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Ridges in Zircaloy claddings are formed or enhanced at pellet-pellet interfaces during a
power increase, indicating strong pellet-clad mechanical interaction there. Most of the clad-
ding failures by stress corrosion cracking (SCC) originate near the ridges. The present
analysis is directed toward the determination of stress and strain distributions at the ridges,
which will aid in studying the formation and growth of SCC cracks.

This paper decouples the behavior of fuel and cladding by assuming that the hourglassing
of the pellet imposes highly localized loads on the cladding at pellet-pellet interfaces in
addition to a uniform normal pressure and an axfal force. These localized loads are not
usually considered in most fuel rod codes. An elastic axisymmetric shell analysis of the clad-
ding is done by asymptotic expansion method and closed form solutions are obtained. Since a
typical cladding is fairly thick with a radius to thickness ratio of about 10, the effect of
shear deformation is included. The following conclusions are reached: (1) smooth radial
displacement profiles can be produced even by concentrated ring loads at ridges; (2) signifi-
cant compressive axial stresses are present on the ID surface within 1 mm of the peak ridge
position; these axial stresses become tensile further away from the ridge; (3) the maximum
tensile circumferential stress is found at a short distance (about 1 mm away from the ridge
peak position and remains essentially uniform over a certain region (about 1 mm) on both sides
of this maximum stress location; (4) the ratio of axial stress to circumferential stress
varies with axial distance from the ridge; and (5) significant compressive axial stresses
along with high tensile circumferential stresses produce high effective stresses at the ridges.
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1. Introduction

Experience with Uranium Dioxide fuel with Zircaloy cladding has shown that a sudden
power increase can, after a sufficient burn-up, lead to cladding failure. A power increase
hourglasses the fuel pellet. In response to this thermal expansion of the pellet, the clad-
ding deforms with ridges either formed or enhanced at pellet-pellet interfaces, indicating
strong pellet-clad mechanical interaction (PCMI) there. In addition, the availability of
fission products is maximum at the ridges, explaining the fact that most of the cladding
failures by stress corrosion cracking (SCC) originate at or near the ridges. In the present
investigation, stress and strain distributions at the ridges are determined, which will aid
in studying the formation and growth of these SCC cracks. Bending effects are inciuded in
this study. However, the effects of thermal gradient, creep, and stress relaxation are not
considered here.

Section 2.0 presents a simplified ridging model which decouples the behavior of fuel and
cladding. This is done by assuming that hourglassing of the pellet imposes highly localized
loads on the cladding at pellet-pellet interfaces in addition to a uniform normal pressure
and an axial force everywhere. An elastic analysis of this axisymmetric ridging model is done
by the asymptotic integration method [1], leading to closed form solutions for circumferen-
tial and axial stresses and strains. These elastic results in non-dimensional form are out-
lined in Section 3.0. Section 4.0 gives the elastic-plastic results for Dresden 3 and Maine
Yankee fuel rods that either failed or had incipient cracks in them. These elastic-plastic
analyses assume that the ridges measured for both the rods were formed only due to the power
ramps which caused failures, and they were not enhanced due to any hydriding. Structural
Analysis of General Shells (STAGS) [2], a specialized shell analysis computer program based
on finite difference method and developed by Lockheed Palo Alto Research Laboratory, was used
for this purpose. The uniaxial yield stress of irradiated Zircaloy [3] is assumed to be 75
ksi (520 MPa) in these analyses. Conclusions that emerged from these elastic-plastic
analyses are presented in Subsection 4.3.

2. Ridaging Model

2.1 Assumptions

During a power ramp, the pellet assumes an hourglass shape. Consequently, the ends of
adjacent pellets will tend to deform the cladding sv as to create a circumferential ridge.

The forces exerted by the pellet on the cladding are approximated by uniform normal pressure
and axial force everywhere in the cladding and highly localized loads at pellet-pellet inter-
faces. These localized loads are not usually considered in most fuel rod codes.

