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SYNOPSIS 

Power ramp failures have occured in water reactor fuel elements. 

In this paper we summarise their incidence in power reactors. Illustrate 

what is now known about the failure mechanism and list the remedies 

that are receiving attention. 

1. INTRODUCTION 

Systematic failures have occurred in water reactor fuel elements 

during and after power ramps. The Zircaloy sheath splits 

longitudinally, apparently as a result of the thermal expansion of 

the pellet. Power ramp failures have been reported for PWR, BWR, 

CANDU and SGHW fuel elements. They also occurred in AGR but effective 

remedies seem to have been found for that case. 

In this paper the failure experience in power reactors is first 

reviewed. Then the mechanism of failure is described. Finally the 

proven and potential remedies are listed ¿undtheir actual or hoped-for 

benefits explained. 



2. EXPERIENCE FROM POMER REACTORS 

LWR 

Many hundreds of thousands of PWR fuel rods, some pressurised 

and others not, have been Irradiated in power reactors. They have 

exhibited failures due to densifieation, hydriding and pellet-clad 

interaction. Figures 1 and 2 summarise the situation: they exclude 

densifieation-induced failures. In the non-pressurised fuel rods 

(Pig. 1), of which more than have reached 15 GWD/t, more than 

0.2¡É failed at low burn-up due to hydriding. Above 20 GWD/t up to 

0.2$ have failed due to power ramps. Pressurisation has reduced (by 

a. factor three) the incidence of power ramp failures (Fig. 2). 

The dependence of power ramp failures on the magnitude of the 

power increase is illustrated by the failures that occurred due to the 

withdrawal of a control rod in the BWR Oskarshamn 1 (Fig. 3). Here 

the majority of the failures in the group of 45 rods at risk, occur 

at the axial node where the power increase was greatest. Eddy current 

examination was the source of the failure data plotted in Fig. 3. The 

maximum rate of power increase was about 0.5$ per minute. 

CANTO 

Experience from the CANDU reactors plus experiments performed on 

CANIXJ fuel in the NHU loops illustrate that both the magnitude of the 

power increase and the magnitude of the final power level help to 

determine failure probability. Figure 4 shows that the permissable 

power increase falls to a low asymptote as the burn-up increases: in 

a power reactor the failure threshold is somewhat higher than in the 

loops. A remedy, CANUJB, has the mean effect illustrated (for loop 

irradiations) in Fig. 5- By reducing mechanical and chemical inter-

actions at the pellet-clad interface, CANUUB approximately doubles 

the permissable power increase at¡most burn-up levels. 

CANDU data also reveal effects of power level: non-CANUJB fuel 

in a power reactor does not fail if the power level does not exceed 

about 35 kW/m. If the level exceeds 45 kW/ra then some failures occur 

immediately: between 45 kW/m and 35 kW/m failures occur an hour or 

two after the ramp. 

SGHWR 

Three power ramp experiments have been done in the Steam Generating 

Heavy Water Reactor at Winfrith Heath, UK. In the first experiment 

two of the fuel pins failed and calculations using the SLEUTH-SEER 

fuel element computer model show that in these failures the cladding 

was subjected to a stress of nearly 500 MPa eis a result of pellet-

expansion during the ramp (Fig. 6). Most of the pins were less 

highly stressed and did not fail. 

The same pattern emerges from the second and third experiments 

(Figs 7 and 8): taken together (Fig. 9) the results suggest that the 

failure stress falls with Increasing burn-up level. It is not certain, 

as yet however, that this last trend is genuine and further 

calculations are planned. 

Suimnary of failure experience 

This is provided by Fig. 10, in which have been plotted contours 

of constant failure percentage on axes of maxltnim IHGR (after the 

ramp) and burn-up level (at the moment of ramping). Pressurisation 

is seen to raise the failure thresholds. CANDU and BWR fuel have 

similar thresholds and SGHW failures occur under such the same 



conditions. Some Maine Yankee failures occurred at an unexpectedly 

low value of maxinum IHxR. 

3. OHE FAILURE MECHANISM 

The most likely mechanism Is stress corrosion cracking or liquid 

metal embrlttlement. The stress arises from thermal cracking of the 

pellet coupled with pellet expansion; 

Pellet cracking 

The pellet cracks because of the temperature difference between 

its centre and Its surface (Fig. 11). As the pellet expands It 

presses against the clad. Simultaneously the pellet-cracks open and 

may propagate through the cladding. Axial expansion of the pellet 

centre, as it heats up, causes the pellet fragments to slide in the 

tube. Friction resists sliding and tilts the fragments, producing 

ridging. 

