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SYNOPSIS.

A plane strain, small scale yielding, probabilistic micromechanical transgranular cleavage model
has been established which uses stress-deformation temperature diagrams ofCVN impact/ static
tensile surveillance tests and PCCV slow-bend tests in one condition in order to "transfer" this
information into the prediction of confidence intervals for initiation fracture toughness (static Klc

and dynamic Ku ) under any in-service RPV condition.

Outstanding features of this work encompass:

- Phenomenological rationalization of temperature effects on the microcleavage fracture
stress and of the temperature dependence of initiation fracture toughness.

- Rationalization of the disappearance of the strain rate dependence of toughness for
room temperature static tensile yield strength exceeding ~ 700 MPa; this is in agreement
with experiment, but at odds with current nuclear regulatory concepts.

- Empirical link to crack arrest prediction and consolidation of earlier proposal that the
CVNfracture appearance shift AFATT is a reasonably conservative measure ofKh shifts
(while 41 J. CVN shifts are prone to an excessively conservative, "outlier" behavior in
some cases of significant industry relevance).
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ABSTRACT: The current engineering and regulatory practice to estimate fracture toughness
safety margins for nuclear reactor pressure vessels (RPV's) relies heavily on the CVN impact test.
The uncertainties of this correlation ("indexing") approach are known. Techniques to more directly
estimate in-service toughness degradation using a variety of precracked specimens are under active
development worldwide, with emphasis on their miniaturization. In the nuclear context, it is
essential to address many concerns, such as: representativity of the surveillance programs with
respect to the vessel in terms of materials and environment, transferability of test results to the
structure (constraint and size effects), lower bound toughness certification, creadibility relative to
trends of existing data bases,...
An enhanced RPV surveillance strategy is being developed in Belgium. It combines state-of-the-art
micromechanical and damage modeling to the evaluation of CVN load-deflection signals, tensile
stress-strain curves and slow-bend tests of reconstituted, precracked Charpy specimens. A
probabilistic micromechanical model has been established for static and dynamic transgranular
cleavage initiation fracture toughness in the ductile-brittle transition temperature range; this model
allows to project toughness bounds for any steel embrittlement condition from the corresponding
CVN and static tensile properties, using a single scaling factor defined by imposing agreement
with toughness tests in a single condition. The outstanding finding incorporated by this "toughness
transfer model" is that the microcleavage fracture stress is affected by temperature in the ductile-
brittle transition and that this influence is strongly correlated to the flow stress: this does
phenomenologically explain the shape of the K,c, K,d - temperature curves as well as the actual
magnitude of the strain rate and irradiation effects. Furthermore, CVN crack arrest loads and
fracture appearance are also taken advantage of in order to estimate Kla degradation. Last, but not
least, the CVN-tensile load-temperature diagram provides substantial information used for the
modeling of in-service steel strengthening, of intergranular fracture susceptibility and other
irradiation-induced and ageing effects. Systematic application of this enhanced surveillance
approach is expected to contribute to the improvement of the engineering and regulatory predictive
capability, while making optimal use of the limited inventory of available surveillance material.

KEYWORDS: Low alloy steel, reactor pressure vessel, embrittlement, fracture toughness,
microstructure, damage modeling, micromechanics, safety.
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1. NEED AND RATIONALE FOR AN ENHANCED RPV SURVEILLANCE APPROACH.

1.1 Context

The current engineering and regulatory practice to estimate fracture toughness safety margins for
nuclear reactor pressure vessels (RPV's) relies heavily on the CVN impact test [1][2]. The uncertainties
of this correlation ("indexing") approach are generally acknowledged and have for instance been
extensively illustrated in previous SCK-CEN publications ([3]-[7]). In particular, in-service shifts of
static initiation fracture toughness Klc (or K,c) are not always well reflected by the regulatory 41J. CVN
shift: they can be larger, especially for base metals, as shown by Figure 1, or can be less when the 41J.
index, normally triggered by the initiation part of the absorbed energy, requires after service a
substantial part of propagation energy in order to be attained ([3][5]). Also, the current practice to
define RTNDT for indexing initial toughness properties of RPV materials can lead to unwarranted
conservatism with biases as large as 40°C [6]. It has furthermore been shown that these uncertainties
and inconsistencies can in turn significantly distort engineering and regulatory correlations used to
predict the influence of irradiation on the ductile-brittle transition temperature DBTT and the associated
toughness shift ([3][6]): chemistry factors and fluence factors accepted by such regulatory prescriptions
as Regulatory Guide 1.99 Rev.2 [8] can be significantly affected. This last point is important because
whenever the embrittlement of a surveillance steel seems to exceed the margins of such predictions,
the steel is considered an "outlier"; the creadibiliry of the surveillance program is then questionned,
and it may become difficult to avoid sizeable penalties to cover the assumed biases: the Belgian BR3
and the Yankee Rowe vessels offer examples in which further work has shown that the concerns were
undue ([4] [6]).

