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CRACK NUCLEATION IN 316 STAINLESS STEEL FUEL CLADDING

D. Lee*, R. A. Rand** and G. G. Trantina*

INTRODUCTION

Failure of nuclear fuel cladding is believed to depend largely on the
process of crack nucleation caused by localized deformation at the pellet-
clad interface in the presence of aggressive environments. It has been
shown that some of the principal reactive fission products, including
iodine, caused intergranular attack on stainless steel cladding [1] and
iodine and tellurium, for éxample, promote surface nucleated cracking of
Stainless steels [2]=

Since the failure is caused by the localized stresses and strains in
cladding due to thermal expansion and cracking of fuel pellets as well as
by the presence of fission Products, it is necessary to identify the
nature of interaction between the fuel and cladding. In order to achieve
these objectives, several fuel rod modelling codes have been developed to
describe the overall behaviour of fuel rods [3]. A physical model of the
local strain and stress concentrations which occur in cladding due to
the combined effect of radial cracks in the fuel and the frictional forces

been proposed. Experimental methods of simulating pellet-clad interaction
have been reported [6]; however, direct comparison with analytical models
is difficult because of complex conditions that exist at the fuel-clad
interface.

In order to simulate critical conditions that lead to the early stage of

cracking, specially designed sheet tensile specimens were prepared so that

the finite element method to determine the Strain distributions in the
samples and by incorporating the results obtained from fuel rod modelling
[5]. In this way, the local strains and Strain distributions can be cor-
related and the effects of material variables as well as the details of
the fuel cladding model can be directly related to the process of crack
nucleation. Some of the results obtained with 316 stainless steel clad-
ding materials are presented.
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EXPERIMENTAL PROCEDURE
Materials
A type 316 stainless steel (13.6 Ni, 16.7 Cr, 2.52 Mo, 1.54 Mn. 0.5 Si,

0.13 Cu, 0.15 Co, 0.05 C, 0.010 P and .011 S with the balance Fe_by
wéight percent) was tested in the 20% cold worked condition. This was

duced by cold rolling a sheet stock of 3.2 mm to 1.70 mm fo}lowed by a
EZiution tieatment of 1100°C/10 min. plus water quench and a final rolling !
to 1.37mm.

Sample Design

Two types of test samples were prepared, as shown in Figure }. The simple
uniaxial test sample, Figure la, was used to produce thg basic stress-

strain curve used as input to the finite element analyS}s. The grooved

sheet sample, Figure 1lb, was designed based on calculat}ons obtained from

the fuel rod model. The details of the groove were de§1gned so that the ’
strain distribution in the sample would close}y appro§1mat§ that of clad- |
ding undergoing localized deformation due to interaction with the cracked |
fuel.

Testing Method

All the test samples were taken in thg transverse direct@on of the rolled
sheet and tested at 550°C. Simple uniaxial Fen51on specimens wg{e pu}%e@
at 4.2 X 10" 3mm/sec. corresponding to a strain gite of 1.1 x 10 "sec. in
air. Grooved specimens were tested at 4.2 x 10 mm/sec: so thaF tbe
resulting strain rate is nearly comparable to that of simple unlax;al )
specimens. lodine vapour was supp}leq to the test chamber by passing high
purity helium through crystalline iodine which was kept at room temper-
ature with resulting iodine partial pre§sure of 0.3 torr. True stres§-
tTue strain relationship was obtained w1th.tbe extensgmeter at;ached in
the axial direction; beyond necking, the minimum specimen sectlon was
measured by pointed micrometers.

ANALYTICAL PROCEDURE

The analysis of the grooved sheet was perfo?med using tbe NONFIN.tlnlte {
clement code [7]. The code has the capab}llty of treating botb flow gnd ;
Jeformation theories of plasticity in an 1ncremental_fash10n w1th a first !
order equilibrium correction. The present resu{ts will be re;trlcted t?
infinitesimal theory and isotropic materlalsT 1h§ plang spralp mode of
deformation was used for the specimen angly51s. The uniaxial §t¥ess-

strain data was used as fifteen linear line segments thus providing an

accurate representation of the actual experimental data.

The finite element grid used for the analxsis of the grooved §pecimens
has 14 quadrilateral elements (composed of four constant strain trlangles)
across the net section and a total of 260 nodes. The lower boundary is a
plane of symmetry with no vertical displacement gnd at the upper boundary
a uniform displacement is applied. The gxtraordlnary lgngth of the model
(12.7mm) was necessary to allow for bendlpg of the.sPeglmen. The results
for models with shorter lengths resulted in a sensitivity of local strain
to changes in length of the model. Howevgr,'fo? Fhe 12.7mm mo@el, a
change in length of the model results in insignificant change in local
strain.
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RESULTS AND DISCUSSION

Material Properties

The results of four uniaxial tensile tests are summarized in Figure 2 in
the form of a true stress-true strain curve that includes the point of
fracture. The maximum load was reached at the true strain of about 0.08;
beyond that level of strain, the test specimen deformed in an unstable
manner. The deviation from plastic isotropy was examined by comparing
plastic strains in the width and thickness directions of the deformed
samples. Since the plastic strain ratio was nearly unity, it is assumed
that the material is isotropic in the plasticity analysis.

The flow strength was not markedly dependent on the strain rate; in fact,
a negative strain rate sensitivity of flow stress has been observed in a
few cases (Table I). The assumption that the material is insensitive to
the strain rate appears to be justified for the specific testing condition.

