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Summary 

This paper discusses the stress patterns in and near the endcap of a CANDU fuel element from the perspective 
of stress corrosion cracking. Simulations of out-reactor burst tests suggest that local plastic strains stay 
comparatively low for internal pressures below 26 - 30 MPa. Photoelastic measurements as well as analytical 
assessments show that the reentrant comer at the sheath/endcap junction results in high concentration of 
stresses and strains. Analytical assessments show that the in-reactor stresses and strains at the reentrant 
comer are highly multiaxial, and well into the plastic range. The maximum principal stress correlates well 
with the location and the direction of circumferential endcap cracks observed in fuel that failed in the Bruce 
reactor. Thus the maximum principal stress appears promising in ranking various geometries of the 
sheath/endcap junction, with respect to their relative susceptibility to stress corrosion cracking. Design 
studies suggest that the most effective practical ways of lowering the stresses near the weld, in order of 
decreasing importance, are: to provide a larger interference-free length between the ridge and the endcaps; to 
increase the pellei/sheath radial gap; to increase the pellet/endcap axial gap; and to keep the gas pressure low. 
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Résumé 

Le présent document traite des contraintes que l'on retrouve près du bouchon de l'élément 
combustible CANDU, et dans le bouchon proprement dit, du point de vue de la fissuration par 
corrosion sous contrainte. Les résultats de simulations d'essais d'éclatement hors réacteur 
indiquent que les contraintes plastiques locales demeurent relativement faibles à des pressions 
internes inférieures à 26 ou 30 MPa. Des mesures photoélastiques ainsi que les résultats 
d'évaluations analytiques montrent que le coin rentrant qui constitue l'interface entre la gaine et le 
bouchon donne lieu à de fortes contraintes et déformations. Les résultats d'évaluations analytiques 
montrent que les contraintes et déformations que l'on retrouve en ce point pendant le séjour de 
l'élément dans le réacteur sont fortement multiaxiales et bel et bien dans la plage plastique. La 
contrainte principale maximale correspond effectivement à l'emplacement et à la direction des 
fissures circonférentielles retrouvées sur les bouchons d'éléments combustibles défectueux retirés 
du réacteur de Bruce. La contrainte principale maximale apparaît donc intéressante comme moyen 
de classer les différentes geometries de l'interface entre la gaine et le bouchon pour ce qui est de la 
tendance à la fissuration par corrosion sous contrainte. Les études de conception indiquent que les 
moyens les plus efficaces et les plus pratiques pour réduire les contraintes près de la soudure sont, 
par odre d'importance : prévoir une plus grande longueur sans contraintes entre la dernière pastille 
et le bouchon; augmenter l'espace radial entre la pastille et la gaine; augmenter l'espace axial entre 
la pastille et la gaine; et assurer une faible pression de gaz de fission. 
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1. INTRODUCTION 

The performance record of CANDU fuel is impressive. More than 900,000 bundles have been 
irradiated to November 1992, and only 0.1% of them have exhibited defects [1]. This 
demonstrates that the design of the fuel, its manufacturing quality, and operational limits have 
been in an adequate balance, and that rare deviations from this balance have been corrected 
promptly. 

This paper focuses on one reason for fuel defects, namely circumferential cracking of die sheath 
near the endcap. Thirty-six fuel bundles defected in this mode in 1984 in the Bruce-3 reactor 
[2]. Figure 1 shows some typical appearances of such cracks. Several minor design changes, 
combined with quality assurance problems in manufacturing and with operating conditions in the 
reactor, contributed to a deviation from the load/strength balance [3]. Corrective actions 
restored satisfactory fuel performance [1], 

Since that time, the majority of such cracks have occurred outside of the normal operating 
envelope, e.g. at higher-than-normal burnups [4]. However, a few isolated cases have also been 
identified inside the normal power/burnup envelope. 

Fuel defects of this type are due to stress corrosion cracking (SCC) [4]. SCC occurs when 
irradiation-embrittled sheath experiences high tensile stresses in the presence of a corrosive 
internal environment provided by fission products. It may also be influenced by hydrides, which 
can provide sites for crack initiation and which can also blunt the growth of cracks. 

There is concern that the defect mechanism may be aggravated in the very-high-burnup fuel 
designs currently being developed. Hence there is a need to control the level of stresses in this 
critical part of the fuel element. 

This paper first provides a qualitative background on the factors affecting the stresses in the 
sheath near the endcap, including results from photoelastic measurements. Then parametric 
analytical studies are described which quantify the influences of the major parameters. From the 
results of the parametric studies, we identify practical design features that reduce the sheath 
stresses. These are recommended for incorporation in the high-burnup fuel design. 