1.2 Fracture Toughness from Small Specimens.

Techniques to more directly estimate in-service fracture toughness degradation using a variety of
precracked specimens are under active development worldwide, with emphasis on their miniaturization
and their application in the ductile-brittle transition temperature range. These efforts are benefiting from
new analytical insight into constraint and weakest link effects (e.g.,[9]-[14]). The semi-empirical
concepts of "Toughness Master Curve" pioneered by Wallin ([15]-[17]) and of reference temperature
associated to such curve are currently the subject of intense scientific, engineering and regulatory
scrutiny; formal acceptance by such expert bodies as the American Society for Testing and Materials
(ASTM), the Pressure Vessel Research Council (PVRC),... is believed imminent. The geometry most
directly useful in the RPV surveillance frame is the precracked Charpy bar because it can be readily
fabricated by reconstituting broken surveillance remnants [18]; in Belgium, slow bend test of 10-12
such specimens has been adopted as the preferred approach and an extensive demonstration program
is in progress [19]. Also, R&D work using small circumferentially cracked bars has been undertaken
[20].

1.3 Conceptual Approach to "Enhanced Surveillance" .

The question must be asked: would the difficulties outlined in §1.1 have been eliminated if one had
benefited of comprehensive irradiated fracture toughness data bases instead of the present CVN data
bases ? In theory, the answer must be yes. But in practice, such issues as the creadibility and the
representativiry of the surveillance materials respectively to the vessel itself call for a more mitigated
appraisal. There are a number of instances where the steels in surveillance capsules of oldier plants
(BR3, Yankee Rowe, Doel-I,-II, Palisades, Obrigheim,...) can, for a reason or another, be considered
as not necessarily encompassing the hypothetized most critical beltline condition of the vessel. To
address and quantify such question requires some predictive capability for fracture toughness trends
in function of materials specifications (chemistry, micro structure, ...) and exposure conditions. Damage



modeling, now a well publicized discipline moving rapidly toward maturity, offers a comprehensive
way to rationalize in-service steel strengthening: for melts unaffected by non-hardening embrittlement
(radiation-induced intergranular fracture), it allows to anticipate the increase of room temperature static
tensile yield strength A a ^ " in function of materials and environmental factors. The ratio between the
lOOMPaVm K,c shift and the yield stress increase is approximately constant (Figure 1), but
unfortunately depends on the steel and can reach a value as large as 1.15 ; if such bound is acceptable
for the plant of interest, the problem is solved. In general however, less conservatism is necessary or
desirable; therefore, one needs a robust modeling capability to relate A Kjc and Aa,,^7 , i.e. a so-
called micromechanical model.

The conceptual approach adopted for development of enhanced RPV surveillance in Belgium [4]
combines state-of-the-art micromechanical and damage modeling to the evaluation of instrumented
CVN load-deflection signals, tensile stress-strain curves and slow-bend tests of reconstituted,
precracked Charpy specimens. This approach makes optimal use of the limited inventory of available
surveillance materials and allows to place plant-specific fracture toughness embrittlement trend curves
in context with larger, generic data bases.

1.4 Paper Content.

This paper is divided into three main sections:

- Section 2 provides an overview of the development of an engineering probabilistic
micromechanical transfer model aimed at estimating Klc, KId and their confidence intervals
from CVN impact and tensile properties

- Section 3 examines how the combined CVN/tensile stress-temperature diagram can be used
as primary experimental input for the above micromechanical model; the section reviews the
status and significance of a data base under development for the microcleavage fracture stress
of RPV steels

- Section 4 briefly reviews the concept of correlating the Pellini drop weight nil ductility
transition temperature NDT to the temperature TA at a selected level of the CVN crack arrest
load in order to better evaluate the in-service crack arrest fracture toughness K,, .

