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SYNTHESE

Certaines catégories de matériels en acier dans les centrales nucléaires peuvent
être soumises à un vieillissement thermique, dont l'ampleur dépend de la composition
chimique de l'acier et des paramètres de vieillissement, i.e. température et durée. Ce
vieillissement affecte la "resilience" du matériau, qui est une caractéristique
mécanique.

Afin d'évaluer la durée de vie résiduelle de ces composants, une étude
probabiliste a été engagée, qui tient compte de la dispersion et des incertitudes sur les
paramètres du modèle mécanique. Les formules prédictives pour estimer la resilience
des matériaux vieillis sont des données d'entrée importantes du modèle.

Une base de données a été créée à partir de résultats de resilience obtenus dans
le cadre d'un programme de vieillissement en laboratoire et des traitements statistiques
ont été réalisés. Deux types de modèle ont été développés, en utilisant des techniques
de régression non linéaire (procédure NLIN du logiciel SAS/STAT®). Le premier, qui
utilise une fonction tangente hyperbolique, est en partie basé sur des considérations
physiques et le deuxième, de type exponentiel, est construit de façon purement
statistique. Les difficultés ont été la sélection des paramètres significatifs et
l'attribution de valeurs initiales aux coefficients, ce dernier point étant une exigence de
la procédure NLIN.

Cette analyse statistique globale a permis de construire des modèles qui sont
fonction des variables chimiques et des paramètres de vieillissement Ces modèles sont
aussi précis, sinon plus, que les modèles locaux développés antérieurement pour des
valeurs particulières de la température et de la durée de vieillissement.

Cette note décrit les données et la méthodologie utilisées et analyse les résultats
produits par le logiciel SAS®.
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EXECUTIVE SUMMARY:

Some category of steel materials in nuclear power plants may be subjected to
thermal ageing, whose extent depends on the steel chemical composition and the
ageing parameters, i.e. temperature and duration. This ageing affects the "impact
strength" of the materials, which is a mechanical property.

In order to assess the residual lifetime of these components, a probabilistic
study has been launched, which takes into account the scatter over the input parameters
of the mechanical model. Predictive formulae for estimating the impact strength of
aged materials are important input data of the model.

A data base has been created with impact strength results obtained from an
ageing program in laboratory and statistical treatments have been undertaken. Two
kinds of model have been developed, with non linear regression methods (PROC
NLIN, available in SAS/STAT®). 'Die first one, using a hyperbolic tangent function, is
partly based on physical considerations, and the second one, of an exponential type, is
purely statistically built The difficulties consist in selecting the significant parameters
and attributing initial values to the coefficients, which is a requirement of the NLIN
procedure.

This global statistical analysis has led to general models that are function of the
chemical variables and the ageing parameters. These models are as precise (if not
more) as local models that had been developed earlier for some specific values of
ageing temperature and ageing duration.

This paper describes the data and the methodology used to build the models and
analyses the results given by the SAS® system.
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STATISTICAL MODELS FOR THERMAL AGEING OF STEEL MATERIALS IN
NUCLEAR POWER PLANTS

Matthieu Persoz
Electricite de France

1. INTRODUCTION

Some category of steel materials in french nuclear power plants are exposed to high
temperatures of about 300 °C. They are subjected to a thermal ageing, whose extent depends
on the steel chemical composition and the ageing parameters, i.e. temperature and duration.
This ageing affects the «impact strength » of the materials, which is a resistance mechanical
property.

In order to assess the residual lifetime of these components, a probabilistic study has been
launched, which takes into account the scatter over the input parameters of the mechanical
model. Predictive formulae for estimating the impact strength of aged materials are important
input data of the model.

A data base has therefore been created with impact strength results obtained from an ageing
program in laboratory and statistical treatments have been undertaken. Several models have
been developped, with non linear regression methods (PROC NLIN, available in SAS/STAT®
software). The difficulties consist in defining the form of the models, selecting the significant
parameters and attributing initial values to the coefficients, which is a requirement of the NLIN
procedure.

This paper focuses on the methodology used to build the models and comments on the results
given by the SAS® system.

2. THE DATA BASE

The impact strength data base is composed of 530 results, obtained on products that are
thermally aged in laboratory. These products are representative of a specific kind of
components installed in the french nuclear power plants. An observation consists in the name
of the product, the ageing temperature (T) and duration (X), 7 chemical element contents (x»,
i=1..7) that can play a role in the ageing mechanism, and the impact strength value (K). The
measures concern 46 products and are realized at in-service temperature (285 °C) as well as
higher temperatures (between 300 and 400 °C), in order to accelerate the ageing process.
Results for accelerated ageings are useful for estimating impact strength levels after very long
upholdings (up to 40 years) at in-service temperature. Until now, ageing durations in
laboratory vary only between a few hundreds hours up to 90 000 hours.