2. BACKGROUND 

2.1 IMPORTANT FACTORS 

Figure 2 identifies some of the terms used in this paper. 

In commercial CANDU fuel to-date, two sources of tensile stresses have led to sheath defects 
via SCC: pellet thermal expansion which pushes the sheath and the endcap; and high gas 
pressure. The former is generally a consequence of power ramps. The latter can arise from 
prolonged operation at high power/burnup. 

As in most structures, the local stresses near the sheath/endcap weld are affected significantly by 
the following parameters: loads; material properties; support (boundary conditions); 
dimensions; and shape. Figure 2 illustrates the salient aspects of the above parameters pertinent 
to this study. 
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From first principles, we expect three areas of stress concentrations near the sheath/endcap weld 
(please see Figure 2): re-entrant corners A and B of the weld upset, and discontinuities C in the 
weld line. Hence the exact details of the weld upset, and of the weld line, are important. These 
details differ for the two Canadian fabricators of CANDU fuel. 

Figure 3 shows four typical profiles of endcap cracks [3, 4]. In all four bundles, the cracks are at 
the reentrant corners. In one bundle (Figure 3a), the crack continues to propagate along the 
direction in which it originally forms. In the three remaining bundles (Figures 3b - 3d), the 
crack starts at about 30 - 60° from the element axis. It gradually changes its direction as it 
propagates, and eventually becomes almost perpendicular to the element axis. 

Figure 4 shows some examples of axial interaction between the pellets and the endcaps. In 
Figure 4a the end-pellet has assumed the shape of the internal profile of the endcap. In 
Figures 4b and 4c some pieces of the pellet are sticking to the endcap [2]. These suggest 
significant axial contact between the pellet and the endcap. Further, intact fuel elements 
containing incipient cracks have displayed evidence of twinning in the endcaps - see 
Figure 4d [2]. This too points to strong axial interference during in-reactor operation. 

2.2 PHOTOELASTIC MEASUREMENTS 

The influences of some of the above features have been investigated experimentally by 
R.W. Meisel (AECL, 1972) using photoelasticity techniques. His experiments used models of 
endcaps made from a sheet of plastic. Figure 5 shows some of the measured contours of shear 
strains. Meisel reached the following conclusions: 

• Severe stress concentrations occur at the junction of the sheath and the endcap. 

• The plastic models survive larger loads under axial loading (~200N) than under radial 
loading (~ 50N). 

• Elimination of the weld upset markedly reduces the steep gradients of strains. 

• Even minor changes in the weld shape are effective in reducing the stress concentrations. 

'Real' fuel elements have three-dimensional Zircaloy endcaps vs. the two-dimensional plastic 
sheets used in the above tests. Also, the 'real' endcaps experience higher and more complex 
distributions/patterns of loads. We expect Zircaloy endcaps to survive much higher loads than 
the plastic endcaps tested by Miesel. Our assessments for the 'real' endcaps are given in the 
next few sections. 

3. ANALYSIS CONDITIONS AND METHOD 

3.1 ANALYSIS CONDITIONS 

In this part of the study, our objective was to first obtain an overview of the relative importance 
of generic factors that influence endcap stresses. The scope was not limited to the specific 
conditions pertinent to any one fabricator or irradiation, and the parametric studies covered the 
following ranges of conditions: 



- 3 -

• Pellet expansion: Radial and axial expansions of the pellet covered power-ramps of 10 -
50 kW/m at 80 MW.h/kgU. 

• Gas pressure: 0-30 MPa. 

• Coolant pressure: 0 -10 MPa. 

• Hydraulic drag: 80 N. 

• Weld upset angles: 5 - 90°. 

• Fillet radius at the reentrant corner: 0-50 |im. 

• Discontinuities in the weld line: The amount of sound metal along the weld was 90% of 
the minimum sheath thickness. 

• Incipient cracks at the inside surface of the sheath away from the weld line. 

• Pellet density: 10.45 - 10.9 g/cc. 

• Diametral clearance between the, pellets and the sheath: 0 - 0.04 mm. 

• Interference-free length between the pellets and the endcap: 0 - 6 mm. 

