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Abstract. 

During in pile incidents, the cladding can experience higher temperatures 
than the nominal one ; it is necessary to know the mechanical properties of the 
cladding material during such thermal transients to predict the time and location 
of rupture. 

Two types of tests have been developed : first tensile (constant strain 
rate) tests after a heating at a constant rate and secondly constant load tests 
where heating is performed until rupture occurs. 

The tensile tests clearly show the role of the heating rate : the higher 
is the heating rate, the lower is the cold work recovery. 

Constant load tests were conducted with either uniaxial or biaxial (burst 
tests) loading. The same stress/failure temperature relation is found in both types 
of loading using the Von Mises equivalent stress. To predict failure, the 
Larson Miller parameter is not adequate, as well as all parameters based on a time/ 
temperature equivalence. 

The yield strRSS measured in the two types of tests are very different 
probably due to a strain rate effect. Indeed the tensile tests are dynamic ones 
(£ = 50s"'') to avoid thermal recovery during the test duration, while the strain 
rate measured in constant load tests ranges only from 10~^s"'' to ICT^s"'', being an 
increasing function of heating rate (ranging from 1° c/s to 100° c/s). 

KEYWORDS : Thermal transients, mechanical properties, tensile test, burst test, 
C.W 316 Stainless steel 

I - INTRODUCTION 

For Fast Breeder Reactor safety programs, it is necessary to know the 
mechanical properties of the cladding material during thermal transients to predict 
the time and location of cladding failure. Indeed, whether cladding failure occurs 
in the presence of liquid or vaporized sodium can be of great importance on the 
scenario of an accident. Furthermore, after a minor accident, the knowledge of the 
damage accumulated in the cladding is essential for the further operating limits 
of the fuel pin. 



Mechanical tests associated with temperature ramps have been developed 
to fulfil the needs of the safety programs dealing with major accidents. To simulate 
different types of transients, two types of loadings have been tested, either 
constant stress or constant strain rate. These tests are described in section II. 

In a first step, only unirradiated CW 316 (Cold Worked) stainless steel 
has been tested. Experimental results of the different types of tests are presented 
in section III and are discussed in section IV. We conclude with a critical analysis 
of the different failure criteria (section V). 

II - EXPERIMENTAL FACILITIES 

Two experimental facilities have been developed in hot cell : a tensile 
testing machine and a burst test machine, corresponding respectively to monoaxial 
and biaxial stress state. 

II.a - Tensile tests 

A dynamic hydraulic actuator (up to 500 mm/s) has been adapted to hot cell 
operating. Closed loop monitoring allows either constant stress or constant strain 
rate tests. DUR to the variation of irradiation conditions (temperature and fluence) 
along the pin, 5 mm long specimens are used;thus allowing strain rates as high as 

-1 100 s ; for constant strain rate tests, the actuator is accelerated to the nominal 
value before straining the specimen, ensuring a constant crass-head velocity from the 
very beginning of the test. 

The specimen is resistance heated ; a thermocouple welded at the center of 
the specimen ensures a constant heating rate monitoring. Specimens are machined 
from cladding sections to test the actual cladding. 

The performance of the monitoring device allows for heating rates as high 
as 500°C/s j without monitoring, heating rates of 2000°C/s could be achieved using 
a constant heating power. Test temperature as high as 1250°C has been performed. 
Temperature gradients in the gauge length have been estimated to less than 20°C 
with three thermocouples welded on the specimen. 

During a test, are recorded the load and the motion of the cross-head. 
No extensometry is available in the hot cell. Thus, plastic stain is computed from 
the cross-head motion ; corrections must be done to take into account thermal 
gradients and plastic deformations in the shoulders of the specimen (see Appendix). 

The following procedure was used for Constant Strain Rate Tensite tests 
(CSRT tests). Starting from a low temperature (̂  400°C) where no structural ageing 
is expected, the specimen is heated, at constant rate and without any mechanical 
loading, until the test temperature is reached > then simultaneously, the heating 
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is switched off and the tensile test started. This procedure is only suitable for 

-1 high strain rates (50 s was used), the duration of the tensile test being so 
short (a few milliseconds) that negligible temperature drift occurs. 

For Constant Load Tensile tests (CLT tests), the load is applied at the 
low temperature and the constant rate heating is then performed until specimen 
failure. During this type of test, the plastic strain rate is increasing continuously 
until failure, while, on the opposite, in the CSRT test, plastic strain rate is 
rather constant, at least until necking. Thus, deformation history is quite different 
in the two types of test. 