The pellet may crack longitudinally due to the radial thermal gradient developed during
the power ramp, rendering the normal force distributions to be non-axisymmetric. In addition,
interfacial friction forces in the circumferential direction would be imposed on the cladding.
The stress distributions due to these forces and their implications on SCC crack formation
and growth are already discussed in Ref. [4]. In the present approach, it is assumed
that no radial pellet cracks form. Hence, the circumferential frictional forces are not
included. Also, the normal forces are considered to be axisymmetric. As the pellets
change their volume and shape, they may also exert frictional forces on the cladding in the
axial direction. These are not considered in the present model. In addition, it is assumed

N D 3/3



that any two adjacent pellets have the same behavior, and, hence, the force distribution and
deformation are symmetric with respect to the pellet end cross-section. For pellets with large
length to diameter (L/D) ratios, transverse cracks are expected to form or get enhanced at mid-
pellet section during a power ramp, thus, imposing localized loads on the cladding there as at
the pellet-pellet interfaces. Most SCC cracks initiate in the vicinity of the primary ridges
(ridges at peliet-pellet interfaces) and the secondary ridges (ridges at mid-pellet sections).
Hence, only the local stress and strain distributions at these ridges are needed to study the
formation and growth of these cracks. As the bending stresses and strains due to the loca-
1ized loads at primary ridges decay much before the adjacent secondary ridges and vice versa,
the two types of ridges can be decoupled and analyzed separately.

2.2 Simolified Models
Figure 1 illustrates the ridge models which incorporate these assumptions. In Fig.

la, the localized loads are taken to be concentrated ring loads at the ridge Tocation. Elastic
results are determined only for this model. Elastic-plastic analysis is done for both the
models shown in Figs. la and 1b. Figure 1b assumes that the ring load is applied slightly
away from the ridge to consider the fact that due to hourglassing the outer edges of two adja-
cent pellet ends are not in contact but separated by a short distance. In reality, the load
is distributed locally at the ridge. Hence, this case lies between the two extreme situations
shown in Figs. la and 1b and needs to be analyzed only if the stress and strain distributions
for the two extreme loading cases differ substantially.

The Danish code WAFER [§J considers the effect of localized loads at ridges using linear
bending theory for thin shells. However, it appears that only the membrane stresses (i.e., no
bending stresses) are computed. The code COMETHE-IIIK [§J analyzes the ridge by having a thin
dunmy slice in the pellet at the ridge location with a larger coefficient of thermal expansion
than the rest of the pellet. However, it does not consider the bending effects.

3. Elastic Solution by Asymptotic Integration Method

3.1 Membrane Solution
The cladding is considered to be in a generalized plane strain condition with uni-
form normal pressure P and axial stress resultant V acting as shown in Fig. la, where
P = PpeMi + Pf - Pc with Ppgw being the average contact pressure due to PCMI, as calculated
by a typical one-dimensional fuel rod code; Pf being the fission gas pressure; and Pe being
the coolant pressure. From the axial and normal equilibrium of the cladding, the axial and

circumferential stresses are

Oz,m = V/t

(1)

o] PR/t

6,m

where subscript m denotes membrane solution. These stresses are related to the axial and cir-
cumferential strains, €2.m and €0,m developed during the power ramp as follows:

_ E
O2m T T=V2 (ez,m + vse,m) (2)
and
o —L s (o, o+ ve, ) (3)
6,m 1-v 6,m zZ,M
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where E and v are the Young's modulus and Poisson's ratio of cladding material. The stress
and strain ratios are now defined as vy = 0 p/Jg,m and B = €z,m/€p m> where B is strongly
dependent on the power ramp size, ramp rate, and pellet geometry. For fast power ramps on
fuel rods with flat ended pellets, B can be as high as 2.0, whereas, for slow power ramps on
dished pellets, B can be as low as 0.0 [7]. Using Egs. (2) and (3), these ratios can be related
as

B @
Knowing the average radial thermal expansion of the pellet and, hence, the circumferential
strain eg p as well as the axial strain e; p developed in the cladding during a power ramp
using a one-dimensional fuel rod code, the membrane stresses are easily calculated using
Eqs. (2) and (3). These, in turn, give the normal pressure P and axial stress resultant V
through Eq. (1), that are to be input in the elastic-plastic analyses described in Section 4.0.

3.2 Bending Solution for Ring Loads
3.2.1 Geometric Nonlinear Effect
The change in the meridional slope can be an important geometric nonlinearity. It was

shown in Ref. [8] that even for severe power ramps, the geometric nonlinear effect is small
and, hence, is neglected in the present ridging calculations.