3.2 MATERIAL PROPERTIES 

High temperatures reached during welding can change the microstructure of Zircaloy in the 
region of the weld. Hence the analysis needs to consider the non-homogeneity in the plastic 
properties. For purposes of the stress analysis, the material near the weld was divided into three 
distinct regions: sheath, endcap, and joint. Their plastic properties were assigned as follows: 

- Sheath: as received Zircaloy-4 (cold-worked and stress-relieved). 

- Endcap: recrystallized Zircaloy-4. 

- Weld Material: This condition was considered equivalent to a fine-grained Zircaloy with 
a 40% cold work and no stress relief (harder than as-received Zircaloy). In some welds, 
hardness can be lower than that; for such cases, we used the "as received", or even the 
"recrystallized" properties. 

3.3 ANALYSIS METHOD 

We first used the computer code ELESTRES [5] to calculate the radial and axial expansions of 
the fuel pellets. From these, we calculated the radial and axial interferences by subtracting the 
pertinent clearances and the radial/axial expansions/contractions of the sheath/endcaps. The 
FEAST code [6] was then used to calculate the axisymmetric elastic-plastic stresses in and near 
the endcap. Figure 2 shows how the loads and the boundary conditions were simulated. 

FEAST is a general-purpose finite element code for non-linear multiaxial stress analyses and is 
used for a variety of stress calculation in CANDU fuel [6]. Pertinent to this application, the 
FEAST code uses the von-Mises formulation [7] to define the yield surface, and the 
Prandtl-Reuss flow rule [7] to define the incremental plastic strains. These formulations show 
good agreement with experimental data [7], and are widely used [7] in elastic-plastic analyses of 
multiaxial stresses. 
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In our FEAST simulations, the sheath/endcap/weld geometry was represented by 320 - 350 finite 
elements, made from 200 - 300 nodes. A theoretical analysis of discretization errors has 
concluded [8] that for a given number of finite elements, a hexagonal pattern gives the most 
accurate results. Our past experience has confirmed this. In some cases, accuracy was improved 
dramatically [5] when we switched from rectangular to hexagonal arrangements of finite 
elements. For this reason, we used triangular finite elements and arranged mem in hexagonal 
patterns. Further, the mesh was 'graded'. That is, the finite element mesh was finer in regions 
of high stresses. This improves the accuracy of the calculations. Figure 6 shows a sample mesh. 

3.4 VERIFICATION 

The accuracy of ELESTRES has been discussed previously [9]. Its calculations for strains, 
temperatures, and fission gas release/pressure are generally consistent with experimental 
measurements [9]. 

The accuracy of the FEAST code has also been verified extensively [6] against a wide range of 
analytical solutions, and against out-reactor measurements of strains in endcaps. In general, the 
code predictions are within 5 - 10% of the measurements. 

As a partial check on the accuracy of the FEAST input decks that were set up for this study, we 
examined the FEAST calculations for elastic stresses in the sheath away from the endcap. This 
was done for conditions of internal and external pressures, and compared to corresponding 
elastic solutions available in text books [10] for stress distributions across walls of cylinders. 
Figure 7 shows the comparison. The range of FEAST results for die different endcap geometries 
is an indication of die numeric scatter that may be expected in our analysis. The theoretical 
solution for axial stresses assumes no bending, whereas FEAST does account for bending in the 
sheath. Figure 7 shows that the results of FEAST for this application are in good agreement 
with the classical solution. 

4. RESULTS 

4.1 STRESS DISTRIBUTIONS 

Figure 8 illustrates typical contours of principal stresses and of axial stresses for two separate 
simulations. The locations of stress concentrations revealed in Figure 8(a) are consistent with 
intuitive expectations and also with die photoelastic measurements noted earlier (Figure 5). 
Further, the pattern of axial contours shown in Figure 8(b) is generally consistent with the fringe 
pattern observed in the photoelastic tests - see Figure 5(b). 

The highest principal stresses occur at the reentrant corner at the junction of the sheath and the 
weld. This coincides with the location of circumferential cracks observed near the endcaps - see 
Figure 3 [3,4]. 

Figure 9 shows a more detailed distribution of stresses at this location. It illustrates the variation 
of stresses across the thickness of the sheath at the reentrant corner, for the following 
components of stresses: radial, hoop, axial, shear. Two combinations of the above components 
are also shown: principal stress and effective stress (von-Mises). 
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Figure 9 shows that the state of stress at the reentrant comer is highly multiaxial in that no single 
component of stress dominates the rest. Different combinations of loads tend to give different 
relative rankings of the components of stress. We noted that, generally, the axial and the radial 
stresses tend to be the highest, but hoop and shear stresses can also be significant in some 
situations. 