2. PROBABILISTIC MICROMECHANICAL " TRANSFER" MODEL FOR TRANSGRANULAR
INITIATION FRACTURE TOUGHNESS.

2.1 Scope.

This probabilistic model is intended as an engineering tool. The model is primarily aimed at
"transferring" current surveillance observations on Charpy-V notch (CVN) impact and static tensile
surveillance specimens into a prediction of initiation fracture toughness bounds; one refers to the
toughness confidence intervals that would have been determined if appropriately sized and precracked
specimens had actually been exposed in the surveillance capsules, and validly tested at the strain rate
of interest. As will be seen, the scope of the model is "relative", not "absolute": the formulation has
been chozen so as to hopefully insure reasonable independency of the predictions on the type and size
distribution of the potential fracture-triggering features (such as inclusions, carbides,...) and also on the
details of the cracking strengths. This was found possible for the broad class of RPV steels considered
herein, apparently because these generally unknown features are also properly reflected by the
microcleavage fracture stress for the CVN bar (§ 3); note that this favourable finding may not hold true



for all classes of steel.

The model is limited to stress-controlled, propagation- controlled cleavage under plane strain, small
scale yielding (SSY) conditions. The model does not apply under nucleation-controlled, lower shelf
conditions nor, of course, in strain-controlled situations. The limitation to SSY and plane strain is fully
adequate for the considered surveillance application: other micromechanical scaling models exist to
address low constraint cases such as shallow flaws and so on .

2.2 Model Formulation.

A number of statistical micromechanical models using weakest link arguments for transgranular
cleavage fracture have been documented in literature ([21]-[26]). By contrast, one has adopted here at
the onset the more general "toughness scaling" methodology of Dodds and Anderson [27]: the failure
probability P of a specimen or structure is measured by the probability that the principal stress an

exceeds a critical value a over a relevant cumulative stressed volume V ahead of the crack tip (or
notch):

P=PfV(o>o)J (1)

For plane strain, V is equal to the product of the effective thickness Be(T by the cumulative area on the
x,y plane in which cyy> a and the polar integration can be further simplified [21]. The second step
of the formulation can be outlined by considering the critical integral over the distance to the crack
tip in the crack plane. The physically meaningful features are identified by defining the mean fracture
stress allowed by the considered stress-strain field, i.e. the mean cleavage stress

aF = Ja dF(a) / JdF(o) (2)

where F(o) denotes the local failure probability at stress a.

For a CVN-type field: GF= <*/' @)

i.e. the CVN mean cleavage stress is essentially equal to the "classical" microcleavage fracture stress
[26]. This very feature is the main reason why (2) has been selected here as basis for the failure
criterion, rather than for instance the critical Weibull stress defined by the French local approach [22].
Of course, (2) must be associated to a stressed volume, while this is directly included into the Weibull
stress.

For the cracked geometry, and referring to Figure 2, it follows that the line integral along the distance
to the crack tip in the crack plane can be replaced by the product aF x0* . Here x0* (Xo* in the self-
similar, normalized distance unit of fracture mechanics) is a measure of the process zone size for
transgranular cleavage; this is similar to the "critical metallurgical distance" of the deterministic
Ritchie-Knott-Rice (RKR) model [28], except that it is not taken from the crack tip, but is defined
relative to the position of the maximum hoop stress, Figure 2. Furthermore, X,," is strongly correlated
to the ratio o?/o0 , where o0 denotes the yield stress; in the present probabilistic framework, X,," is
actually determined by Op/o0 and the later quantity depends only on Of'/G0 and the strain hardening
exponent n. This is the essence of the present "transfer" model.

Published literature crack tip field solutions for the plane strain hoop stress reference fields under both
small and finite strain conditions have been critically evaluated and analytically expressed against the
HRR singularity solutions or against slip line field simplifications inside the zone of large deformation



near the tip. Additional finite element calculations have been performed [29] in order to complete and
refine the literature description. For CVN specimens, a recent, well parametrized literature solution [30]
for the Griffith-Owen specimen geometry [31] has been adopted.