3.2.2 Solution With Shear Deformation Effect

Figure 2 shows the cladding with a ring load applied at the ridge. Due to symmetry,
only the upper half of the shell is analyzed. We now define the variable vector ¥, which has
for its components the physical variables which can be prescribed at an edge of a cylindrical
shell as shown in Fig. 2: the meridional moment resultant M, the radial stress resultant H,
the rotation ¥, and the radial displacement h,

¥q MZ/Etc
Yo HA/EL
y - (5)
Y3 X/ A
Yg h/R

where A = (R/c)l/2 and ¢ = t[}Z(l - vzﬂ'l/z, the reduced thickness. The boundary condi-
tions at the ridge are shown in Fig. 2.

The radius to thickness ratio (R/t) for a typical cladding can be as Tow as 7. Hence,
thin shell theory is not directly applicable to analyze such fairly thick claddings. However,
it was shown in Ref. [8] that if the effect of shear deformation is included in the thin
shell theory equations, then thick clads can be analyzed accurately.

The solution vector which provides stresses and strains as a function of arc length S
from the edge is written as [9]

e-1n

o-in/2
o i3n/2

1
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where XE = -{cos n/2 + i sin n/2)y with y = |S|//cR and cos n = y/2A2, where the para-
meter u defines the effective transverse shear modulus as G = E/p, and it includes the effect
of shear deformation. For Zircaloy cladding, u may take a value of about 3.0.

Evaluating the complex constant C using the boundary conditions and introducing the vari-
able x = (sin n/2)y, the stresses and strains on the ID surface of the cladding due to ring
load alone are determined as

h
h _ o -(cos n/2)y 3n .. )
€s,1D €o,Direct ~ R ¢ cos x - cot Sl sin x (7)
€2,Direct Iez,BendingI
€2,1D 2EC?) (8)
~V€g,Direct M,/(2Ec
where
M h - .
?E%T = 7?— X [3(1 - \)2)]1/2 X e (cos n/2)y X {(cos n cos x - sin n sin x)
- cot %?—(cos n sin x + sinncos x)}
(9)
oe,Direct |qe,Bendingl
[o}
8,ID
EEe,Direct vlaz,Bendingl
where
&M Eh b _ . .
|gz Bending[ 7;? = _ﬁg X (l ? vg X e (cos n/2)y X {(cos ncos x - sin n sin x)
3n R X
cot & (cos n sin x + sin n cos x)
(10)
9,0 ~ -Icz,Bendingl

where h, is the radial displacement at the ridge due to the ring load alone. For the case of
W =0, so that n = n/2, these stresses and strains are plotted as a function of dimensionless
arc length z = y//2 in Figs. 3 through 5 in Ref. [8].

3.2.3 Boundary Layer Thickness

The boundary layer thickness in a shell of revolution is defined as the distance
from the ridge at which location the stresses and strains decay to negligible fraction of the
edge value (for example, a fraction of e™). For axisymmetric loading on a cylindrical shell,

the boundary layer thickness 6 is given as

5§ = w/2Rc (11)
If L and D are the Tength and diameter of the cladding, respectively, then
1/2
LR T,(%) ___t (12)
2RV12(1 - v2)

For a cladding with R/t = 10 and v = 0.35, the boundary layer thickness becomes /L = 0.39(D/L)
For L/D = 1, 6/L = 0.39. If secondary ridges do not form at the mid-pellet section (i.e., at arc
length § = L/2 in Fig. 2), then the bending solutions due to two adjacent primary ridges are

—5— D 3/3



uncoupled. Even if secondary ridges form, the primary and the adjacent secondary ridges can
be analyzed independent of each other. However, to obtain the stresses and strains from

S/L = 0.11 to S/L = 0.39 for this cladding, the contributions from both these ridges have to
be superimposed. For L/D = 1.5, §/L = 0.26, and, hence, there is complete uncoupling between
primary and secondary ridges.