Stress-Displacement Relationship

The stress-diplacement relationship for the grooved test specimen can be
predicted by the finite element method using the uniaxial tension test
data. In order to check the reliability of the finite element analysis
method, a tension test was made with a grooved sample (Figure 1b) at
550°C. The displacement was measured with an extensometer attached over
a 25.4mm gage length including the groove. The results of tests with two
specimens are shown in Figure 3. The nominal stress is calculated as the
load divided by the initial area of the net section at the groove.

In order to predict the stress-displacement results, a finite element
analysis of the grooved specimen was made. The load was determined from
the stresses at the boundary where the displacements are applied 12.7mm
from the root of the groove. Since the analysis does not allow for finite
deformation and since the maximum local strains were large (27%), it was
necessary to decrease the load by the amount of area reduction at the
groove as predicted by the finite element analysis. This resulted in a
reduction in load of up to 6% at the end of the analytical stress-displ-
acement curve. This load was then divided by the original net section
area and the resulting curve is shown in Figure 3. The stress predicted
by the analytical curve exceeds the experimental curve by less than 12%
and by only 4% at the end of the curves. The difference can be attributed
to the inability of the grooved specimen to achieve total plane strain
conditions. The calculated axial strain at the root of the groove, as a
function of the specimen displacement is also shown in Figure 3.

Comparison of Calculated Strain Distributions

By extending the finite element analysis technique to the fuel cladding
[5], it is possible to identify conditions under which the strain distri-
bution in the test sample match closely with that of the fuel cladding.
For the purposes of illustrating a specific comparison of strain distri-
butions in the test sample and the fuel cladding, an example from Refer-
ence 5 was chosen. The strain distribution for the cladding at a power
level of 43 kW/m reached in 10 hours was compared with the strain distri-
bution in the sample for a displacement of 0.05mm over the 25.4mm gage
length. The maximum local strain for both cases was about 0.02. For
this example, the strain distributions are similar with the strain grad-
ient being somewhat more severe in the sample. For other fuel-cladding
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conditions and power levels, the geometry of the sample can be modified,

if necessary, to adequately simulate the strain distribution in the clad-
ding.

The process of crack nucleation can therefore be related to the level of
maximum strain and the specific condition of fuel cladding undergoing a
similar mode of deformation. Thus, increasing the maximum strain or
increasing the displacement in the test sample corresponds to increasing
the level of power in the fuel rod.

Crack Nucleation Behaviour

When the grooved specimen was tested in air, no cracks were observed
throughout deformation up to the point of fracture. Fracture took place
by shear along about 45° to the loading direction, as shown in Figure 4a.
The transition area from the original surface to the area of fracture,
as shown in Figure 4b, indicates evidence of plastic deformation in the
original surface. Elongated cuplets on the fractured surface are sug-
gestive of a void nucleation and coalescence mechanism.

When the grooved specimen was tested in an iodine atmosphere, the specimen
was loaded to several levels of load and the specimen examined under the
microscope at a magnification of 700X. For stress levels of 335.0 MPa
and 468.9 MPa corresponding to calculated local strains (Figure 3) of
about 0.01 and 0.02 Tespectively, no cracks were observed. At a stress
level of 602.2 MPa corresponding to a local strain of about 0.04, cracks
were observed. The apperance of the specimen surface at low magnification
is shown in Figure 4c. The high magnification SEM photograph in Figure

td shows chemical reaction products on the surface near the cracks.

Accurate estimation of the conditions that will cause crack nucleation in
fuel cladding requires precise modelling of fuel rod behaviour, well-
defined experiments that simulate the critical features, and valid analy-
sis of the experimental results. Additional work in these three areas is
required to come to more accurate assessment of strain levels required
for crack nucleation. Nevertheless, this work represents an attempt to
develop a methodology to simulate crack nucleation in nuclear fuel clad-
ding by laboratory testing coupled with finite element analysis.

CONCLUSIONS

1) Two important features that may be simulated in laboratory testing
for failure of nuclear fuel cladding are localized deformation and
the presence of fission products.

2) The finite element analysis method may be used as a general guide for
designing laboratory specimens to simulate important features id@n-
tified from the fuel rod modelling codes. Calculated local strain
can be used as an estimate for strain where cracks nucleate.

3) In laboratory testing, 20% cold worked 316 stainless steel at 550°C
fractured by shear mode and by void nucleation and growth process
when deformed in air under near plane strain conditions. In the
iodine atmosphere, cracks nucleated in multiple fashion and the
surface near cracks were decorated by reactive products. The level
of strain necessary for crack nucleation in the iodine environment
was estimated to be about 0.04 based on results of a finite element
analysis,
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Table 1 Effect of Strain Rate on Flow Stress

True Stress, MPa
Initial Strain Rate l

At

sec”! eP = 002 e? = o2 Maximum Load
1.1 x 1072 539.0 613.7 641.9
1.1 x 10™* 503.3 621.9 672.3
1.1 x 107% 524.0 615.7 675.7
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(a) SIMPLE UNIAXIAL (1.27 mm THICKNESS)
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(b) CRACK INITIATION (0.050" THICKNESS)
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Figure 1 Details of Test Specimens
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Figure 2 True Stress-True Strain Curves for 20% Cold Worked 316 Stainless
Steel Tested at 550° C and 1.1 x 107" sec.”?
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