The resulting model transfer equation is:

Ju (P) = Mc0 {[m in(M-P) F(o;/o,JJ/[Be/rXe'(n, O/E)/}l/m (4)
where:

P: failure probability
M: normalization
af*: microcleavage fracture stress
o0 ,n: yield stress and strain hardening exponent
E: Young modulus
Be(T: effective specimen thickness
m: Weibull-type exponent (= 2 for plane strain)
Xo\ CTF are defined by equation (2) and Figure 2.

The functions F(af'/GF) and X0'(n, o/E) in this equation have closed form, analytical expressions, but
in the interest of space, these will be documented elsewhere.

The basic experimental input needed to apply this model consists of of\ a0 and n; this input is derived
from the CVN/tensile stress-temperature diagrams. The normalization factor M is obtained by imposing
agreement with fracture toughness data in one condition; in this process, experimental toughness data
are corrected for constraint losses as appropriate and are converted to an effective specimen thickness
of 25.4 mm using weakest link corrections.

2.3 Initial Model Appraisal.

The concepts underlying this model have been quantitatively examined at the light of a few well
documented literature experiments entailing scanning electron microscope (SEM) characterization of
the fracture surfaces of C-T specimens ([32 ]-[34]).

One particularly instructive example is worth a discussion, for which we refer to Figures 3 and 4. This
experiment is relative to a high sulfur A533-B plate investigated by the Japanese JSPS program [34]
and also under cooperative study at Mol [19]. The bottom part of Figure 3 gathers the experimental
information for two test temperatures: -25°C and +25°C. The distance of each fracture trigger point
to the crack tip is directly taken from the SEM tabulations; the associated toughness values, as
measured by means of 1T-CT specimens, have been constraint-corrected (three-dimensionally) to plane
strain, SSY conditions and the corresponding local fracture stresses are plotted on the top part of the
Figure. For this material and test conditions, stable crack growth is found small enough to be
neglected, presumably because of the sulfur level; so, it is deemed that the constraint corrections can
be considered as rather accurate. Another way to analyze these data is to keep the toughness values
as observed and to derive the corresponding local stresses; in terms of this discussion, the conclusions
remain unchanged, but the present evaluation is better suited to the framework of the model. What
emerges from Figure 3 is that, although flow properties change negligibly in the temperature range -
25°C and +25°C, the distances of the fracture trigger points to the crack tip increase drastically, as
well as their scatter, and the same trends are of course reflected by the fracture toughness. Such
observation is entirely typical of the brittle-ductile transition, but the significant increase of the relevant
stressed volume cannot in this experiment be traced to competition between cleavage and stable crack
growth. So, what is happening ?



In terms of the model outlined herein, the data can be rationalized only if one postulates a modest
increase of the microcleavage fracture stress. This assumption is quantitatively illustrated by Figure
4: the postulated increase of of* between temperatures T, andT2 (T2>T,) induces an upwards shift of
the local failure probability F(a) from the curve marked F,(o) to the curve marked F2(a); but because
c0 and n are essentially unchanged, the stress-strain field at same loading is also unchanged between
the two considered temperatures; therefore, the mean fracture stress aF allowed by the field can be
conserved only if the individual failure distances to the crack tip increase, i.e. if individual J values
increase. The same conclusions are reached for the other two (somewhat less straigthforward)
experiments analyzed so far ([32],[33]).

This type of evaluation suggests that, for stress- and propagation- controlled cleavage, a change of
microcleavage fracture stress of the order of 10-20% can affect the process zone size by as much as
one order of magnitude. The microcleavage fracture stress depends, not only on the fracture-controlling
mechanism, but also on the type and size distribution of fracture-triggering features; it can typically
vary from 1000 to 5000 MPa, depending on the steel. This explains why some universal, absolute
micromechanical model of fracture is probably beyond engineering reach. But as will be further
discussed in §3, a "transfer" model (as the present one) can be considered a realistic goal.

3.CVN/ TENSILE STRESS- TEMPERATURE DIAGRAMS: APPLICATION TO "TOUGHNESS
TRANSFER" MODEL.