The strains are well into the plastic range. The resulting effective stress is equal to the uniaxial 
yield strength - see Figure 9f. Nevertheless, in a multiaxial state of stress the individual 
components of stresses can exceed the uniaxial yield strength, as discussed below. 

As a complication to simple conditions best characterized perhaps by the tensile test and the 
conventional value of the yield strength derived from it, bi- or tri-axial stress systems often exist 
in practical situations. The geometry of the endcap weld, with changes of cross-sections and a 
more-or-less sharp notch, offers one of them. 

The conditions for yielding in a multiaxial stress system can be quite different from those that 
exist in a tensile test. A number of models have been available to describe them. The 
von-Mises model [7] generally shows good agreement with experimental data [7] and is perhaps 
the most frequently used. As noted earlier, we used it in our stress analysis. 

The von-Mises criterion postulates that yielding occurs when the distortion energy reaches a 
critical level defined as a function of the yield strength in shear, K. K is, in turn, a function of 
principal (normal) stresses (a\, a%, ai) through the following equation: 

{o\ - a2f + fa - ai)2 + (a2 - ai)2 = 6K2. 

Thus, the onset of yielding depends on the differences between, rather than on the absolute 
values of, the principal stresses. It is a well known fact that in stress systems with multiaxial 
tension, the differences between principal stresses may be relatively low, and so the principal 
stresses can increase to very high levels before the yield threshold is reached [11]. 

Because a multiaxial stress system exists in the reentrant comer of the endcap weld, it should not 
be surprising that the stress analysis indicates high levels of principal stresses in the weld. 

4.2 LOCATIONS AND DIRECTIONS OF CRACKS 

From FEAST results we identified the location of the maximum principal tensile stress at the 
inner surface. We hypothesized that the crack might start at this point, and progress 
perpendicular to the direction of the principal stress. The resulting estimates for the locations 
and directions of cracks are shown in Figure 10. 

For all the geometries examined the code predicts that the crack is located at the re-entrant • 
comer. This is consistent with the observed locations of cracks in Bruce endcaps [2] - see 
Figure 3. 

The different geometries give different patterns of stresses, hence result in different predictions 
for crack directions. Geometries 1 -4 represent the initial formation/growth of cracks for four 
combinations of weld upset angles and fillet radii. Geometry 5 contains a weld discontinuity, 
hence it can be viewed as representing an initial crack in geometry 4. 
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The code predicts that in geometries 1-4 the initial growth of the crack should occur at 40-60° 
from the element axis. This is consistent with the angles of 30-60° observed in cracked Bruce 
fuel (see Section 2.1). 

To assess the direction of further propagation of an initial crack, we compared geometries 4 and 
5. As noted earlier the weld discontinuity of geometry 5 can be viewed as representing an initial 
crack in geometry 4. The initial crack (discontinuity) changes the stress profile in the system, 
thus changing the direction of the principal stress. Therefore, even though a crack may start in 
the direction shown for geometry 4 of Figure 10, it can change direction and its further 
propagation can be in the direction shown for geometry 5. Thus the crack is calculated to curve 
towards the radial direction. This too is consistent with the observed curving of endcap cracks -
see Figure 3b - d. 

In summary the calculated locations and directions of cracks are consistent with those observed 
in Bruce fuel [3, 4]. 

4.3 STRESSES IN MECHANICAL TESTS OF THE SHEATH 

In separate experimental investigations [12,13] of the causes of the above failures, two types of 
out-reactor mechanical tests have been done to determine the strength of the sheath/endcap 
junction. We simulated the tests to obtain additional insight into the detailed patterns of 
stresses/strains in the tests. 

One type of test involved internal pressurization of a segment of the fuel element until it burst. 
Depending on the experimental créditions, unhydrided specimens burst at pressures of 20 - 36 
MPa. Figure 11 shows typical calculated stresses/strains for one type of geometry: corner angle 
of 40°; fillet radius of 10 p:m. It suggests that an internal overpressure of 26 - 30 MPa causes 
plastic strains to increase very rapidly with incremental increases in pressure. This is consistent 
with the range of experimental results noted above. 

Another type of test involved pushing the sheath radially and/or axially by an expanding 
mandrel, to simulate pellet/clad interaction. Figure 12 shows the calculated stresses for this 
situation. 

The stresses generally increase with increasing tensile load, until the sheath starts to yield -
please see Figure 12b. Thereafter the sheath stress reaches a plateau while the local corner stress 
generally keeps increasing. The latter is the effect of multiaxial stress systems, as discussed 
earlier. 

