SjmB5psnr 
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Horeover, some experiments, again at 60 atmospheres, were done with the 

quartz rods in contiguous contact and with temperature variation accor

ding to the following scheme: 

- in 0.5 minutes increase in temperature from 975 to 1000 C; 

- during I minute constant temperature at 1000 C; 

- in 0.5 minutes down in temperature from 1000 C to 975 C; 
o 

- during 3 minutes constant temperature at 975 C; 
- measurement of expansions. 

The temperature and pressure in all experiments texcept for the tempera

ture cycling experiments .remained constant over the full test time. After 

one hour the test tube was cooled to room temperature in a forced flow 

of pure argon. Then the dial gauge readings were noted. After dismantling 

of the test tube the outer diameter, at the locations where the quartz 

rods contact the tube, were measured accurately with a micrometer with 

cone-shaped tips. 

The average measured expansions during and -after these experiments and 

the maximum expansions, measured after dismantling, are presented in table 

4. The small differences between the cold measured diameters in situ and 

after dismantling, in general less than 10Z difference, indicate that the 

locations where the quartz rods contacted the test tube were indeed dia

metrically positioned. 

It is noteworthy that the maximum expansion at room temperature after con

tinuous heating during one hour at 975°C and P » 60 atm, 280 +/- 40 microns, 

is much lower than the 435 microns maximum expansion after discontinuous 

heating at 975 C, figure 23. This may be caused either by overheating 

effects during the heating up periods of the discontinuous tests or by 

the longer effective heating time during the discontinuous tests. 

As was expected on basis of the absence of precipitation hardening effects, 

continuous heating at 975°C results in an accelerated increase in diameter 

with test time. 

The AT experiments show that temperature cycling results in an extraor

dinary high maximum expansion. This might be caused by local vail thinning, 

resulting in relatively high stresses and f trains at the highest test tem-

perature., 
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- Free expansion of the test tube is only obtained when the heated length 

is not in contact with any heat removing or pressing object. 

- Measurement of the outer diameter during the test by means of the quarz 

rods should therefore only be performed after each 10 or 15 minutes 

testing. 

- The test temperature must be kept as constant as possible during the 

test, e.g. within about IOC. 
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Table 2. Properties of seamless austenitic stainless steel tubing 
used for the RCN pressure test experiments and assembly of 
fuel pins irradiated in the HFR. 

Material code no. 12R72HV Wnr. 4988 

As received condition of tubing 
solution 
annealed 
+ 15% C.W. 

solution 
annealed 

Tubing dimensions outer diameter,mm - 6.00 +. 0.04 

inner diameter,mm 5.24 +; 0.03 5.24 +. 0.04 

wall thickness,mm 0.38 + 0.03 -

Chemical composition 

w/o nickel 14.8 13.7 

chromium 14.5 16.2 

ii molybdenum 1.24 1.42 

it manganese 1.66 1.33 

ti silicon 0.60 0.58 

it titanium 0.46 -

II niobium + tantalum - 0.66 

II vanadium 0.77 

it ir^n rest rest 

ti carbon 0.10 0.05 

II boron 0.0001 NA 

ii sulfur 0.008 0.005 

it phosphorus 0.009 0.020 

ppm oxygen 78 NA 

nitrogen 60 NA 

hydrogen 7 NA 

Room temperature 

Ultimate Tensile Strength, kg/mm2 76-77 72-73 

Yield Strength (0.2Z) 65-66 42-44 

• Elongation in 2 inch, in % 16-19 -

„ in 11.3 VA (<io). 1 36-38 50-52 

f , .- -1 

w a» 65 

MA -* ' not analysed 
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Table 3. Thermal expansion, in micrometers, of 12R72HV tubing, with an 
original outer diameter of 6.008 - 6.016 mm, as a function of 
temperature. 



Tafela 4* Expansion of the outer diameter, in micrometers, of 12R72HV cubing during and afc.er pressure testing 
at 60 atmospheres and 975 C. The original tubing dimensions were o.d. x w.t. = 6.012 x 0.380 mm. 

Experiment - codeletters: CM - o.d. is measured continuously; DM = o.d. is only measured after every 
15 minutes testing; AT - o.d. is measured continuously and temperature history of heated tube is: 
in 0.5 minutes up to 1000°C - 1 minute constant at 1000°C - in 0.5 minutes down to 975°C - 3 minutes 
constant at 975°C - o.d. measurement - in 0.5 minutes up to 1000°C etc. 

Total test tine 
in 

minutes 

EXPERIMENT - CODE LETTERS and NUMBER. Total test tine 
in 

minutes CM-1 CM-2 CM-3 DM-1 DM-2 DM-3 AT-I AT-2 AT-3 

0 
5 
10 
15 
20 
25 
30 
35 
40 
45 
50 
55 
60 

104 
107 
110 
115 
120 
128 
134 
142 
152 
160 
169 
179 
194 

106 
107 
110 
117 
123 
131 
138 
146 
155 
168 . 
181 
192 
209 

101 
103 
104 
109 
122 
130 
136 
140 
147 
155 
165 
175 
189 

104 

163 

204 

242 • 

301 

99 

113 

131 

164 

218 

106 

155 

208 

262 

336 

o
o

o
-
N

n
<

ir
n

o
*
f
lo

e
io

 
100 
101 
107 
117 
127 
140 
161 
176 
193 
211 
232 
253 
281 

104 
109 
117 
123 
137 
151 
165 
181 
203 
223 
250 
289 
319 

After testing 
cold measured 

in situ 
dismantled 

Maximum expansion 

133 
123-131 
290 

184 
121-150 
310 

129 
118-131 

2H0 

203 
187-198 
270 

176 
141-145 
280 

252 
229-234 
320 

151 
146-157 
630 

263 
223-232 
600 

312 
304-338 
980 
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Outer diameter in mm. 
606 . 

P=70 

&05 

604 -

P=40 

P=30 
603 -

6JD2 -, 

m -•» Total t t » t t i m e in minut t i 

10 20 30 40 SO 60 
Figure 22. 
Maximum outer diameter of 12372BV tube sections at room 
peraeure after pressure testing at 900 £ and F atmospheres 
during Micceseive heating period? of 3 or 10 viimmB* 
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Figure 25. 

Outer surface and rupture appearance of a 12R72HV tube, pressure tested 
up to failure after 33 minutes, at 50 kg/cm2 and 1050°C. 
Eolargement: 8.6x. 
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Figure 

Metallographic structure of the wall of the 12R72HV tube presented in 
figure 25 , in the vicinity of the failure. 
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Figure 27. 

Outer surface and rupture appearance of a 12R72HV tube, pressure tested 
up to failure after 44 minutes at 80 kg/cm2 and 975 C. Enlargement: 8.6x. 
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Figure 23-. 

Metallographic structure of the wall of the 12R72HV tube presented 
in figure 27 , in the vicinity of the failure. 
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Figure 29. 

Outer surface and rupture appearance, after polishing, of a 12R72HV 
tube, pressure tested up to failure after 37 minutes at 90 kg/cm 
and 975 C. Enlargement: 8.6x. 
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