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Abstract

Different batches of austenitic stainless steels (316LN) are subjected to numerous creep tests carried out at various stresses and
temperatures between 525°C to 750°C up to nearly 5010°h. Interrupted creep tests show an acceleration of the creep
deformation only during the last 15% of creep lifetime which corresponds to macroscopic necking. The modeling of necking
using the Norton flow law allows lifetime predictions in fair agreement with experimental data up to a few thousand hours only.
In fact, the experimental results show that, the extrapolation of the 'stress — lifetime’ curves obtained at high stress leads to large
overestimations of lifetimes at low stress. After FEG-SEM observations, these overestimates are mainly due to additional
intergranular cavitation along grain boundaries as often observed in many metallic materials. The modeling of cavity growth by
vacancy diffusion along grain boundaries coupled with continuous nucleation proposed by Riedel is carried out. For each
specimen, ten FEG-SEM images (about 250 observed grains) are analyzed to determine the rate of cavity nucleation assumed to
be constant during each creep test in agreement with many literature results. This constant rate is the only measured parameter
which is used as input of the Riedel model. Lifetimes for long term creep are rather fairly well predicted by either the necking
model or the Riedel model with respect to experimental lifetimes up to 200000 hours for temperatures between 525°C and
700°C. A transition time as well as a transition stress is defined by the intersection of the lifetime curves based on the necking
and Riedel modellings. This is due to a change in damage mechanism. The scatter in lifetimes predicted by the Riedel model
induced by the uncertainly of some parameter values is around 50%. This model is also validated for martensitic steels (Lim et al,
2011.) and for other austenitic SSs 304H, 316H, 321H (creep rupture data provided by Dr. F. Abe, NIMS). A transition from
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power-law to viscous creep behavior is reported in the literature at 650°C—750°C. It allows us to predict even better lifetimes up
to 200000 hours at very high temperature.

© 2014 Published by Elsevier Ltd. Open access under CC BY-NC-ND license.
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1. Introduction

The present study of austenitic stainless steels (SSs) is mainly focused on the family of low-carbon and nitrogen-
strengthened steels called 316L(N). Multi-batch creep data are provided by CEA, EDF, Creusot-Loire (1987), by the
National Institute for Materials Science, Japan, NIMS (1997 & 2013) and by the study of Brinkman (2001). The
creep lifetimes of some IV™ generation reactors components in austenitic stainless steels require on the one hand to
carry out very long term creep tests (>20years) and on the other hand to understand and to model the damage
mechanisms in order to propose physically-based extrapolations towards 60 years of service. Two fracture
mechanisms are in fact involved during creep rupture tests, depending on stress, temperature and lifetime: either
necking or intergranular cavity nucleation and growth (Auzoux (2004)).

The lifetime model was developed by Hart (1967) to account for creep damage by necking, which was first
studied by Considere (1885) and more recently by Dumoulin et al. (2003). For viscoplastic materials, this model
obeys the Norton power-law equation. The reduction in cross-section at fracture is studied in order to define the
failure criterion. It predicts the creep curves and the creep to failure time of steels at various temperatures at least for
most stress levels. Extensive necking leads to large overestimations of long term creep lifetimes. Therefore, the
necking model is used only for predict short to medium term creep fracture. The next step is to include intergranular
damage in the fracture modeling (Morris et al. (1978) or Yoshida (1985)). Fracture of long-term creep specimens is
governed by diffusional growth and coalescence of intergranular cavities. Creep cavities along coarse intergranular
carbides or other inter-metallic phases, and "triple point cracks" at grain boundary intersections are observed by
SEM-FEG. Hence, these observations allow us to validate the hypothesis of dominant intergranular damage.