3.1 Modeling-based formulation of yield stress.

It is useful to recall here, in simplified form, the equation adopted to represent the strain rate and
temperature dependence of the yield stress [35]:

a0 (T,i) = a/ (1-aT) +oP fl-(T/Te )"
m] - (5)

T= test temperature
1= effective test strain rate
ao° = thermally unactivated component of yield stress
oc= coefficient of temperature dependence of Young modulus
aP= effective Peierls-type stress
Tc= critical temperature above which Peierls-type component vanishes (function of e)
m= shape coefficient for the representation of Peierls-type barriers.

In all our publications thus far, the coefficient m was assigned a value of 1.355, corresponding to a
Dorn-Rajnak perturbed sinusoidal barrier, small deviations were noted, and tentatively neglected. We
have recently decided to scrutinize this issue further, by performing more systematic experiments for
ferritic RPV steels; the incentive was our renewed interest into deriving accurate experimental
information for the microcleavage fracture stress. It has been found that the best fits, in terms of
activation enthalpy and activation volume, to all previous literature and to the new data is obtained for
m=2. This corresponds to a Fleischer-type barrier, describing hardening by tetragonal lattice distorsions,
possibly induced by free carbon interstitials in these steels. Whether one accepts that m=1.355 or m=2
does not significantly affect the trends discussed below, but the scatter is well reduced for the choice
m=2. We mention such detail here for completeness and traceability: indeed, some of the data used
to establish the trends shown below were analyzed using m=1.355, while all more recent results assume
m=2. Therefore, our future data base of microcleavage fracture stresses for RPV steels is expected to
slightly differ from the interim one to be illustrated here.



The formulation of equation (5) is illustrated by Figure 5. This figure also shows that dynamic yield
stresses derived from the CVN general yield loads [35] can be brought together with uniaxial static
yield strengths, an essential feature of the present methodology.

3.2 CVN/Tensile Stress-Temperature Diagrams and Strain Rate Effects.

The scaling of CVN general yield loads into stresses comparable to the ones of uniaxial tensile tests
is not ideally applicable to the other characteristic loads observed in the instrumented CVN test (Fm:
maximum load; Fu: brittle initiation load; Ft: arrest load). Nevertheless, we normally use a single
scaling of all loads, for reasons of expediency only in presenting all these data together. This is
justified by the fact that the yield stresses only have so far been given absolute meaning; all other
stresses (loads) are used to define characteristic temperatures at their specific, scale-independent
intersections.

As a reminder, Figure 6 displays the CVN stress-temperature and shear fracture appearance diagram
for unirradiated 20 MnMoNi 55 base metal, kindly provided by Dr. J. Heerens [32]. The temperature
T, is used to index service-induced shifts of the dynamic fracture toughness KM; the other temperatures
are discussed in §4. At the temperature T, , ductile stable crack growth initiation begins to raise the
shear fracture appearance (SFA) above fully brittle condition (SFA= zero); T, obeys an Orowan-type
cleavage fracture criterion [35]: at or below this temperature, the maximum load recorded by the strain
gage instrumenting the Charpy tup cannot be distinguished from the general yield load; at temperatures
less than T,, brittle fracture generally occurs below general yield load. Above Tc (impact), static tensile
and dynamic CVN yield stresses are normally equal, while the extent of their difference with
decreasing temperature is a measure of the strain rate sensitivity of the steel, and in particular of the
temperature difference between KI(! and KId . Generally, irradiation increases the athermal component
of the yield stress ao° and therefore, T, increases; the closier T, gets to Tc and the less is the
difference between Klc and KId: this important fact, verified by numerous experimental
observations [5], is utterly ignored by the regulatory nuclear application of the ASME code.

3.3 CVN/Tensile Stress-Temperature Diagrams and Microcleavage Fracture Stress .

The microcleavage fracture stress can be derived from the stress at the characteristic temperature T,:
this stress needs simply to be multiplied by the applicable plastic stress concentration factor Kop [30].
This factor depends on strain hardening; in contrast to precracked geometries, the dependency for the
Cv-notched geometry is negligible for work hardening exponents below n=0.1 and remains very weak
below n= 0.15 [30] (a value never exceeded for all the steels and conditions in this paper). We have
adopted a value of Kop=2.55 for n<0.1 (Note that any eventual bias here would only modify the value
of the normalization factor M in equation ( 4), but not the toughness projections).

