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Summary

We have analyzed the conditions of failure stress, failure temperature, and time-to- 
failure for EBR-II, Mark-II, type 316 annealed stainless steel cladding. The Larson-Miller 
Parameter (LMP) can be used to predict failure once the irradiation and metallurgical history 
of the fuel element is given.

Creep failure test and temperature and pressure ramp-to-failure tests have been con­
ducted on type 316 stainless steel fuel cladding. Failure analysis for both sets of test 
values were summarized in a plot of natural logarithm of effective stress (o) versus LMP 
values and showed no differences between results. The LMP versus a plot for various cladding 
segments tested could be characterized by two distinct fracture mechanisms. One is indepen­
dent of irradiation and metallurgical history. The other is highly dependent upon the past 
metallurgical history (annealed versus cold-worked), and upon the irradiation history 
(fluence and temperature).
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1. Introduction
One phase of the qualification program for mild transient cycling of the liquid-metal- 

cooled Experimental Breeder Reactor No. 2 (EBR-II) is out-of-core failure testing of the type 
316 annealed stainless steel fuel cladding. The response to simulated transient conditions 
of the cladding's material failure temperature, failure stress, failure strain, and time-to- 
failure were measured in an out-of-core testing device. The cladding was tested to failure 
under constant pressure and temperature (creep failure) as well as under transient tempera­
ture or pressure (transient failure).

The test conditions were set up to simulate at least the most severe expected in-reactor 
conditions for the cladding. During either steady-state or transient reactor conditions, as 
the metallic fuel burns up, it swells, contacts the cladding and thereby increases the stress 
on the cladding. Internal evolution of fission gases also increases the stress on the clad­
ding. Temperature transients cause fuel to expand by transformation of alpha phase to gamma 
phase which starts at about 550°C. The difference in thermal expansion between the cladding 
and the fuel also produces a fuel/cl adding mechanical interaction during a temperature change. 
Thus, during a core power cycle (temperature and pressure cycle superimposed upon the normal 
steady-state reactor conditions), the cladding could experience environmental excursions that 
might produce sufficient stress to cause cladding fracture.

In the out-of-core studies, described here, the effects of fuel/cl adding chemical inter­
actions were not considered.

2. Experimental Procedures
The test apparatus consisted of a laser micrometer, an emissivity-independent optical 

pyrometer, and pressure transducers, all placed in a hot cell to facilitate testing the 
radioactive cladding. The laser micrometer could measure changes in diametral strain greater 
than 0.05%. Diameter measurements were normally recorded ten times per second. The pyro­
meter used to measure temperature was an analog instrument with a precision better than 2%. 
The cladding samples were heated by direct element heating. Argon gas was used to pressurize 
the samples internally. The outputs of the pressure transducers were recorded with an accu­
racy of + 0.3 MPa internal pressure or 2.0 MPa effective cladding stress. All measurements 
were made without physical contact with the samples. All the instruments, the laser micro­
meter, the optical pyrometer, and the pressure transducers were checked against standards 
before and after each test.

The scope of testing included the two extremes in the irradiation conditions for clad­
ding; unirradiated cladding material and irradiated cladding material, which has a nominal 
fuel burnup of 8 at.% (equivalent to a fluence of 17 x 1024 n/mm2, E>0.1 MeV). A burnup of 
8 at.% is the current limit for EBR-II Mark-II driver fuel. All irradiated cladding was 
tested from fuel elements of 8 at.% burnup with exception of the mid-fuel cladding segments 
which were also tested at 1.5, 3.5, 5.5 and 11.5 at.% burnup. The irradiation environment 
for the fuel element changes along its length in the reactor (see Figure 1). Neutron flux is 
maximum at the core midplane, but the cladding temperature increases from the fuel bottom 
(^370°C) to the fuel top (~590°c). This change in the irradiation environment can strongly 
affect the strength and failure properties of the cladding. To understand the effects of the 
varying irradiation conditions, six 75 mm segments were cut from the cladding of each of the 
irradiated fuel elements from spent EBR-II driver-fuel subassemblies. The metallic fuel was 
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chemically dissolved from the cladding.
The creep-failure tests were run at predetermined temperature and pressure values 

above those normally experienced during steady-state core operations. They were selected to 
assure failure between 3 x 102 and 3 x 104. seconds. The temperature ramps and pressure ramps 
of the transient-failure tests were calculated to duplicate the expected ramp conditions that 
would be observed during a whole-core transient that produces a cladding strain rate of 
10-5 to 10-4 s"1. The expected failure temperature and pressure exceeded any observed 
steady-state or predicted transient conditions in-core. The temperature and pressure for 
samples for all tests were first raised to a standard starting condition of 450°C and 60 MPa 
effective stress.