In some isolated cases we noted small temporary decreases in the local corner stress with 
increasing load beyond yield. This is akin to the well-known phenomenon of local plastic 
unloading during unsymmetrical bending. It is caused by a redistribution of the load path due to 
plastic flow, which can partially unload the inside surface of the corner. 

From the simulations of tests involving radial loading, Figure 12(b), it is seen that if the pellet 
ridge is close to the corner, stresses are much higher in the corner than in the sheath, and in 
general the stress levels are higher. 
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4.4 ALL EFFECTS: IN-REACTOR STRESSES 

The above concepts were extended to the specific conditions expected in the reactor. In 
particular, the following influences were considered: power-ramps; pellet density; angle of the 
reentrant corner, fillet radius; discontinuity in the weld line; and distribution of material 
properties. These are discussed in the following paragraphs. 

• Power-Ramps 

As noted earlier, a dominant source of endcap stresses is the thermal expansion of the pellet 
during the power-ramps. Figure 13 shows how the size of the power-ramp influences the 
amount of pellet expansion. Figure 14 shows the resulting stresses and strains in the endcap. 
Bigger ramps lead to higher expansion of the pellet. This leads to greater pellet/sheath 
interaction, and to higher stresses/strains in the endcap. The endcap develops local effective 
strains of up to 8% - well into the plastic range. Usually, most of it is local shear strain, with 
hoop strain being a comparatively negligible fraction. 

• Pellet Density 

Figures 13 and 14 also illustrate the influence of pellet density. Higher initial density leads 
to lower densification before and during the ramp [14]. This leads to higher pellet expansion 
during the ramp [14], which in turn gives higher stresses and strains in the endcap. 

• Angle of the Reentrant Corner 

Figure 15a shows how the angle of the reentrant corner influences the stresses. An angle of 
90° represents the situation of no upset of the weld. This, of course, is not practical, but 
represents a theoretical maximum. The large angle reduces weld stresses by about a factor 
of 4. 

• Fillet Radius 

Figure 15(b) illustrates this effect. In the range 5-50 urn, the larger fillet reduces the 
stresses by about a factor of 2. 

• Discontinuity in the Weld Line 

Figure 15(c) shows this effect for the limiting condition of no upset in the weld. The 
discontinuity can increase the weld stress by about a factor of 3. However, we note from 
Figure 8 that the weld line is in a region of much lower nominal stresses than, say, the 
reentrant corner. Hence discontinuities in the weld line, while important, are not as crucial to 
endcap stresses than, say, sharp fillets in the weld upset. 

• Material Properties 

Our sensitivity study also examined the influence of changing the microstructures of the 
sheath, weld, and endcap regions. Our 'menu' comprised of as-received, recrystallized, and 
'weld' microstructures of Zr-4. The impacts of these microstructures were represented in our 
analysis via appropriate changes in the yield strength and in the Plastic Modulus. The 
resulting changes in stresses are shown in Figure 15(a). This parameter seems to have a 
much smaller impact on endcap scresses than the other parameters noted earlier. However, 
the effect of the microstructure can extend beyond stresses, as discussed later. 
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4.5 DESIGN STUDIES 

In addition to the above all-effects parameters, we sought to identify practical design changes 
that would lower weld stresses. To help with that, we next examined the influences of 
separately changing some intermediate parameters like: radial and axial interferences; 
interference-free length; and internal gas pressure. These are discussed in the following 
paragraphs. 

• Radial Interference 

Figure 16(a) shows the effect of radial interaction between the pellet and the sheath. The 
stresses increase with larger radial interference. 

• Axial Interference 

Figure 16(b) shows the effect of axial interaction between the pellet stack and the endcaps. 
In the absence of differential pressure, the principal stress increases monotonically with the 
axial interaction. When the coolant pressure exceeds the gas pressure, the negative 
differential pressure provides a negative component of principal stress. This counteracts the 
positive principal stress due to the interference. Further, plastic flow alters the load 
distribution as noted earlier. These factors result in the trends shown in Figure 16(b). 

• Interference-Free Length 

Figure 16(c) shows that when the ridge is moved away (axially) from the reentrant corner, 
the corner stresses drop rapidly. This tendency was strong in all the cases examined. Since 
the location of the ridge can be controlled - within reasonable limits - via the detailed design 
of the end region, this is a practical and effective method of lowering the endcap stresses. 