We must note that, even when the velocity of the cross-head is constant 
from the very beginning of the tensile test, the plastic strain rate shows a tran
sient which extends to about 1% plastic strain for CW 316 (versus about 0.1% plastic 
strain for Solution Annealed 316). This transient may depend both of the tensile 
machine performance and the specimen mechanical properties ; for CW 316, the 
meaning of the Yield stress given at 0.2% plastic strain is thus doubtfull, and 
certainly not significant of the nominal strain rate. 

II.b - Burst tests 

Pressurized tubes are heated at a constant rate in a high frequency inductive 
coil, until failure occurs ; only the pressure, the failure time and the temperature 
are recorded. The tube is a cladding section and the pressure is maintained constant 
during heating. With the available apparatus, heating rates up to 200°C/s are possible. 

To obtain reproducible results, the monitoring thermocouple is welded 
about 1 cm above the center part fo the specimen : indeed, deformation heterogeneities 
appear in the center part of the specimen and induce temperature inhomogeneities as 
high frequency induction heating is thickness sensitive ; different thermal histories 
are then observed depending on the thermocouple position relative to the deformation 
heterogeneities, when the thermocouple is welded at the central part of the specimen. 
For the same reasons, diametral strain,'measurements are not reproducible, or at least 
lead to a large scatter in the results when the temperature is monitored at the 
center of the specimen. Thus, no diametral strain is recorded ; only the time 
and temperature to failure are recorded. 

The main purpose of burst tests is to check the influence of biaxial 
stress state compared to monoaxial stress during thermal transients. 
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Ill - EXPERIMENTAL RESULTS 

III.a - The Constant Strain Rate Tensile (CSRT) tests 

Constant Strain Rate Tensile (CSRT) tests were done at a strain rate of 
about 50s . Test temperature ranged from 400°C to 1250°C ; heating rate ranged 
from 1°C/s to about 2000°C/s. Results are not corrected for specimen geometry 
effects (see Appendix) ; such corrections are only significant for specimen 
ductility, but they do not change our qualitative understanding. 

Yield stress results are presented in fig. 1. The yield stress decreases 
linearily (in the temperature range explored) with increasing test temperature and 

O 

is heating rate dependent only at low heating rates (T x< 1°C/s) and at high tempe
ratures (T V 600°C).: this results in a quicker deacrease of yield stress with 
increasing temperature. 

The True stress at the onset of Necking (TSN) is remarkably insensitive 
to heating rate ; within experimental scattering the decrease of the TSN with 
increasing test temperature is linear (fig. 2). 

On the contrary, the True straiN at the onset of Necking (TNN) is very 
dependent on the heating rate, at least at high temperature (T >, 600°C). The TNN 
decreases independently of the heating rate up to about 600°C ; then it increases 
with increasing test temperature, this increase being larger for the low heating 
rates (fig. 3). 

The True straiN at Failure (TNF) is not presented : computing the strain 
from cross-head motion is only possible when plastic deformation is homogeneously 
distributed along the gauge length of the tensile specimen, which is not the case 
after necking. 

Ill.b - The Constant Load Tensile (CLT) tests 

The experimental conditions were close to the ones used in burst tests, 
that is heating rates ranging from 1°C/s to 200°C/s ; stresses up to the 400 MPa 
were tested. During a CLT test, we measure the elasticity limit, that is the 
temperature where deviation of the strain from linearity is observed, due to 
plastic strain. 

o . 

In fig. 4 are reported Yield stresses measured from CSRT tests (e ^ 50s"') 
and from CLT tests. The trends are similar in both cases, that is the higher the 
heating rate, the higher the Yield stress. But a large discrepancy in the quantita
tive results is observed between these two types of loading. It will be discussed 
in section IV. 



Up to now, in CLT tests, the onset of necKing has not been precisely 
detected, and thus no TNN results are available. To measure ductility, we compute 
the TNF from cross-head motion, assuming homogeneous plastic strain in the gauge 
length. In fig.5 is presented the TNF versus failure temperature for different 
heating rates. No quantitative comparison is possible with CSRT tests results, but 
a good qualitative agreement is observed : the TNF increases with failure tempera
ture j the higher the heating rate, the later does occur the TNF increasing. 

Ill.c - Burst tests 

Burst tests were performed, with the experimental procedure presented in 
section II. Von Mises equivalent stresses ranged from 50 to 400 MPa and heating 
rates from 1°C/s to 85°C/s. 

In figure 6, we present the Von Mises equivalent stress versus failure 
o 

temperature for the burst test and the CLT test at two heating rates (T = 1 C/s 
and 100°C/s) : in the explored domain of experimental parameters, failure temperature 
is a quadratic function of the applied stress ; for the two types of loadings, the 
higher the heating rate, the higher the failure temperature, as reported by other 
authors [3 - 5]. This influence of the heating rate is also in qualitative agreement 
with the results of the CSRT tests. 