Experimental 'creep failure stress - lifetime’ curves are plotted for tests carried out at temperatures between
500°C and 750°C. The extrapolation of the data obtained at high stress leads to overestimated lifetimes at low stress
which differ by a factor of five with respect to experimental data. A model based on the continuous nucleation and
growth of cavities by vacancy diffusion has been adapted from the work of Riedel (1987). According to numerous
measurements carried out after interrupted tests, Dyson (1983) suggested that the cavities nucleate at a constant rate
during each creep, N, which is proportional to the minimum creep strain rate, &,,;,,, with a pre-factor denoted as o’.
Experimental results from a database of nineteen creep tests carried out up to failure on 316L(N) SSs at CEA/SRMA
and EDF are examined so as to determine experimentally at various stresses and temperatures this parameter, o’,
which is used in the Riedel model.

These two fracture models are used in order to compare the predicted creep lifetimes with the experimental creep
results at temperatures between 525 and 700°C. Thus, validation of this new prediction technique requires evidence
if its applicability to a wide range of stainless steels.

Nomenclature

tgr time to rupture
tmin time at which the minimum creep strain rate &,,;, is reached
Emin  strain at which the minimum creep strain rate &,,;,, is reached
D, initial variation in diameter divided by the average diameter of the specimen
N exponent of the Norton power-law
Ny cavity nucleation rate (nucleation of cavities par unit grain boundary area and per unit time)
a factor of proportionality
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N number of cavities per unit area of polished section

N. number of cavities per unit grain boundary area

dy average diameter of austenitic grains

dy harmonic mean of intersected cavity diameter

Efin final strain of the homogeneous areas of the specimens

2. Experimental procedures

The materials used in this study are 316L(N) stainless steels produced by Creusot-Loire. The chemical
composition requirements are shown in table 1. The Creusot-Loire plates were heat treated at about 1100°C for
about 1h followed by water quenching. Long-term tensile creep tests have been conducted to failure at temperatures
between 500°C and 750°C for a large range of applied stresses. These tests have been carried out at CEA/SRMA,
EDF and Creusot-Loire (Unirec) laboratories.

The creep-ruptured specimens were cut longitudinally and transversally using a water-cooled fine cutter,
embedded in conductive resin and polished on emery papers and on buffing cloths with paste. The polishing on
emery papers was carried out in the following order: gradel80 (containing SiC particles of 100um), grade 240
(80um), grade 320 (60um) and grade 600 (30um). The final polishing on buffing cloths was carried out in the
following order: buffing cloths with paste containing 9pum, 3pm and 1um diamond particles. At the end, the samples
were polished using a colloidal silica solution. The samples were examined by Field Emission Gun - Scanning
Electron Microscopy (FEG-SEM) and optical microscopy. The observation areas were located far from the necking
section, as shown in figure 1. For each specimen, ten FEG-SEM micrographs (Fig. 2a, about 250 observed grains)
with magnification X500 were analyzed to determine the number of cavities per unit area of polished section, using
the image processing software (NOESIS-Visilog 7.0).

Table 1. Chemical composition requirements of the 316L(N) plates produced by Creusot-Loire.

Element in wt.%

C Ni Cr Mo Si Mn N S P
<0.03 12-12.5 17-18 2327 <0.5 1.6-2 0.06-0.08 <0.025  <0.035
(a) FEG-SEM observations Necking (b) FEG-SEM observations Necking

- —

FEG-SEM observations

FEG-SEM observations

Fig. 1. Schematic sketches showing the sectioning procedure and areas used for FEG-SEM observations: (a) longitudinal sectioning; (b)
transversal sectioning.

3. Necking evolutions

Necking is a first failure mechanism which is preeminent for short term creep. At any given time, a small portion
of the gauge length is assumed to have a cross-section differing by a small amount, S, from the whole gauge length,
which is supposed to have a homogeneous cross-section, S. According to Hart’s definition, Hart (1967), the
deformation is unstable if this difference in cross-section increases with time. Using the volume conservation
assumption, the Hart instability criterion is deduced which allows the prediction of the onset of necking. Predictions
using this criterion show that necking starts just slightly later than t,,;,, , time at which the minimum creep strain
rate, &y, is reached. By combining ‘the Norton power law written in terms of true strain and stress and the cross-
section evolutionary computation after the onset of necking’, time to failure, Lim et al. (2011), is expressed as:
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tR—tmin—Ng {(1 oD, - 2+gm))} (1)

With tg (time to rupture), &,,;, (strain at which the minimum creep strain rate &,,;, is reached), N (exponent of
the Norton power-law) and §D,(initial variation in diameter divided by the average diameter of the specimen). The
creep hfetlme is computed taking into account the scatter in parameter values for temperatures between 525°C and
700°C with 22 € [0.1; 0.3]; Emin € [0.8%;3.5%]; N € [6;20] and 6D,. € [107%;5-1073].