• Internal Gas Pressure 

The outside pressure is due to the coolant; the inside pressure is due to the filling and fission 
gases. Outside overpressure contributes towards compressive stresses at the corner; inside 
overpressure contributes towards tensile stresses. This is visible in Figure 16(d), where 
principal stresses in the corner increase with higher differential pressure. 

5. DESIGN IMPROVEMENTS 

As noted earlier, the corner stresses are highly multiaxial. This can have a major impact on 
stress corrosion cracking: Syrett et. al have measured how the ratios of components of stresses 
influence SCC [15]. They report [15] that variations in the stress-ratio changed the 
time-to-failure by one order of magnitude. Thus it is important to know and reproduce not only 
the overall stress level, but also the ratios of components of stresses. 

Our analysis shows that the overall tensile stresses can be high or low depending on the exact 
combination of design, manufacturing, and operating conditions. These parameters also 
influence the stress-ratios. 
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A variety of ways are available to reduce the tensile stresses near the sheath/endcap junction, 
viz: decrease the amount of radial interaction between the pellet and the sheath; decrease the 
amount of axial interaction between the pellet and the sheath; keep the gas pressure below 
coolant; use smoother geometries at the reentrant corner created by the weld upset near the 
sheath/endcap junction; and increase the axial distance of the circumferential ridge from the 
sheath/endcap junction. In addition, statistical evidence from in-reactor defects [16] as well as 
out-reactor experiments [13] show that it is better to have as-received Zircaloy near the 
sheath/endcap weld than the alpha-annealed or the prior-beta material resulting from brazing. 
This suggests that the bearing pads should be so spaced that the heat-affected zone is kept away 
from the endcap region. Further research into this subject is continuing. 

Our analysis shows that a practical way to reduce endcap stresses is to move the ridges axially 
away from the endcap. This can be achieved by tapering* the end pellet and/or by reducing the 
diameter of the end pellets. 

6. CONCLUSIONS 

1. Calculated maximum principal stresses correlate well with the observed locations and the 
directions of endcap cracks in the Bruce fuel. Thus the maximum principal stress appears 
promising in ranking various geometries of the sheath/endcap junction with respect to their 
susceptibility to stress corrosion cracking. 

2. Simulations of out-reactor burst tests suggest that internal pressure of 26 - 30 MPa is 
required for very large local plastic strains. This is consistent with experimental 
measurements of pressures required for endcap cracking (20 - 36 MPa). 

3. The calculated distributions of stresses are consistent with strain profiles obtained via 
photoelastic measurements. 

4. The stresses in the weld region are the highest either at the reentrant corner of the weld 
upset, or at the tip of a discontinuity in the weld line. 

5. Sharp fillets in the weld upset introduce stress concentrations at reentrant corners which 
already have high nominal stresses. Deep discontinuities in the weld line introduce stress 
concentrations in a region of low nominal stresses. The net result is that the shape of the 
weld upset is more crucial to the level of the highest localized stresses than deep 
discontinuities in the weld line. 

6. The state of stress in the weld is highly multi-axial. Usually, the axial or the radial stresses 
are the highest, but hoop and shear stresses are also significant. This can have a significant 
impact on the stress corrosion cracking of endcaps. 

7. For the expected operating conditions, the in-reactor stresses/strains are well into the plastic 
range. 

8. The radial expansion of the pellet has a larger influence on weld stresses than the axial 
expansion. 

* Covered by a patent of Canadian General Electric 
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9. An increase in the initial density of UO2 pellets causes a significant increase in the stress at 
the weld. 

10. The local stresses in the weld are strongly affected by the degree of pellet-to-sheath radial 
interference and by the interference-free sheath length (i.e. the axial distance of the pellet 
ridge from the end cap face). 

11. The combined effects of axial interference (pcllet-to-endcap) and sheath yield strength could 
be favourable. The axial load on the endcap imposed by the fuel stack during operation can 
be better accommodated by increasing the initial axial gap than by lowering the sheath yield 
strength. 

12. The analysis confirms the beneficial effect of high coolant pressure. The higher external 
pressure will also help counteract the increased internal pressure due to gas release at higher 
burnups. 

13. The most effective ways of lowering the stresses near the weld, in order of decreasing 
importance, are: 

- to provide larger interference-free sheath length (or chamfer/taper length) 

- to increase pellet/sheath radial gap 

- to increase pellet/endcap axial gap 

- to lower the sheath yield strength 

- to keep the gas pressure low. 
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Figure 1: Typical Endcap Cracks 
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Figure 3: TYPICAL CRACKS IN BRUCE FUEL 
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