The results of the two types of loadings are quite similar ; the small 
differences are probably due to differences in temperature monitoring (section II). 
We thus conclude that„as far as undamaged materials are concerned,burst tests can be 
simulated by CLT tests easier to perform (and particulary easier to achieve strain 
measurements). We do not find it necessary to use stress corrections when applying 
CLT test results to simulate burst test [6J, perhaps due to the large scatter in 
burst tests results. 

Thus, from the comparison of CLT tests results with burst tests results, 
the influence of the stress state does not seen to be significant. 

IV - DISCUSSION 

All these results can be analysed in a unique scheme even though further 
experimental results are necessary to provide a clear demonstration. 

VI.a - Influence of the heating rate 

The CSRT tests results provide a good basis to analyse the influence 
of the heating rate, all other parameters remaining constant. The yield stress 
can be rather easyly related to microscopic evolution. In a cold worked material 
where the main obstacles to dislocation glide are dislocation nodes, the yield 
stress increases with dislocation density, and, for a given dislocation density, 
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decreases with increasing temperature, the dislocation motion over obstacles 
being thermally activated. 

In our experiments, we observe a decrease of yield stress with test 
temperature, and this decrease is more important when the heating rate is lower. 
(fig. 1). Thus, the influence of the heating rate can be related to thermal recovery 
of the cladding : the lower the heating rate, the longer the time spent at each 
temperature and the higher the recovery. This behavior is more important for the 
ductility which seems more dependent on thermal recovery (fig. 3 ) : the lower the 
heating rate, the higher the TNN. The insensitivity of the TSN to the heating rate 
is not surprising : when considering true stresses, similar TSN are measured on 
CW 316 and SA 316 (Solution Annealed) [l]. The TSN does not seem to depend on the 
initial dislocation density, and thus to annealing during the thermal ramp. 

The same qualitative trend is also observed in CLT test results : the 
yield stress is higher at high heating rates (fig. 4) and the TNF is lower at 
high heating rates (fig. 5) according to a lower recovery. 

IV.b - Influence of the strain rate 

The quantitative discrepancy between the CSRT and the CLT tests results 
is attributed mainly to a strain rate effect. In CLT tests, at the elasticity limit, 
strain rates computed from cross head motion give strain rates depending on heating 

-5 -1 -3 -1 rates, and in the range of 10 s to 10 s for heating rates of 1°C/s to 100°C/s 
-1 

respectively. These strain rates are considerably lower than the value of 50 s 
chosen in CSRT tests. Using the few results available at about the same temperature 
(̂  700°C), we obtain quite a classical Yield stress versus strain rate diagram 
(fig. 7) [2]. 

The slope of the Yield stress versus strain rate diagram, in the strain 
rate dependent part (about 120MPa for a factor of 10 on strain rate) is higher 
than the one obtained only from classical CSRT tests where heating is provided by 
a furnace (about 60 MPa for a factor of 10 on strain rate). This difference may be 
due to an effect of the load on the annealing during the thermal ramp in CLT tests ; 
moreover, a larger annealing of cold work during the thermal ramp cannot be excluded 
in the classical CSRT tests where the heating rate is not controled and can be 
quite low (̂  0.1°C/s). 

V - CONCLUSION 

The present study has provided a qualitative understanding of the pheno
mena controlling the mechanical properties of the cladding during thermal transients s 
i) During the heating ramp, annealing of the cold work results in softening of the 

cladding ; the higher the heating rate,the lower the softening. 
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ii) The mechanical properties, particulary at high temperature, are strain rate 
dependant j in constant load tests, the strain rate depends on the heating 
rate, leading to a strain rate effect. 

iii) The stress state, on the contrary, does not seem to be determinant. 

The analysis proposed is strictly limited to the explored domain of 
experimental parameters. For other experimental conditions, other phenomena might 
appear, which are not taken into account here. For example, at high test tempera-

o 
tures (T >, 1250°C for T ^ 150u°C/s}.in CSRT tests, a decrease of ductility is 
observed while Yield stress and TSNremain alsmost constant ; this phenomenon can 
no longer be attributed to cold work annealing, but to recrystallisation [3, 5]. 

Up to now, no modeling of our results has been done : more experimental 
data is needed, and particulary low strain rate CSRT tests. Models developed from 
Hart's work [5, 7J seem to be promising, even though we have not been able to 
observe anelastic strain : no recoverable strain could be experimentaly detected 
and our high temperature results are better analysed in terms of recrystallisation. 

