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SUMMARY

Due to temperature rise the fuel element pellets get into mechanical contact with the
cladding and will together with the gas pressure cause high stress states. Existing cracks
and particles between fuel and cladding may further increase the stresses. Due to irregu-
larities there may be a welding between the fuel and cladding and a following temperature
decrease will cause tensile stresses which may initiate cracks. In order to do a safe design
of the fuel cladding assembly it is worthwhile to be able to analyse these phenomena.

For the mechanical contact between fuel and cladding a slip criterion relating contact
shear stresses to the slip between fuel and cladding is introduced. Because of irreversibility
an incremental formulation is made. With this slip criterion with associated slip rule it
is possible to simulate different types of frictional behaviour of the fuel cladding interface.
It is also possible to allow for eventual welding between fuel and cladding. That is, cohe-
sional stresses are allowed for at the assumed welding positions. The incremental govern-
ing equations are solved by means of the finite element method. In the computer program
developed a Coulomb type of slip criterion with associated ideal or hardening slip rule is
included. In the ideal model the coefficient of friction is constant and in the hardening
model the coéfficient of friction depends on the slip.

The transient temperature problem is also solved by means of the finite element
method. The method proposed by Miya, Hashimoto and Ando (SMiRT-3 paper C3/8) of
taking the eventual initial gap between fuel and cladding into account was adopted.

The paper presents results for the effect of different types of slip rules on the contact
stress distribution. It is shown that the contact shear stress is smaller for the hardening
model than for the ideal model. It is also shown that a crack in the fuel increases the
contact stresses and that at temperature decrease high tensile stresses arise after eventual
welding. It is also shown how particles between fuel and cladding influence the stresses.
Also here the effect of eventual welding is studied. The present method is well suited to
study cracks and crack propagation. The surfaces of the existing cracks are defined as con-
tact surfaces and the crack extension work is calculated by releasing the nodes at the crack
tip. As the crack surfaces are defined as contact surfaces eventual crack closure is auto-
matically taken into account. Crack extension work is calculated for existing cracks in the
cladding. It is shown that cracks in the fuel and particles between fuel and cladding will
increase the crack extension work.
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1. 1Introduction

The contact zone between fuel and cladding and cracks in fuel and cladding presents
complex boundary conditions. Both mechanical and temperature contact problems are present.
During the last decade mathematicians [1] have payed attention to the new type of boundary
conditions that arise in mechanical contact problems. Panagiotopoulos [2] considers uni-
lateral contact and friction boundary conditions. In this new type of boundary conditions
inequalities are present. Thus, the variations appearing in the principle of virtual work
are unilateral constituting a variational inequality. Panagiotopoulos proves the theorem of
minimum potential energy with the inequality constraints, which constitutes a monlinear
programming problem. Variational inequalities are also discussed by Kalker [3]. The non—
linear programming problem are for practical problems (many degrees of freedom) time con-
suming and thus expensive. In the present paper some simplifying assumptions are made. In
order to follow the loading history an incremental formulation is used. Within each incre-
ment it is assumed that the surface of contact is apriori known or it is known whether it is
increasing or decreasing. Thus the boundary condition is bilateral. As a contact constitutive
relation i e relation between the contact stress increment vector and the slip increment
vector in the contact surface, a slip criterion with associated slip rule is used. This slip
criterion and slip rule is analogous to the yield criterion and the flow rule in the theory
of plasticity. By introducing the simplifying assumptions the problem is a variational equa-
lity problem and the nonlinearities could be treated in the usual way of structural mecha-
nics [4].

The temperature contact problem is complex because there may be a gap between fuel and
cladding which during loading cycles close causing changes in the properties of heat con-
duction. The conditions at the interface are accounted for by introducing a boundary element
which couples the field of the fuel and that of the cladding. Both the temperature and the

stress analysis are solved by means of the finite element method.