In order to evaluate the impact strength level of a component at a specific moment of the
plant's lifetime, predictive models for K, that are functions of T, X and xi, i=1..7, are searched.



3. MODELLING THE IMPACT STRENGTH AS A FUNCTION OF AGEING
DURATION FOR A GIVEN PRODUCT AND A GIVEN TEMPERATURE

The figure 1 below shows how the impact strength evolves with respect to ageing duration, for
a given product and different ageing temperatures.
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Figure 1 - Evolution of the impact strength for a given product and given temperatures

The measure points can be interpolated by transition curves running from a high plateau to a
low plateau. A classical model for this type of curve is of the form :

fX0-log1 0(X)^
K = AO+Boxtanhl I

with AQ + BQ being the high plateau value, AQ - BQ the low plateau value, XQ the abscissa of
the inflexion point and -BQ/CQ the slope at the inflexion point (AQ, BQ, CQ and XQ being
positive).

The coefficients AQ, BQ, XQ and CQ are estimated, for each product and each ageing
temperature, by nonlinear regression.

The SAS procedure PROC NLIN is used. The optimization criteria is, as in linear regression,
the least squares one. As the system of normal equations is not linear, there is no analytical
solution in the general case and NLIN uses one of the five iterative methods below :

• steepest-descent or gradient method
• Newton method
• modified Gauss-Newton method
• Marquardt method
• multivariate secant or false position (DUD) method.

The specifications for the NLIN procedure are the regression expression, the derivatives of the
model with respect to the parameters (except for the DUD method that performs numerical



differentiations) and starting values for the parameters, so that the optimization algorithm can
begin. These starting values can strongly influence the solution found and hence using NLIN is
not free from risks : non convergence, convergence to a local rather than a global minimum,
slip towards extrem values, very large confidence intervals obtained for some parameters, etc.

When estimating the coefficients AQ, BQ, XQ and CQ of the curves described above, starting
values that make the NLIN procedure converge can be found easily. These coefficients have
indeed a geometrical meaning (as seen above) and the adequation between the curves
produced and the measure points can be verified easily (cf. figure 1).

4. A GENERAL MODEL BASED ON A PHYSICAL LAW

Once the general type of model is selected (using a hyperbolic tangent function to describe the
transition curve), a model with parameters that depend on ageing variables and chemical
variables can be constructed.

4.1. The Arrhenius law

The Arrhenius law, that governs the ageing kinetic of the steel studied, allows to represent the
impact strength evolution with respect to one sole parameter, which depends on T and X.

This law expresses the fact that a product staying a duration XI at temperature Tl is subjected
to the same thermal ageing as staying a duration X2 at temperature T2, if equation 1 is verified

with R being the perfect gaz constant and Q the appearent activation energy of the ageing
process. Q can be estimated for each product with the equations of the impact strength
evolution curves determined in § 2 (see figure 1).

The following time-temperature equivalence parameter can be deduced from equation (1):

Rx ln (10 ) \T 0 T)

For each product, the impact strength can then be represented with respect to this parameter p,
as shown on figure 2 below.



25
I -
X
P 20
A
C
* IS

T
H

it-

0

Figure 2 - Evolution of a given product impact strength with respect to a time-
temperature equivalence parameter

It appears possible to model the impact strength with a function of p of the form :

K = A, +B, xtani

4.2. Construction of a complete predictive model

The previous exploratory statistical analysis leads to estimate a general model of the form

(2)

For this, correlations are built for connecting the coefficients Aj, Bj, pj, C\ and Q, obtained in
§ 3.1 for each product of the data base, to the chemical element contents. Linear regressions
are made with step by step option (PROC REG, SELECTION=STEPWISE option, available in
SAS/STAT), in order to select the most significant chemical elements in each coefficient. The
linear relations obtained for A, B, po, Q and C are of variable quality. The parameter estimates
will be used as starting values in PROC NLIN.

The preliminary work exposed in § 2 and 3.1 is useful for choosing the model's form,
identifying the different chemical variables to be introduced in the coefficient expressions and
assigning starting values to the parameters in PROC NLIN. These starting values are indeed
essential, above all when the model is complex and when the parameters are numerous, to
obtain a convergence of the NLIN procedure towards a good solution.