3.2.4 Half-Width of the Ridge

Half-width of a ridge is defined as the distance from the ridge (i.e., S =0 1n
Fig. 2) to the location where the radial displacement due to ring load becomes zero. In other
words, it is the distance at which €g,Direct becomes zero. From Eq. (7), it is seen that the
half-width of an elastic ridge is approximately three-fourths of the boundary layer thickness.
This indicates that even for the extreme situation of concentrated ring load at the ridge, the
radial displacement profile is smooth. Hence, it is difficult to predict from the shape of
clad profile whether the load applied is concentrated Tike a ring load at the ridge or distri-
buted over a band width with maximum occurring at the interface.

3.3 Stress Distribution at the Ridge
Adding the membrane and bending solutions presented in the previous two subsections,
the axial and circumferential stresses on the cladding ID surface are determined as

(B + v) Ese,m

9,10 T T ({T-v2) 92,Bending (13)
%.1p ° ff—gffﬁlgg;ﬁam * Eeg (0 - 1) x o~ (cos n/2ly (cos x - cot %? sin x)
Y92 ,Bending (14)
where
9, Bending - Fee,m (&~ 1) (1—_?’\,’:) V2 enleos w2y {(cos 7 cos x - sin 7 sin x)

- cot %?— (cos n sin x + sin n cos x)}

and o = total radial ridge height/(Reg m).

The term Ree,m is the average radial expansion as calculated by one-dimensional fuel rod
modelling codes. Hence, ee’m(a - 1) is the circumferential strain at the ridge produced by
the ring load alone. The von Mises effective stress for a shell of revolution undergoing
axisymmetric deformation is defined as

_ 2 2 _ 1/2
Yeff ~ (Uz * 9 czce) (15)

The dimensionaless form of these stresses for different values of o and B are shown in Figs. 3
through 6. The parameter B = 0 corresponds to global plane strain condition, and B8 = 2
corresponds to the situation that would occur for a fast power ramp on fuel rods with flat
ended pellets completely Tocked to cladding. The parameter o provides a measure of severity
of ridge enhancement during a ramp. Yield occurs when ceff reaches uniaxial yield stress.

3.4 Concl ions From Elastic Calculations
The following conclusions are reached from the elastic calculations presented in this
Section
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(1) Smooth radial displacement profiles can be produced even by concentrated ring loads
at ridges.

(2) Significant compressive axial stresses are present on the ID surface within a short
distance from the peak ridge position for small values of 8 (Fig. 3). However, for
large values of B (Fig. 4), the axial stresses are tensile everywhere in the cladding

(3) The tensile mid-surface circumferential stress is maximum at the ridge peak position
and decays away from it. On the other hand, the circumferential bending stress is
compressive on the ID at the ridge and becomes tensile away from it. Hence, the
total stress on the ID surface takes the distribution shown in Figs. 3 and 4.
Although the total stress peaks at a short distance away from the ridge peak posi-
tion, it remains essentially uniform over a certain region on both sides of its peak
position.

(4) The ratio of axial stress to circumferential stress varies strongly with axial dis-
tance from the ridge.

(5) The effective stress peaks at the ridge and decays to the nominal value for small
values of B8 (Fig. 5). For larger B (Fig. 6), it peaks at the ridge only when fairly
severe ridges (with large height) are formed.