2. The Mechanical Contact

Consider two bodies A and B in contact. The problem is studied in the global three-
dimensional cartesian coordinate system Xps Ky Xge At the contact surface QC the local
cartesian coordinate system Nys Nys Mg is defined in the following way: The coordinate
system is fixed to body B. n,N,-plane is the tangential plane and Nq is defined by the out-
ward normal vector from body B to body A at the contact point studied. The bodies are
bounded by the surfaces QA and QB and occupy the volumes VA and VB respectively. They are
assumed to be loaded with surface loads qi(xl’ Xy» xa) on Qq, volume loads Xi(xl, Xo» x3),
temperature loads T(xl, Xy x3) and heat sources Q(xl, Xy x3) in V. On ﬂu the displacements
are assumed to be given and on Qc the bodies are in contact. It is to be observed that QC

varies with the load, Qc = Qc(qi, Xi). The displacements and strains are assumed to be small,

2,1 Contact Constitutive Equations

In most investigations dealing with contact problems including friction, a macroscopic
type of Couloub friction is assumed. It has been shown experimentally however ([5], [6])
that microslip occurs for tangential loads smaller than the frictional force as determined

by the macroscopic coefficient of friction. From the experimental results it is clear that
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the coefficient of friction increases with increasing slip, It is also demonstrated by the
experiments that part of the slip is reversible and part is irreversible. In order to ob-
tain a tool for studying the effects of the frictional properties of the contact surface, a
contact constitutive relation is proposed. This relation consists of a gemeral kind of slip
criterion with associated slip rule. Due to the irreversible character of the friction
phenomena an incremental formulation is made.

Consider the cartesian coordinate system Nys Ngs Ng at a contact point given on Qc. The

contact stress increment vector is written
dp; = (dpy, dp,, dpy) on Q, (1)

In the following, when the indices o, R, Y, 6 occur, they are assumed to range from 1
to 2 and refer to the local coordinate system Nys Ngs Tye A detailed derivation of the
slip rule is given by Fredriksson [7]. The derivation of the slip rule is based upon two

basic assumptions

1 The slip increment dvu is linearly dependent on the contact stress increment. That is,

A B _
dva dua dua = hotB de (2)
2 It exists a glip surface g(pi) = 0 in the contact stress space on which slip will
occur. At each state of the slip no further slip will occur unless .
3% 4, >0 3

Bpi

The first assumption implies that the slip has the same direction as the outward normal
vector to the locus generated from the intersection between the surface and the plane
Py = constant,

For alip hardening we obtain

1 (3s/%p )(ag/ap )

vot L ﬁﬁ—/—Hg apd) 3E apd dpB on Q (4)
- 28
when g = 0, 3 dp. >0, Pq < 0.

Q: is the part of &'lc, where the slip criterion is satisfied., In the part Qz of Q. where
the slip criterion is not satisfied there is mo slip increment and the displacement incre-

ment must satisfy
dv_ = du —duB=Oon Qa (5)
o o c
If we assume Zdeal slip eq. (4) is replaced by the slip rule

s
dv = A 22 ap on 9 6)

= 98 -
A >0 when g = 0 and 3Pi dpi 0, Py < 0

g
A=0 < o
when g 0 or, 31’1 dpi <0, Py <0
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- dpi > 0 does not exist in ideal slip, In fdeal slip the slip surface is fixed.

The functions g and L depend on properties of the contact surface, for instance type
of material, surface roughness and manufacturing process. In the case of ideal slip the
parameter A is indeterminate.

Assuming Coulomb isotropic slip eriterion we obtain

/2

1 1
g(p;) = m (PP * Pg> Py <0 N

and the associated slip rule

1 PoPg
== %P4 (8

Vo T L peps P8
U is the coefficient of friction.

It is easy to show [4] that the function L, which can be called the slZp modulus could
be written

duv,)
L=-0p, &, €))

v, is the effective slip [4].
Thus, from the single curve U = u(ve) the slip modulus is obtained. Such curves have
been published elsewhere [6].

The slip hardening rule used is
Wiuy =1-(1-8) exp (-mv) (10)

' is the maximum coefficient of friction, B defines the initial coefficient of

friction and n defines the degree of hardening.

2,2 Crack Closure Problems

The present method is applicable to fracture mechanics problems as well. In terms of
crack extension work the stress intensity factors may be calculated both for opening and
closing cracks.