Axial expansion causes each pellet to exert a force on the 

contacting end face of its neighbour and calculations show that cracks 

In one pellet are quite likely to propagate Into another (Fig. 12): 

observations confirm this, showing that axially continuous cracks 

occur in several adjacent pellets, sometimes. These long cracks are 

more likely to propagate Into the clad, just as large flaws are more 

easily propagated than small flaws in a solid body. 

The crack propagates Into the clad because the hoop force in the 

contacting arc of clad is highest over a pellet crack (Fig. 13). In fact 

theory shows that the force decreases exponentially as we move round 

the clad away from the pellet crack. The stress produced by this 

force is highest on the inside surface and lowest on the outside 

surface of the clad (Fig. 14). 

Instead of propagating into the clad (Fig/ 15B), the stress due 

to an opening pellet crack may merely deform It locally (Flg. 15A). 

If we lubricate the Interface In the manner which CANLUB was meant to, 

then deformation is delocalized (Flg. 15C). 

Thermal feedback 

In the previous section we showed how cracks open die to central 

expansion of the pellet during a power Increase. The surface of the 

pellet heats up, too. This Is due to the Insulating effect of the 

pellet clad interface, particularly when a large pellet clad gap 

exists. If, in such a gap, there are pellet fragments then they 

stress the clad as the pellet expands. If they are not too 

numerous then they will not conduct much heat. It Is believed that 

these were the circumstances that obtained In the Maine Yankee Batch B 

failures, mentioned above. A large gap formed due to denslflcation 

(the adoption of non densifylng fuel has since obviated this 

phenomenon) and by insulating the pellet raised its temperature 

slightly (Fig. 16 broken line). Fragments of pellet became wedged 

in the gap, conveying stress (but little heat) from the pellet to the 

clad. As burn-up proceeded the small mass of helium in these 

unpressurised pins was quickly diluted by low conductivity fission 

product gases (Xe and Kr) which raised the gap resistance and caused 

the pellet to heat up (Fig. 16 solid line) and stretch the clad. The 

rate of fission gas release rose steeply as the pellet temperature 

Increased and this caused even more fission gas to be released: a self 

augmenting process of pellet expansion had been triggered and this 

split the clad. Note that the cracks in the pellet did not (theoretically) 

open: instead the pellet expanded uniformly. One would then expect 



failure to be initiated by the pellet fragments that had become 

wedged In the pellet clad gap. 

Fig. 17 shows that prepressurisation will have helped to 

eliminate this "thermal feedback" effect. The helium swamps the 

insulating effects of fission gas. 

Cracking of the clad 

the pellet crack penetrates the oxide layer on the Inner surface 

of the contacting clad (fig. l8a) and nucleates a stress corrosion 

crack in the underlying metal. The branching stress corrosion crack 

worms its way through the Zircaloy until finally the remaining 

ligament of metal shears. Iodine, a fission product, is the most 

likely stress corrodant. There is a threshold stress, reduced by 

irradiation, below which (Fig. 18b) failure has not been observed. This 

Is in keeping with the SGHHR experience and also with the general 

finding that there is a threshold in the mnvt.iinim power level, below 

which failure does not occur. The lower the stress (above the 

threshold stress) the longer the failure time (Pig. l8b). The crack 

propagation rate is in fact a function of the stress intensity (Fig. 19), 

seems to be faster at 3to°C than at 300°C and switches from 

transgranular (TG) at 300°C to intergranular at j W c . 

Ahead of the propagating crack (Fig. 20) there is a craze, or 

region of partial fracture where the crack is spanned by occasional 

grains whose orientation does not favour stress corrosion. If a 

fraction q of the fracture comprises such unbroken grains then the 

stress supported by the craze is qay. Further from the crack tip there 

are no fractured grains and here the metal Is at the yield stress (ay). 

Further still from the crack tip the stress falls off and the material 

in this region is elastic. Hie condition for eraok propagation is 

that the CTOD equal The condition for craze propagation is a 

"craze tip opening displacement "of Together and define the 

size of the craze. The island grains in the craze fail in a ductile 

mode. They fail more easily when irradiation has reduced their 

ductility and this accounts for the effect of irradiation upon stress 

corrosion failure time. 