Figure 7 indicates that the microcleavage fracture stress derived from the CVN load diagram is
consistent with other determinations. The steel is the one investigated by J. Heerens and already
characterized by Figure 6. The C-T specimen SEM data obtained by Heerens [32] have all been re-
analyzed using the approach described in § 2.3 and Weibull fits have been applied to the local fracture
stresses. Actually, the results of this rather elaborate exercise are not significantly different from the
ones originally published [32]. It is relevant to stress that the meaning of the scatter band associated
to the data is not the same for the CVN result and the other ones on this Figure: in the CVN case, the
uncertainty directly relates to the mean cleavage stress as defined by equation (2); while in the C-T
and Griffiths-Owen experiments, the uncertainty reflects the spread related to the individual initiation
sites for cleavage fracture.



3.4 Rationalization of Microcleavage Fracture Stress Trends.

The microcleavage fracture stress af* is intended as a measure of the stress needed to trigger brittle
fracture, starting with the nucleation of microcracks (e.g. in carbides, inclusions, ...), followed by their
propagation into the ferrite, then across grain boundaries It is generally assumed that for RPV steels,
of* does not depend on the test temperature (e.g. [36],[37]) and is not affected by irradiation [37].
Recently, we have reported evidence of a clear tendency for the microcleavage fracture stress to
increase in apparently linear manner with the increase of room temperature tensile yield strength [6],
The question was left open as to whether this may be traced to an intrinsic irradiation effect, for
instance associated to grain boundary segregation, or could reflect a direct temperature dependence,
or a mixed situation. We did however unambiguously favour the second view and have attempted to
refine it by significantly extending the range of observations. This was done by considering the
surveillance and other data for the Doel-I,-II A302-B type welds [7], the Doel-I,-II Soudotenax (low
copper A533-B type) plates and the Doel-IV A508 Cl. 3 weld. An interesting pattern, actually
anticipated on empirical micromechanics grounds, emerged for the A302-B type materials, as shown
by Figure 8.a: the microcleavage fracture stress, plotted against the temperatuie T, at which it is
derived, is seen to display a minimum at about 0°C; it seems to increase below this temperature,
consistent with the C-T and CVN results for Heerens's steel; it also seems to increase above this
temperature, consistent with the A533-B plate data of Figure 8.b and with the discussion in §2.3.

A large part of our current data base is similarly displayed on Figure 9, but we have added here the
DENT and Griffiths-Owen results of Jude-Esser et. al (Aachen University) [38] for an unirradiated low
carbon plate. The increase of Gf* with decreasing temperature below = 0°C appears confirmed. A most
impressive rationalization of these trends is obtained when all observed microcleavage fracture stresses
are normalized by the room temperature tensile yield strength: as shown by Figure 10, a single trend
line results, with only two outliers; in their range of overlap, it is clear that the A302-B data derived
from the CVN impact load diagrams agree with the entirely independent, static, DENT and Griffiths-
Owen low carbon plate data. This vindicates the conclusion drawn from the study of Heerens's steel,
Figure 7, that the microcleavage fracture stresses derived from CVN impact tests are quite reliable;
actually, application to irradiated steels may be the best experimental approach to define af* over a
large temperature range.

3.5 Significance of Findings Relative to Microcleavage Fracture Stress.

3.5.1 In an engineering, practical perspective, the most significant impact of the above findings is that
a predictive approach seems at hand for the key materials input data needed to apply a toughness
transfer model as the one outlined in §2. Indeed, damage modeling allows to anticipate the steel
strengthening upon service, and the strain hardening exponent n can also be estimated through simple,
but sufficiently accurate correlations (to be discussed elsewhere). The "missing" link, af*, is easily
projected to any condition of interest on basis of existing instrumented CVN surveillance data. Indeed,
it can be seen from Figure 11 that Gt*/a0*-T displays - to within an easily determined normalization
factor- an unique functional relationship to Go*"7 as predictable by damage modeling. Maybe even as
significant is the fact that the whole approach does not strictly require to know the unirradiated
condition of the steel.