Time to rupmre, bounded by the lower and upper bound, allow us to predict correctly the creep lifetimes up to a
few thousand hours for the considered temperature range; however, it leads to large overestimations as considering
of long term creep. Following the literature, the intergranular cavity nucleation and growth might affect the time to
fracture (Riedel (1987)).

4. Intergranular damage evolutions

As we have checked that the ratio between ‘the radius of the cavities (diameter of observed cavities = 100nm)’
and ‘the Rice length’ is lower than 0.2 (criterion suggested by Needleman and Rice (1980)). We may assure that
cavity growth is controlled by diffusion alone and growth by viscoplasticity can be neglected. Therefore, cavity
growth is assumed to occur by vacancy diffusion so as to predict the mechanism of intergranular damage for the
long term creep lifetimes of austenitic SSs. After FEG-SEM observations, the formation of intergranular creep
cavities along grain boundaries is always observed for long term creep in both cross-sections and longitudinal-
sections. According to numerous measurements carried out during the interrupted creep test specimens, Dyson 1983
suggested that cavities nucleate at a constant rate during creep tests, Ny. It is defined as the number of cavities
nucleated per unit grain boundary area and per unit time and given by:

. . ., N d, N,
N,=a"¢,;, with a'=—* and N, =——— 2)
& fin 7-dy

For various stress and temperature values, the parameter o' is evaluated using the image processing software of
FEG-SEM micrographs which allows us to measure the number of cavities per unit area of polished section, Ny,.
The number of cavities per unit grain boundary area, N,, is then deduced using Eq. 2. In Eq. 2, o' is a factor of
proportionality which may vary widely from one material to another one. For the 316L(N) SS studied, the measured
values of o' vary between 1.69-10° m™ and 9.55-10° m™ for temperatures between 525°C and 700°C.

Cavity growth by vacancy diffusion along grain boundaries coupled with continuous nucleation was modeled by
Riedel (1987). Two bound curves predicting failure times have been deduced from the whole set of equations of the
Riedel model by Lim (2011) improving the ones proposed by Riedel. The upper and lower bounds of the time to
failure can be computed as:

0'301.[;1(0[)1{ T) (o )051:4ng§0.354-(}’(“)’“ TJ (0 T 3)
QDbéEn QDbézn (NOF

(¥,

Table 2 shows the different parameters used in the Riedel model equation with D, § the self-diffusion coefficient
along grain boundaries times the grain boundary thickness 6 (Eq. 4) and h(a) the cavity volume divided by volume
of a sphere of the same radius (Eq. 5) where F,(a) is a geometry function and « is the angle formed at the junction
of a void and the grain boundary.

D, = Doé'exp( Q;j 4)
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cos(a)zﬁ; Fv(a):2?”-(2—3cos(a)+cos(a)3); h(a)—3Fv—(6{)=0.836i0.139 Q)

. 3
2y, 47 sin(a)
Table 2. Parameters used in the Eq. 3. allowing the computation of the time to failure due to intergranular damage.
Parameter Notation Values
Q Atomic volume, m*® 1.21-107%° (Riedel, 1987)
Self-diffusion coefficient along grain boundaries times the grain boundary (5.3 £ 1.4) - 10713 (Perkins et al. 1973)
D)6 thickness 8, m*.s™!
Q, Activation Energy for grain boundary self-diffusion, kJ/mol 177 + 17 (Perkins et al. 1973)
Vs Surface free energy, J/m? [2; 3] (Riedel, 1987)
b Grain boundary surface energy, J/m? [0.1; 1.2] (Riedel, 1987)
h(a) Cavity volume divided by the volume of a sphere of the same radius 0.836 + 0.139 (Raj and Ashby, 1975)
Ef Critical area fraction of creep cavities along grain boundaries 0.04 + 0.01 (Auzoux, 2004)
o Cavity nucleation rate, m* [1.69-10% 9.55-10°]