3. Analysis of Data
Temperature, pressure, and diameter were continuously recorded on a multichannel strip­

chart recorder from the standard starting condition settings to failure for all tests. The 
recorded data were digitized for computer analysis and transformed into corrected tempera­
ture, effective stress, and engineering strain as a function of time. Table I lists the 
various claddings tested (irradiation and fuel segment), the type of test (transient, creep, 
and ramp rate), the failure values, and calculated failure parameter. The failure stress is 
reported as effective stress, which was determined from the internal gas pressure and the 
hoop stress by the von Mises approximation. Recorded temperatures over the testing range of 
450-800oC required minor corrections. Calibration and standardization of the emissivity­
independent pyrometer were maintained with a black-body source. Strain values were deter­
mined from the diameter measurements made by the laser micrometer. They are reported as 
engineering strains and were calculated based on the cladding diameter at room temperature 
(d). No corrections are made for thermal or elastic expansion. Time-to-failure for the 
transient-failure tests was measured from the start of the ramp from the standard conditions. 
Time-to-failure for the creep-failure tests was measured from the moment the test conditions 
were reached.

The creep and transient results were then analyzed with the intent of establishing 
failure criteria for the various temperature and pressure irradiation environments of the 
cladding during whole core transients. The numerous in-reactor irradiation conditions, in 
addition to the numerous sample variables, forced us to limit the scope of both the testing 
program and the analysis. The resulting data for failure temperature, failure stress, and 
time-to-failure were combined using the standard Larson-Miller Parameter (LMP) formulation 
for creep and the modified LMP formulation for temperature and pressure transients [1].

4. Results
For each segment of a fuel element, a plot of the natural logarithm of effective failure 

stress versus the Larson-Miller Parameter for temperature and time exhibited two distinct 
regions (see Figure 2). Preliminary analysis by the scanning electron microscope (SEM) also 
indicated two different cladding fracture modes, one in each region. The LMP values within 
each region appear to satisfy a linear relationship. No distinction was observed between 
the LMP values calculated for the creep-failure tests and the transient tests. The spread in 
values is well within expected sample-variation and experimental uncertainty.

Each of the two failure regions requires a separate explanation (see Figure 2). In the 
first region, representing either low temperatures and high ramp rates or high failure 
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stresses, failure conditions depend strongly on the section of the fuel element tested. 
Under SEM examination, however, the fracture mode appeared to be the same for all segment 
failures in this region. The linear relationship for each segment had the same slope but 
different stress origins. Unirradiated 20% cold-worked segments had a notably higher failure 
stress than irradiated mid-core segment at the same Larson-Miller value. The mid-core 
irradiated segments were stronger than other irradiated segments, which were only slightly 
stronger than the unirradiated cladding. Irradiation hardening of the cladding saturated 
before a fuel burnup of 3 at.%. The annealing effects of the in-core temperature strongly 
influenced the resulting failure properties.

In the second failure region, representing either high temperatures and slow ramp rates 
or low failure stresses, all fuel-element segments (annealed or cold-worked, irradiated or 
unirradiated, from fuel or plenum regions) appeared to fail by the same fracture mode and 
along the same line of LMP versus In o.

The results from our testing help to increase our capability to predict failure of type 
316 stainless steel cladding when the metallurgical and irradiation history of the steel is 
known.

5. Conclusions
The plots of natural logarithm of effective failure stress versus Larson-Miller Para­

meter that were prepared from the results of our out-of-core creep-to-failure, temperature 
ramp-to-failure, and pressure ramp-to-failure testing showed two distinct regions indicating 
two different failure modes. One, typified by either high failure temperature and low ramp 
rate or low failure stress is characteristic of the material and is independent of irradia­
tion and metallurgical history. The other mode, typified by either low failure temperature 
and high ramp rate or high failure stress, is strongly dependent upon past metallurgical 
history (annealed or cold-worked) and irradiation history (fluence and temperature). Irra­
diated cladding of annealed type 316 stainless steel has fracture-strength properties inter­
mediate between the unirradiated annealed and 20% cold-worked material. The lower the irra­
diation temperature and, to a lesser extent, the longer the irradiation temperature, the 
higher the failure stress becomes, until it approaches the failure stress for the unirradia­
ted 20% cold-worked material.
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Figure 1. Fuel Pin, Segments, Dimensions, Thermal and Fluence Environment.
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Figure 2. Larson-Miller Parameter versus Effective Fracture Stress.
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