Finally, our results show the inadequacy uf the LARSON-MILLER parameter 
[8, 9] or any time-temperature equivalence to obtain a master curve describing the 
failure stress of the burst or CLT tests. In fact, there are only two domains in a 
plane temperature-heating rate (see fig. 8] where the stress to failure is indepen
dent of the heating rate : 

o 
i) the domain (a) where T is so low that the balance between hardening and recovery 

is the same as in creep tests at constant temperature. In this range parameters 
like Larson Miller are valid [10]. 

o 
ii] the domain ©where T is so high that no recovery occurs. Then the stress to 

failure is a function of the sole failure temperature. 
In the intermediate range of heating, the balance between recovery and 

o 
hardening,and thus the stress to failure,if T.dependent (domain © of fig.6). Our 
results show that for the explored range of temperature and heating rate, the 
unirradiated CVi 316 is in this intermediate domain. The important practical conse
quence is that a very carefull description of the temperature variation is needed 
to predict the failure of the fuel pin cladding during an accident relevant of 
the domain (c). 
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APPENDIX : Influence of the specimen geometry 

As the mechanical properties of the irradiated cladding depend on the 
irradiation dose and temperature, and thus on axial position , very short specimens 
(5 mm gauge length] are requested to characterize given irradiation conditions. But 
for such specimens, contribution of the shoulders to specimen elongation cannot 
be neglected when computing the plastic strain from crosshead motion. Corrections 
of ths specimen elongation due to its geometry are thus necessary. 

A precise correction supposes an a priori knowledge of the hardening law 
and of the influence of temperature on specimen mechanical properties, as thermal 
gradients are present in the shoulders when the specimen is resistance heated ; 
of course a knowledge of the thermal gradient itself is necessary. Such a precise 
correction is a difficult task, and, in a first step, we have considered an 
isothermal specimen, and a monoaxial stress state in the shoulders ; moreover, we 
have used a linear hardening law (adjusted for plastic strains larger than 1% as 
shown in fig. A D , allowing a computation of the correction from only the TSN, 
the TNN and the TSo, that is the origin of the hardening straight line. A correction 
computed in these conditions should be overestimated, as the temperature in the 
shoulders, and thus their elongation are overestimated (see section IV). 

In fig A2, we present the ductility correction for specimen geometry, 
versus the ratio between the TSN and the origin of the hardening straight line 
TSo, which is the only significant parameter with our simplifications. For 15-20% 
CW 316, this ratio ranges from 1.2 to 1.5 in our CSRT.tests, leading to corrections 
from 20% to 40% ; the higher the test temperature and the lower the heating 
rate, the higher the correction. A typical value is about 25%, the higher limit 
of 40% being only observed at 1000°C after a heating rate of 1°C/s. The corrections 
are negligible on TSIM. But the most important is that these corrections do not 
change our qualitative analysis, the same trends being observed. 

A more precise computation of the corrections for specimen geometry 
is in progress. 
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RESUME. 

La gaine pouvant subir en pile des excursions thermiques au-dessus de la tempéra 

ture de fonctionnement nominal, il est nécessaire de connaître les propriétés mécaniques d 

matériau de gainage pendant de tels événements pour pouvoir prédire le temps et l'endroit 

de la rupture. 

Deux types d'essais ont été conduits, d'une part des essais de traction après un 

chauffage dont on peut faire varier la cinétique, d'autre part des essais à contrainte con 

tante, le matériau étant soumis à différentes cinétiques de chauffage. Les résultats prése 

tés ici concernent ces deux types d'essais effectués sur le 316 écroui non irradié. 

Les essais de traction ont mis clairement en évidence l'influence de la cinétiqu 

de chauffage: plus elle est rapide plus la restauration de l'écrouissage est faible. 

Les essais à contrainte constante sont soit biaxés (essais d'éclatement) soit 

uniaxés. Les deux types d'essais donnent la même relation contrainte à rupture-température 

si on utilise la contrainte équivalente de Von Mises. On montre de plus que le paramètre d 

Larson Miller et d'une manière générale les paramètres d'équivalence temps température ne 

sont pas adéquats pour décrire nos résultats. 

Les limites d'élasticité trouvées soit dans les essais de traction et soit dans 

les essais à contrainte constante sont très différentes, ce qui pourrait être lié à un effc 

de vitesse de déformation. En effet, tandis que les essais de traction sont faits à une 

vitesse de déformation élevée (ê = 50 s ) pour éviter toute restauration thermique pendan; 

le temps de l'essai, la vitesse de déformation mesurée dans les essais à contrainte imposée 
-5 -1 -3 - 1 

n'est que de 10 s à 10 s et est une fonction croissante do la vitesse de chauffage 

(T = l°c/s à 100° c/s). 
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