In terms of stress intensity factors the crack extension work is written (coplanar

extension),

K+l 2 2 1.2
€=3¢ ®* X * 35 ¥ an
KI, KII’ KIII are the stress intensity factors in mode I, II and III respectively.

K = 3-4v plane deformation, ¥ = (3-v)/(1+v) plane stress and G = E/2(1+v), E is the modulus
of elasticity and v is Poissons ratio.

Assume a virtual quasistatic crack growth from a state a with fracture area S to a
state b with fracture area S + AS. This gives rise to a new crack surface Q:r. The work
done on the fracture process zone between stages a and b per unit of fracture area is the

crack extension work
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b

c=- iéfo 1= {f' ( oy au) o (12)

cr

P; is the traction acting on the fracture process zone and ug is the displacement.

As proposed by Hellan [8] the finite element method seems to be a useful tool to cal-
culate the crack extension work. The nodal point forces at the crack tip are calculated.
These forces are then relaxed to zero and the work dome by the forces are calculated. In
nonlinear problems (for instance crack closure problems) the relaxation must be performed
incrementally. The present method is well suited for this process and can also handle
crack closure problems. Nodal points on an existing crack are defined as contact nodes.
During loading or unloading the cracked surfaces will be checked for eventual closure.
When at the crack tip positive contact forces arise the contact nodes are released and the
work done by the contact forces during relaxation is calculated., By defining contact node-
pairs in several directions at the crack tip the present method can be used to calculate
the crack extension work in several directions and the direction of crack propagation may
be predicted.

When the crack is closing and shear stresses develop at the contact energy is dissipating
due to friction. The energy dissipated during the virtual crack extension is written [7]

2
W= lin z= f ( p dv )dd 13)
ASH0 Qc 1

Thus, the sum of C and ' expresses the total energy dissipated.
2,3 The Finite Element Solutiom

The theory presented have been included in a finite element computer program for plane
stress, plane strain and axisymmetric problems. Coulomb slip criterion with associated ideal
and hardening slip rule has been used. The subroutines handling the contact nonlinearities
have been written as to be applicable to any finite element computer program. The routine
handling the nonlinearities needs the stiffness matrix transformed to local coordinates at
contact nodes., For details concerning the finite element formulation the reader are referred

to Fredriksson [4], [7].

3 The Temperature Contact

The partial differential equation for heat conduction is written

3 3 L 2 2Ly, BT Lo T
x O ax) 5y (Ay 3y * 9z O, 52 * Q Pey Bt T 0 4
T = temperature

t = time

p = density

Ax’ Ay’ Az = thermal conductivities

Q = thermal source

cp = gpecific heat

The finite element formulation utilizes the equivalence of minimizing the functional



D 3/1%

>
I

- 7 0 GP% + 2, GP%+ 2, GD%1 - [a- pe, §11 Thay +

+

f[q+%otT T 40 (15)
Q

0 = heat transfer coefficient

q = flow

Introducing shape functions Ni the temperature is written

T =IN, T, (16)
1 1

By dividing the body into finite elements, calculating the functional x& for each
element and summing the contributions a time dependent system of algebraic equations are

obtained

KT+¢§—I-—OT=0 (17)

K= H+ A

The conductivity matrix H is

N, 9N oN, BNi oN, 9N,

P A i av (18)

I hwmw thww T hew

<

The heat transfer matrix A is
=/ a Ni N. 40 (19)
e J
e
The capacity matrix ¢ is

=Z/ pe_ NN, dV (20)
eV, P i

The flow o is

Q = Qi - g J (qu + Ny (ENjATj)) aQ (21)
i Q
e

* * .