3.5.2 From a fracture micromechanics/ dislocation theory viewpoint, it is most interesting, but not
altogether "novel" to imply that the microcleavage fracture stress can be strongly correlated to yielding
behavior. Indeed, it is widely accepted that cleavage is always preceded by some amount of plastic
deformation. The Petch-Cottrell theory suggests some connection in terms of grain boundary resistance,
but the contribution of this term to the flow stress of the present RPV steels seems too small in this
respect. Earlier modeling work at VTT (Finland) [23] assumed an inverse relationship between af* and



the Peierls-type component of the yield stress; clearly, this speculation is in contradiction with the
present findings. For some types of fracture-triggering particles, one study also reveals [39] an increase
of af* with temperature in the transition range, but fails to do so for carbide initiators. In the work
by Jude-Esser et. al. [38], it is rather convincingly argued that thermal activation of dislocation
movement can provide the needed physical reason for the observed trends; a correlation to the yield
stress and the stress triaxiality is proposed.

Figure 10 suggests two separate temperature ranges of behavior, with a boundary somewhere between -
50°C and 0°C. In the lower temperature range, the Jude-Esser data are in conflict with earlier literature
[36]. Nevertheless, at temperatures below -50°C, the decrease of the yield stress with increasing
temperature is sufficient to explain the increase of Klc with temperature, even at constant microcleavage
fracture stress: indeed, in all cases, the ratio af*/a0 increases with temperature. But at temperatures
above =0°C, flow properties are in general too weakly dependent on temperature to explain the shape
of the KIc(T) curves [40]; such rationalization is straightforward only if it is accepted that af* increases
with temperature in the manner indicated by the CVN load-temperature diagrams. This statement does
not explain why, in physical terms, such increase should and does take place. In an engineering
perspective, a scientifically grounded explanation of the trends - for instance in terms of dislocation
emission, shielding,... at the crack tip or at the notch- could have the merit to further guarantee against
possible erroneous evaluations; but a robust validation by systematic model application to a host of
documented experiments can certainly reach the same purpose.

3.6 Strain Rate and Size Effects on the Microcleavage Fracture Stress.

It has been tentatively concluded that eventual strain rate effects on af* are presumably negligible; the
small effects reported in literature are believed to be interpretable as an influence of the test
temperature at which af* was measured (a temperature larger for dynamic than for static tests). It is
also contended that constraint effects must be negligible, because at T, , the stress-strain field
prevailing within typical CVN specimens is still close enough to plane strain, SSY conditions.
Experiments addressing size effects on af* do generally support this view ([35],[41]).

3.7 Application to Micromechanical Transfer Model

The scope and the performance of the "Toughness Transfer" model are illustrated by Figure 12. The
top part of the Figure shows the relevant portion of the CVN/tensile stress-temperature diagrams for
the considered A302-B reference plate in its un-irradiated (dotted lines) and irradiated conditions; also
indicated is the temperature dependence of the microcleavage fracture stress af*, as quantitatively
inferred from the stress at the dynamic CVN initiation temperature T, . The dotted and full lines on
the bottom part of this Figure represent the 5-95% confidence interval for the static initiation fracture
toughness, as projected by the model using the CVN-tensile data from the top part of the Figure. The
shape of the median curves (not shown) is almost undistinguishable from the shape of Wallin's "master
curve". The open and full circles are the experimental K,c data [42], corrected to plane strain, SSY
conditions and to an effective thickness of 25.4 mm. The model projection entails the single scaling
factor M (equation (4)), defined here by imposing agreement for the un-irradiated condition. It appears
so far that this normalization may be unique for all RPV steels, but the data base evaluated at this time
is too limited to draw a firm conclusion in this respect.

In any event, and insofar as the advantages of enhanced surveillance are called upon, it does not matter
how performant such type of model may be: engineering and regulatory prudence will require, for the
foreseeable future, to perform the actual fracture toughness measurements needed for its continued
vindication and/or improvement. The outstanding benefit does presently lie in two aspects: 1) The
improved guidance to perform the relevant experiments; 2) The evaluation capability, especially in
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terms of surveillance program creadibility and representativity.

4.CVN INDEXING TEMPERATURES FOR FRACTURE TOUGHNESS.

4.1 Summary of Earlier Findings.

The previous sections have reviewed the role of the transition temperature T, for the indexing of
dynamic initiation fracture toughness shifts and for the assessment of the microcleavage fracture stress.
It is relevant to now consider the utilization of the characteristic temperatures TA and FATT defined
on Figure 6. In our earlier publications, we have also considered the mean temperature To at which
the CVN shear fracture appearance (SFA) reaches 100% (onset of CVN upper shelf) and suggested that
it may conservatively be used for the indexing of crack arrest fracture toughness shifts. It has been
pointed out that generally, AT,= ATO.