Iodine release 

Gamma radiolysls of Csl can release iodine even when, thermodynamLcally, 

decomposition of Csl is not expected (Fig. 21). Excess caesium will, 

however, inhibit this decomposition process. A gamma photon can, via 

the Compton scattering effect, displace a valence electron from Its 

orbit round an iodine atom nucleus, leaving an electron hole. A V^ 

centre forms when this hole is shared with an adjacent iodine Ion. 

If now a free electron combines with the hole, the binding energy so 

released causes the halogen ions to separate. They finish up in 

interstitial positions, diffuse to form pockets of Iodine vapour at 

the oxide grain boundaries and are eventually released from the 

pellet. In this manner free iodine finds its way to the inner surface 

of the Zircaloy where it causes stress corrosion. 

The time delay, T, before failure occurs 

In Rig. 22, the clad stress calculated from the fuel element 

computer model CREEP'NCRACK is plotted for a power ramp together with 

representative curves for iodine release and the resultant rate of 

SCC growth. At point F the remaining ligament of cladding is 

ruptured by the stress and a power ramp failure has occurred. 



Diffusion of the Interstitial Iodine is accelerated by the rise 

In pellet temperature produced by a power ramp and so the concentration 

of Iodine In the pellet clad gap rises during the power ramp and this 

rise continues for a temperature dependent period after the ramp: 

the higher the pellet centre temperature the briefer this period . 

The "relaxation time", Tj, for this process of iodine release 

will vary inversely with the terminal pellet temperature, i.e. with 

R : 
max 

l A l = f(e*p - [ R r e f / V j ) -.(I) 

Simultaneously the stress produced by the power ramp is falling due 

to irradiation creep in the outer rim of the pellet ¿und in the 

cladding. The relaxation time (T ) for this process varies inversely s 

with the R , too. but the dependence is much lesa steep than that 
max 

of the diffusion controlled process of iodine release: 

1/T = fcR ... (2) 
' s max 

Typically Tg lies in the range 1 day to 1 week and is simply 

proportionate to the reciprocal of R^^ 1 as equation (2) 

indicates. 

To a reasonable approximation the delay time, T, between the 

ramp and failure (Fig. 22) will be Tj if failure is "chemistry controlled" 

and T if failure is "mechanically controlled". In the former instance 
s 

a plot of log T versus — } would be a straight line: in the latter 
-, ^ max 

a plot of — versus R would be a straight line. Data with which to 
T max 

test these hypotheses are coming available. If they suggest that 

chemistry is unimportant then remedies that involve making the pellet 

better able to retain fission products will be of diminished interest. 

4. HfcMKDIES 

Restricted power rang) parameters 

Pig. 23 shows a power ramp, like the one examined In Fig. 22. 

Power is raised from Rq to RJNAX (a ramp of magnitude AR ) at a rate R. 

The ramp occurs at burn-up B^. After a time t^ mflY , power is 

reduced. Then: 

a. Power ramp failure will not . occur providing R ^ ^ 1s below a 

certain threshold. Indications are that this threshold is 

about 30 kW/m for unpressurlsed BWR fuel, CANDU and SGHW. It 

Is higher (40 kW/m, perhaps) for pressurised PWR fuel (Fig. 10). 

b. If R, the rate of rise of power, Is kept low then failure is 

inhibited. Calculations Indicate that if a burn-up of several 

hundred MWd/t oocurs duping the rasp then failure is unlikely. 

This is because the stresses are then relaxed by Irradiation 

'Ï creep in the outer crust of the pellet (Fig. 24). Power 

reactor experience confirms this deduction, 

e. Calculations, such as those that produced the stress contours 

plotted In Rig. 7, show that failure is unlikely if AR is low. 

Experience in SGHW (Figs 6, 7, 8) and CANDU (Fig. 5) confirms 

this prediction. 

d. If t„ < T (Figs 22, 23) then failure is theoretically 
A max 

unlikely: this prediction and the predicted inverse dependence 

of T on R receives support from CANDU and Studsvik experience, 
max 

e. Power ramps that occur before creep of the clad (and pellet 

swelling) have closed the fuel clad gap, produce less stress 

and so are less likely to cause failure: Fig. 10 shows that, in 

fact, the threshold In R does fall during the first 5 to 10 OWD/t 



and so new fuel is more tolerant than high burn-up fuel. That 

is the lower Bp (Pig. 23) the less likely a given ramp is to 

cause failure. 

f. FOSHO and the F-code are examples of fuel element computer models 

which are potentially capable of calculating the current extent 

of SCC, from the power ramps that fuel elements have received. 