4. Elastic-Plastic Analyses of Dresden-3 and Maine Yankee Fuel Rods

4,1 Description of Rods

To evaluate the stresses and strains developed due to pellet-cladding interaction (PCI)
on BWR fuel, Dresden-3 fuel rods were selected. These rods experienced an inadvertent tran-
sient power increase that resulted in failures. The results of nondestructive and destructive
examinations carried out in these rods are presented in Ref. [;g]. For the purpose of obtain-
ing detailed stress and strain distributions at the ridges, the Rod KE-2225 is chosen here. A
maximum diametral ridge height of 0.013 mm (0.5 mils) was measured on this rod {11], which
contained dished pellets. Dimensions of this rod are [12]: (1) Pellet Length, L = 0.84 inch
(2,13 cm); (2) Mid-Surface Radius of Cladding, R = 0.2655 inch (6.745 mm); and (3) Cladding
Thickness, t = 0.032 inch (0.81 mm). The material properties for the irradiated Zircaloy-2
cladding are [QJ: (1) Young's Modulus, E = 11.5855 x 10° psi (79.9 x 10° MPa);
(2) Poisson's Ratio, v = 0.348; and (3) Yield Stress, oy = 75,000 psi (520 MPa). The material
is taken to be elastic-perfectly plastic with no strain hardening. The boundary layer thick-
ness & for this rod as given by Eq. (11) equals 0.227 inch (5.77 mm). As the power transient
is fairly strong, the dishes were filled and the pellets seemed to be in contact at the center
of the dishes. This could be expected to lead to fairly strong axial interaction. Such
axial extensions were observed in this rod [10]. We, therefore, picked a reasonable, but
somewhat arbitrary value of 0.8 for g8 (= Ez,m/ee,m)‘ A better estimate for B may be obtained
by using codes such as COMETHE-IITK [6]. It is also assumed that calculations using a one-
dimensional fuel rod modelling code provide the membrane result for the circumferential
stress Ue,m to be 10,000 psi (70 MPa). Knowing B8 and oe,m’ the net pressure P and the axial
stress resultant V can be calculated using Egs. (1) and (4), which are necessary inputs for
the elastic-plastic analyses of both the ridging models shown in Fig. 1. The distance d in
Fig. 1b is taken to be 0.024 inch (0.6 mm).

An additional Toading situation with og = 25,000 psi (173 MPa) and ring load at the
ridge was also analyzed for this rod and the results are given in Ref. [8]. Comparison of
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these results with those for the case with Y,m " 10,000 psi showed that the residual radial
displacement profile as well as the locations of the maximum tensile axial and circumferential
stresses do not change with the membrane circumferential stress assumed. However, the magni-
tudes of the stresses differ by as much as the difference in their membrane solutions.

To evaluate the local ridging effects in PWR fuels, Fuel Rod JBY-097, which was in Maine
Yankee Core I, was selected. Complete description of the Fuel Performance Evaluation Program
on the Maine Yankee Core I fuel rods is given in Ref. 13 . Linear diameter traces measurec
a maximum ridge height of 0.4 mil (0.0102 mm) for this rod. Reference 13 provides the fol-
lowing data for the elastic-plastic analysis: (1) Pellet Length, L = 0.6452 inch (16.388 mm);
(2) Mid-Surface Radius of Cladding, R = 0.207 inch (5.258 mm); (3) Cladding Thickness, t =
0.026 inch (0.66 mm); and (4) Boundary Layer Thickness, 6§ = 0.18 inch (4.572 mm). In the
present analysis, the irradiated cladding material (Zircaloy-4) is assumed to be elastic-
perfectly plastic with no strain hardening and with the same properties as for the Dresden-3
Rod KE-2225. Although the actual power changes in the Maine Yankee Core I, which triagered
the peliet-clad interaction, were small, the temperature change experienced by the fuel was
equivalent to that normally associated with a Targer power change. As the pellets were also
dished, the membrane circumferential stress Yo.m and B are assumed to be oe,m = 10,000 psi
(70 MPa) and B = 0.5 for this power ramp. Better estimates may be obtained using a fuel
rod modellina computer code. The ring load is applied only at the ridge of this rod.

4.2 Method of Analysis

Elastic-plastic analysis is done using STAGS. The code is based on a theory which com-
bines energy principles and finite difference methods. The theory includes the two important
geometric nonlinearities due to prestress and moderately large rotation. However, shear defor-
mation effect is not included. Yielding is according to von Mises and for axisymmetric loading
it becomes 01? - 0702+ 0y* + 0,%, where o1 and oy are the axial and circumferential stresses.

For the STAGS analysis, the boundary layer thickness of the ridging models shown in Figs.

la and 1b is broken into fine finite difference mesh, while the rest of the cladding is
divided into coarse mesh. Symmetry is imposed at S = 0, while axial stress resultant V is
applied at S = L/2. The edge S = L/2 is also constrained from having any rotation. Net
internal pressure P is prescribed everywhere in the cladding, and both V and P are kept con-
stant, while the ring load is increased in steps at the appropriate location (i.e., at S =0
for model shown in Fig. la and at S = d for the one in Fig. 1b). The ring load, P and V, are
then unloaded simultaneously to obtain the measured ridge height.