5 e Tj = surrounding temperature

If in the present problem a functional XA for the fuel and a functional XB for the

where ATj =T, -T

cladding is considered the resulting systems of equations must be coupled according to

the contact condition at the interface. If there is a mechanical contact with pressure

the temperature solution could be obtained directly by using the appropriate thermal con-
ductivity. A total functional for both the fuel and the cladding results in the standard
system of equations to solve. If, however, there is a gap between fuel and cladding the
situation is, as pointed out by Miya, Hashimoto and Ando [9], more complex. Comsider a two-
dimensional problem with triangular finite elements with linear shape functions. The local

coordinate at the interface is n (Fig. 1). The temperatures at the interfacial nodes
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ky1 and k}1' are indicated T, ,T; and T, ,,Tq:, respectively. Assuming a linear temperature
» k71 k 1

distribution in the interfacial region

TA

N4
Tt (T =T (22)
B

M
T = Tkv"' i (Tll' Tkl)

By minimazing the functionals XA and XB we obtain after integration between nodes

k,1 and k', 1' respectively.

o)y, - L o2 1 2 - (23)
(/91.) 1 2 -1 -1 T
X 9% %1 1
(87T, ) 2 -1 2 1 T
X T derge k
/9T, ) 12 1 2 T
X A05 grye 1

Eq. (23) expresses the contribution to the heat transfer matrix in eq. (19). Thus,
the effect of the heat transfer at the interface could be taken into account by introducing

a boundary element with a heat transfer matrix as eq. (23).

4  Numerical Fxample
4,1 The Problem Studied

The fuel element of Fig. 2 was studied. It was assumed that there exist ten cracks in
fuel and cladding. The cracks in the cladding are assumed to coincide with those of the
fuel. This assumption was made in order to reduce the size of the problem. Thus, a segment
of 18 degrees was studied. In the temperature calculations the influence of existing cracks
was not taken into account. For the stress analysis elastic plane strain conditions were
assumed. The material properties in the fuel and the cladding were obtained from Karlsson
[10] and Malén [11]. Temperature variation of the modulus of elasticity was accounted for.

In the finite element model triangular elements with linear displacement and tempera-
ture fields were used. In the analysis model 300 elements and 400 degrees of freedom were

used.
4,2 The Temperature Field

In the temperature calculation a uniform heat generation of 50 kW/m was assumed. The
cooling water temperature was set to 286°C. From Fig. 3 which shows the normalized tempera-
ture distribution for stationary conditions it is clear that the temperature drop between
the fuel and the cladding is as expected much larger than in the cases of contact without
or with pressure. The transient temperature distribution for the case with gap between
fuel and cladding is shown in Fig. 4. It is seen how the temperature in the fuel is in-
creasing with time while the temperature in the cladding is not increased very much. This
result is opposit to the results obtained by Miya, Hashimoto and Ando [9] in the finite
element calculations for fast reactors. This is of course explained by the fact that they

used coolant of air while we used water. It should be pointed out that we used a constant
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heat generation which gives a much faster temperature rise than in the real in pile case.
The finite element computer program used in this calculations was the FEMTEMP II [12]

program, The material properties were assumed independent of temperature.
4.3 Stress Analysis

The stress analysis was performed for the case when there was initial contact between
fuel and cladding at a power generation of 40 kW/m., The power generation was then increased
to 56 kW/m and the contact stresses etc were calculated. Results are presented for the
stationary case.

Fig. 5 shows the normalized normal contact stress distribution Py (pressure is defined
negative) for different coefficients of friction. P, is the uniform contact pressure ob-
tained when there areno cracks present. Due to the cracks present in both fuel and cladding
the contact stress is very much increased near the crack. The cladding is due to the cracks
softer which explain that —p3/p0 < 1 far from the crack. The contact stress is larger for
larger coefficients of friction. This is explained by the fact that a targer coefficient of
friction will increase the tangential stiffness of the cracked cladding. Fig. 6 shows the
contact shear stress distribution for three types of slip rules. Both the ideal models
with u = 0.1 and p = 0.2 results in greater shear stresses than the hardening model with
initial coefficient of friction 0.02 and maximum coefficient of friction 0.2. It should be
mentioned that slip takes place all over the interface except in a region near the symmetry
line at 18°,

Calculations were next performed for the case of a particle between fuel and cladding
at ¢ = 9°, In all cases (particle thicknesses from 0.05 mm to 0.2 mm) very high contact
stresses were obtained at the position of the particle and the contact was lost elsewhere.
This situation will also arise when there are irregularities in the fuel or when the fuel
is cracked due to earlier temperature changes so that some part of the fuel is tilted
causing concentrated contacts. At these very high pressures there may be a situation for
"cold"-welding to the cladding. At a later temperature decrease high tensile stresses
arise and will eventually initiate cracks in cladding and/or fuel. Fig. 7 shows results
when welding followed by temperature decrease was assumed to have taken place.