They are being developed and incorporated into systems that will 

advise power reactor operators on the likelihood that a planned 

power ramp will produce failures. EPRI, Scandpower and TUG are 

involved in these developments. 

Prepressurisation 

Prepressurisation with helium is a source of reduced power ramp 

failures in PWR fuel (Fig. 2). In part it owes its effect to a 

reduction in the rate of clad creep-down, so that B^ increases 

(Fig. 23). It also reduces thermal feedback by reducing the 

sensitivity of interface temperature rise to fission gas release 

(Fig. 17). 

Barrier layers 

CANIilB or copper are examples of barrier layers that, by reducing 

friction at the pellet clad interface help to reduce the stress 

produced in the clad when the cracks in the pellet open during a 

power ramp (Fig. 14). In addition to the extent that they prevent 

iodine from contacting the clad they help to stop SCC. 

Hollow pellets 

In the UK Advanced Gas Cooled Reactor (AGR) calculations suggested 

that a hollow pellet would reduce the incidence of power ramp 

failures. Experience has amply confirmed this. The thermal strains 

and crack opening are less in a ramped hollow pellet than In a solid 

one (Fig. 24). 

Fission product retentive U0„ 

If iodine release Is delayed, then the stress intensi tyjnay have 

fallen to a level at which (Fig. 19) the rate of SCC growth is 

negligable. 

To delay iodine release, UOg of large grain size is being 

developed. Time T^ is the time taken for interstitiell iodine to 

diffuse from the grain interior to the grain boundary and so DT^ 1S 

proportionate to the square of the grain size. Here ,D is the diffusion 

coefficient (which increases with temperature, i.e. with R^^). 

Another approach is to add molybdenum to the UO,,, thus raising its 

thermal conductivity and reducing its temperature: the fall In D 

Implies a rise in Tj since the product Dr^ remains constant. 

The early densifying UOg tended to release fission products 

more readily than contemporary non-denslfying fuel (of high density 

or made using pore formers) and It is significant that the anomolous 

Maine Yankee Batch B failures were In fuel elements that embodied 

densifying pellets (Fig. 10). 

Vibro fuel 

The tendency for stress to be concentrated is small if there 

are many cracks in the pellet. This is because the stress fields 

produced by adjacent cracks overlap significantly when the pellet 

cracks are close together. It has been suggested, therefore that 

vibro contacted fuel should be less likely to cause power ramp failures. 



Polished clad; zirconium barrier layers 

SCC is nucleated at inclusions that lie on the inner surface of 

the Zircaloy clad (Big. l8a). By electropolishing the surface, laser-

glazing, or interposition of an inclusion-free (pure zirconium) 

barrier layer, it is hoped to inhibit nucleation. 

Zero degree texture Zircaloy 

Conventional Zircaloy cladding has the so- called = (+ JO ) 

texture, Fig. 25, which shows what is meant by this terminology, 

also reveals that | = (0 or 90°) texture confers a higher plane 

strain yield stress. Figs l8b and 20 suggest that this should render 

power ramp failure less likely. 

5. CONCLUSIONS 

Power ramp failures are produced, most probably, by stress 

corrosion cracking of the Zircaloy fuel sheaths. They have occurred 

in FWRs, BWRs, CANDU, SGHWR (and AGR). 

The stress is produced by thermal expansion of the UOg pellet, 

which stretches the clad and can produce yielding. The stress is 

highest in arcs of cladding that bridge cracks in the pellet. 

Iodine vapour, produced by transmutation is the likely corrodant 

in the stress corrosion failure process. It is probably released by 

the radiolytic dissociation of Csl and diffuses as Interstitial atoms 

to the UOg grain boundaries from which it escapes to attack the clad. 

Power reactor experience shows that there is a threshold rating, 

below which failure is unlikely and that power can be safety ramped 

to above threshold levels providing this is done slowly. Prepressurisation 

with helium seems to have halved the power ramp failure rate in PWRs 

whilst the adoption of hollow pellets virtually eliminated power ramp 

failures in AGR. CANLUB, a pellet clad barrier layer, has reduced the 

the failure rate in CANDU. Other remedies, such eis copper barrier 

layers and fission product retentive pellets are under development. 
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