4.3 Conclusions From Elastic-Plastic Analyses

The results for the two loading cases for the Dresden-3 Rod KE-2225 are compared in Figs.
7 through 10. Only ID surface stresses are plotted in these figures. Conclusions reached
from these analyses are now summarized.

(1) A ring load alone is sufficient to develop smooth ridge profiles seen in profilome-
try traces.

(2) Location of the ring load (i.e., either at the ridge or at a short distance from the
ridge) has only marginal effect on the residual disptacement profile and has negli-
gible effects on stress distributions everywhere in the cladding except at the ridge.
Hence, an analysis of the ridging model where the load is distributed locally at the
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ridge, would not provide any new information. In addition, analysis of the ridging
model with ring Toad at the ridge (Fig. la) is sufficient to accurately determine
the stress and strain distributions everywhere in the cladding. Hence, only this
model is analyzed for the Maine Yankee Rod JBY-097.

(3) The maximum tensile axial stress occurs at a distance of half the boundary layer
thickness from the ridge and could be as high as 55% of the yield stress. And the
maximum tensile circumferential stress occurs at about one-fourth of the boundary
Tayer thickness and could be as high as 85% of the yield stress. A typical fuel
code with no ridging effect would have predicted only stresses as high as 15% of
yield stress.

(4) The circumferential stress alone is not sufficient to yield the cladding. It is the
compressive axial stress that is responsible for the cladding to yield at the ridge.
However, if the effect of creep is included, then the ridge will be formed mainly
under the influence of circumferential stress.

(5) The axial stress to circumferential stress ratio changes rapidly with axial distance

The residual radial displacement profile and the axial and circumferential stress distri-
butions for the Maine Yankee Rod JBY-097 take the same shape as those for the Dresden-3 Rod
KE-2225 and, hence, are not presented here. However, they are shown in Figs. 18 through 21 in
Ref. (8). The axial distribution of effective stress and the variation of circumferential
stress through the thickness at the axial location, where the tensile circumferential stress
at the ID surface js maximum, are shown in Figs. 11 and 12, Additional conclusions reached
from these figures are:

(6) The plastic zone is very localized and extends only up to a distance of one-eighth

of the boundary layer thickness.

(7) The circumferential stress gradient through the thickness is small.

Because of the assumption in these analyses that the material is elastic-perfectly plas-
tic with no creep, the ridges are formed only when the cladding yields. Also, these analyses
indicate that at any ridge, the circumferential stress is as high as the yield stress.
However, if creep is included in the above calculations, then ridges could be formed at
stresses much below the yield stress. The authors are presently investigating the effect of
creep on the stress and strain distributions at ridges.
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{Eq. (11))

Figure 7 - Comparison of Resldual Radlal Displacement
Profiles for Two Loading Conditions for
Dresden-3 Rod KE2225.
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Flgure 6 - Effective Stress at Cladding 1.D. Surface for

B=

Figure 8

2 (Elastic Analysls).

Ring Load Applied at 5=0
nch (=d in Flg. 1b} and
og,m = 10 ksi ?[q. (1)

Comparison of Axfal Stress Distributlons
Two Loading Condltlons for Dresden-3 Rod
KE2225.
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0o

Ring Load Applied at $=0.024
inch (= d in Fig, Ib)and
oy 10 ksi (Eq. (1))

Ring Load Applird al Ridge § 0
and oy =10 ksi

Flgure 9 ~ Comparfson of Clrcumferential Stress Distributions

"eff,1D
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for Two Loading Conditions for Dresden-3 Rod KE2225

Figure 11 - Effective Stress Distribution for Malne

Yankee Fuel Rod JBY-097.
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Figure 12
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Ring Load Applied 3t Ridge $=0.0 and

.10 kst (Ea. (1))

Load Applled at $=0.024 inch

{=d in Fig, 1b) and "0,m=l0 kst

son of Axial Stress to Circumferential Stress
for Two Loadiny Conditions for Dresden-3 Rod

Distance From ID Surface

Cladding Thickness

Yariation of Circumferential Stress Through
the Cladding Thickness at Axial Location

Where Clrcunferentail Stress is Maximum on
the ID Surface for Maine Yankee Rod JBY-097
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