Finally, 15 coefficients are introduced in the expression (2), of which 10 multiply a %\ variable.
The global model is estimated with the NLIN procedure. 13 coefficients out of 15 are
significant at the 5 % level. The points Prediction®Measure are presented on a graph figure 3,



with the first bisecting line. The measures vary in the interval [0 ; 40] and the mean square
error obtained has a value of 9.4.
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Figure 3 - Prediction®Measure graph obtained with a hyperbolic tangent form model

5. A GENERAL MODEL USING AN EXPONENTIAL FORM

Another form has been tested for expressing the impact strength as a function of the chemical
variables and the ageing parameters. This form, which forces K to be always strictly positive,
has the following expression :

(3)

In this expression, B and B2 depend linearly on chemical variables, B1 is a constant and A and
CO have an expression of the form :

with ai, i=0..7, being reals (and possibly null).

A macro language program has been written, which aims at getting an optimized model (the
criterion being the mean square error) by testing different combinations of chemical variables in
the coefficients A, B, Bl, B2 and CO. An equivalent number of parameters as in the hyperbolic
tangent model is demanded.

Problems have still been encountered for supplying starting values to the NLIN procedure.
However, the quasi-linearity of ln(K) with respect to the %\ and ln(xO variables enables to
undertake linear regressions and obtain some starting values. A model with 15 coefficients (of
which 10 multiply a xi variable) is thus determined. The mean square error produced has a
value of 8.7.



The gain produced by an entirely mathematical optimization is not so large, in comparison with
a step by step built model, that takes into account physical considerations.

6. SPECIFIC MODELS FOR LOW VALUES

6.1. Construction by unweighted nonlinear regression

Low impact strength values correspond most of time to strong ageings. In this case, risks of
failure for the materials studied become higher and it is important to have estimates as acurrate
as possible. Lifetime estimates are indeed important because they will help to determine if a
component has to be changed before the nuclear power plant is dismantled.

That's why a specific model has been fitted in the range [0 ; 10]. The hyperbolic tangent form
(2) reveals itself more performant in this case and a model with 14 coefficients (of which 8
multiply a %\ variable) is obtained. The adjustement, made upon 174 data, produces a mean
square error of 1.8. This relatively good result is due to the restricted interval of variation of
the dependent variable K and the smaller amount of data, which brings about less dispersion.
The Prediction®Measure plot is presented on figure 4.
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Figure 4 - Prediction0Measure graph obtained with a hyperbolic tangent form model
for low values

6.2. Construction by weighted nonlinear regression

It can be noticed on figure 4 that the predictions given by the previous model have the
tendancy to be higher than the measures, in the range [0 ; 5]. This may be embarrassing when
very low levels need to be estimated, as it can be the case in end of life. As a result, a model
that gives as much importance as impact strength values are low has been searched. For this, a
weighted regression is realized upon the values in the interval [0 ; 10], with a weight inversely
proportional to the impact strength measure (e.g. 5/K). A hyperbolic tangent form model is



determined, with 12 coefficients (of which 7 multiply a x> variable). The overestimation effect
previously observed on very low values is partially corrected, as shows the graph figure 5.
Hence, this last model is more precise for very low values than the model exposed in § 5.1, and
less precise for higher values. The mean square error is indeed a little greater, with a value of
2.1.
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Figure 5 - Prediction&Measure graph obtained by weighted nonlinear regression
(hyperbolic tangent form model for low values)

7. PROBABILISTIC MODELLING OF THE DISPERSION

In order to implement the variable K as a random variable in the probabilistic analysis code, the
dispersion of K has to be modelled. A lognormal probability distribution is chosen, so that the
whole distribution remains positive. The mean is defined by the statistical model's equation and
the logarithmic standard deviation is estimated by the likelyhood maximum method. The graph
figure 6 shows the evolution of the impact strength of a given product, with respect to a one
dimensional ageing parameter. The measure points are reported, as well as the predicted mean
curve and the 5 % and 95 % fractile curves (the hyperbolic tangent form model seen in § 4.2 is
used in this example). The standard deviation of the lognormal distribution being proportional
to the mean, it can be seen that this distribution suits better in the low impact strength levels
domain, which is besides the domain of interest.
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Figure 6 - Evolution of a given product impact strength with respect to a one
dimensional ageing parameter

(measure points, predicted mean curve, 5 % and 95 % fractile curves)

8. CONCLUDING REMARKS

Impact strength predictive models had been developped so far for some particular values of
ageing temperature T and ageing duration X. Global statistical treatments using linear and non
linear regressions have enabled to build general models, that are function of the chemical
variables and the ageing parameters. These general models are as precise as the local models, if
not better.

PROC NLIN has revealed itself powerful but very sensitive to the starting values supplied for
the parameters, especially when the model is complex. A special care must be taken to
determine relevant starting values, that will make NLIN converge. And when convergence is
met, there is no guarantee that the procedure has converged towards a global minimum.
Graphical checkings can be useful to judge the accuracy of the fitted model.

SAS, SAS/STATare registered trademarks of SASInstitute Inc., Cary, NC, USA.
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