Next the effect of different crack lengths in the cladding was studied. Fig. 8 shows
that the normal contact stress far from the crack is decreasing with increasing crack
length a. Although the gradients near the crack is influenced the normal contact stress is
in all cases very high.

The crack extension work C for different crack length in the cladding was mext studied.
Also the effect of friction was studied. Fig. 9 shows the crack extension work as a function
of the crack length and for two different coefficients of friction. It is noted that the
crack extension work is decreased at increasing friction. The ideal model was assumed in
this study. Another interesting observation is made. The crack extension work is increasing
with increasing crack length to a certain limit where it starts to decrease. This positive
effect is explained by the fact that for increasing crack length the softening (Fig. 8) of
the cladding will offset the increase in C. Fig. 10 shows the effect of a particle of
thickness 0.05 mm placed at ¢ = 18°. The crack extension work is increased very much and
the effect of decreasing C at large crack length is maintained. Internal cracks in cladding

have been studied by for instance Chopra, Wu and Hofman [13] who prescribed the pressure
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distribution on the cladding. They studied cracks of relative length up to 0.3. Because
of the prescribed pressure they could not take into account the effect of softening of
the cladding and the above described effect of decrease in C could not be accounted for
The particle of 0.05 mm was next moved towards the crack and the crack extension work
for different positions was calculated. The crack length was in all cases constant. The
result is shown in Fig., 11. In positions close to the crack the crack is closing due to
the effect of the particle. C then increases rapidly followed by a decrease as the par-
ticle is moving away from the crack. The particle will in the main part of the region
cause crack extension work that is greater than that without the particle. A similar
effect was observed by Chopra, Wu and Hofman [13] who considered a concentrated load

instead of inserting a particle between fuel and cladding.
5 Conclusions

The method presented has been shown to be a useful tool when studying the contact
phenomena at the interface between fuel and cladding. It is possible to study effects of
different types of frictional properties on the normal and shear contact stress distribu-
tion. The method is also well suited for studying the influence of cracks in fuel and
cladding. Stress intensity factors, or crack extension work for different types of cracks
are easily calculated and eventual crack closures are automatically taken into account,

When studying the contact situation at fuel-cladding interface it is shown how the
softening effect on the cladding due to increasing crack length influences the contact
stress. It is also shown how this effect influences the crack extension work. For long
cracks the crack extension work starts to decrease due to this softening effect. It is
also shown that a particle between the fuel and cladding greatly influences the crack
extension work. Except in a narrow region near the crack, the crack extension work is
increased. High contact stresses are develeped at the position of the particle. These high
stresses may perhaps initiate cracks. The same effect is obtained if there are small
irregularities in the fuel. The very high stresses at the interface may eventually cause
cold welding or wedging to the cladding. A temperature decrease will immediately cause
high tensile stresses and the fuel material which could not stand tensile stresses will
be fractured. In the temperature calculations it is shown how different contact situations
influences the temperature distribution. Another interesting effect that could be studied
with the present method is the influence of the cracks in the fuel on the temperature
distribution,

In the present study a very symmetrical situatiom has been analysed. It is, however,
believed that the effects observed could be qualitatively transferred to a unsymmetrical
situation. Although, the method of taking contact conditions into account is applied to
elastic material assumptions the significance of the phenomena observed are believed to
be valid. Of course the high stresses observed near the cracks and at the crack tips will
cause yielding. Also some creep is probably present. It should be mentioned that the
present contact model is coded as to be applicable to existing finite element programs and

it is possible to include it in a program, which takes plasticity effects into account.
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Interface n

BODY A - FUEL CLADDING
Fig. 1 Boundary elements in the temperature contact
r+6.326mm
Ar-0.8mm
Fig. 2 Uraniumdioxide fuel with 10 radial cracks to a dept of r/2 and zircalloy

cladding of thickness Ar with internal cracks to a (varying) dept a
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Fig. 7 Normal contact stress distribution for the case of assumed welding followed
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