Experimental and predicted rupture lifetimes at 650°C are plotted in Fig. 2b. A more global comparison between
experimental lifetimes and the lifetimes predicted by the necking and the Riedel models is shown in Fig. 3a.
Lifetimes are predicted fairly well for long term creep failure for temperatures between 525°C to 650°C. For very
long term creep tests (>10°h), at 700°C, the Riedel model overestimates lifetimes at low stress. The scatter in
lifetimes predicted by the Riedel model is around 50%. As can be seen in Fig. 3b, a transition time may be defined
as the intersection of the necking and Riedel lifetime curves at each temperature. The transition is due to a change in

damage mechanism. This transition time corresponds fairly well to that observed on the experimental curves. The
factor between experimental and predicted values is lower than 1.5.
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Fig. 2. (a) FEG-SEM image with magnification X500 (CEA/SRMP), Creep test at 700°C, 100MPa leading to failure after 2226h. (b)
Experimental lifetimes and lifetimes predicted by either the necking model or the Riedel model at 650°C (CEA/SRMA, EDF & Creusot-Loire,
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Fig. 3. (a) Comparisons between experimental lifetimes (CEA/EDF/Creusot-Loire; NIMS, (1997 & 2013), Brinkman (2001)) and the lifetimes
predicted by the necking model and the Riedel model. (b) The transition time is defined by the intersection of the necking and Riedel models

predicted lifetimes, comparison with observed lifetimes.
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Fig. 4. (a) Minimum creep rate as function of the applied stress (after Kloc et al. 2001). (b) Comparisons between experimental lifetimes

(NIMS, 2003) and the lifetimes predicted by the Riedel model at 700°C based on experimentally measured stationary creep strain rates (Fig. 4a).

Lifetimes are predicted fairly well for long term creep failure, up to 10°h, whatever the considered austenitic
stainless steels (316LN, 304H, 316H, and 321H). Their experimental data are provided by NIMS. In case of 316H
and for very long term creep tests (>10°h), at 700°C, the Riedel model differs from the experimental one. It was
observed for 316L(N) steels as well (Fig. 3a). The plot of the strain rate depending on stress drawn for 316H (Kloc
et al. 2001) shows that a change of slope between low and high stress regimes appears (Fig. 4a). The transition from
power-law creep with a stress exponent of about 7 to a viscous creep regime occurs at a stress of about 30 MPa at
700°C. Any extrapolation from the power-law creep regime to stresses below 30 MPa may lead to serious
underestimation of the creep rate and therefore overestimation of lifetime because of the nucleation law (Eq. 2). As
the strain rates measured at low stress are used as inputs of the Riedel model (Eq. 3), the long term creep lifetimes
are more correctly predicted.

5. Summary and conclusions

The creep fracture of 316L(N) austenitic stainless steels has been studied both experimentally and theoretically
for temperatures between 525°C to 700°C and lifetimes up to nineteen years. The present study shows the
followings:

1. For short term creep, failure is due to necking. Experimental lifetimes are bounded by the lower and upper
bound predictions based on a necking model evolution and scatter in input parameters. This model leads to fair
predictions of lifetimes up to a few thousand hours at very high temperature.

2. The transition observed in the failure curve is due to intergranular cavitation based on our FEG-SEM
observations. Lifetimes are predicted fairly well for long term creep failure whatever the considered austenitic
stainless steels (316LN, 304H, 316H, 321H) and the applied temperatures (525°C - 700°C). Taking into account low
and high stress regimes of Norton-power law, the Riedel model allows us to predict the experimental creep lifetime
data even up to 25 years for high temperature and low stress. No fitted parameter has been used. But the nucleation
rate should be measured using FEG-SEM observations. This shows that the prediction of the nucleation rate is the
main remaining problem to be solved for getting physically based and reliable long term lifetime predictions.
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