We also have previously found that the CVN crack arrest load-temperature behavior can be well
represented by an unique exponential function ("master curve")

F.(T)= A exp[0.036 (T-TA)] (6)

T= test temperature (°C)
TA= reference arrest load temperature (°C)
A= 4 kN for ASTM and = 3.8 kN for DIN tup (conventional CVN specimen geometry).

It has been recently proposed by Wallin [43] that TA= TKI, -10°C (standard deviation: l a = 13.6°C).
This TA- index is most defendable in a fracture mechanics perspective because it corresponds to a
rather constrained fracture stage, close to plane strain, small scale yielding conditions. As reminded
elsewhere, there is a significant literature background behind the idea that the temperature at a selected
level of the CVN crack arrest load or at a selected SFA level can be correlated to the Pellini drop
weight transition temperature NDT, another crack arrest indicator (e.g., [44]-[46]). It is believed that
the CVN reference arrest load temperature TA as defined here is close to the temperature TK1, at which
Kla reaches the lOOMPaVm level.

4.2 Relation Between Characteristic Temperatures T, , TA and FATT.

Figure 13 gathers the results of the many experiments evaluated for this paper. As can be seen, a good,
linear correlation exists between FATT and TA :

FATT= 1.15 (±0.05) TA (7)

This consolidates our earlier proposal that, to first approximation, the CVN fracture appearance shift
AFATT is presumably a conservative measure of Ku shifts.

There is also, on average, a linear correlation between T, and TA : T,« TA-72°C, consistent with the
view that, on average, AT,= ATA. However, the scatter here is sizeable and this does not simply stem
from experimental uncertainties: to the contrary, this scatter indicates that some physically meaningful
phenomenon is going on. Indeed, extensive scrutiny has revealed that the influence of in-service
exposure is not always the same on the K,d and KIa indexing temperatures T, and TA.. A particularly
striking example is shown on Figure 14: here, AT, is essentially equal to the 41J. CVN shift (156°C),
but ATA is much less, i.e. as low as 83°C. Across-the-board, it appears that the crack arrest shift as
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indicated by ATA may be significantly less sensitive than AT, to the steel copper content, but may on
another hand be much more affected by thermal ageing for certain steels. It has also been found that
the CVN load-temperature diagram may be differently affected when matrix damage- rather than
copper rich precipitates- governs the embrittlement. A thorough review of such effects is beyond the
scope of this paper.

4.3 Convergence of Kia KM and KIafor Embrittled Vessels.

It has been briefly explained in §3.2 why the strain rate sensitivity of RPV steels tends to vanish with
increasing steel strengthening upon service: i.e., why Klc tends toward K)d under such conditions. It is
strongly suggested that Klc does similarly tend toward KIa. This is illustrated by Figure 15. Here, we
have chozen (in our data bank) two steels as micromechanically different as possible: the A302-B
reference plate and a high strength 22 NiMoCr 37 weld. The static initiation fracture toughness data
have been consistently evaluated using Wallin's master curve approach, and thus providing best
estimate values for the reference temperatures at 100 MPaVm. The CVN crack arrest temperatures TA

have been obtained using the arrest load master curve procedure (§4.1). On the top part of the Figure,
the resulting K,c and KIa indexing temperatures are plotted in function of the room temperature static
tensile yield stress, as measured for each steel and condition. The bottom part of the Figure uses for
abscissa the same yield stress data, but normalized by the corresponding microcleavage fracture stress
as derived from the CVN load-temperature diagrams. These normalized stresses, or "micromechanical
stress ratios", seem to be powerful correlators of fracture toughness trends. Maybe, the most interesting
feature of the evaluation of Figure 15, bottom part, is that the convergence of all indexing temperatures
toward a single trend band does not require embrittlement levels that would be considered out-of-the-
ordinary for oldier nuclear reactor pressure vessels.

5. SUMMARY AND CONCLUSIONS.

The main conclusions of this study are as follows:

1) A plane strain, small scale yielding, probabilistic micromechanical transgranular cleavage model has
been established which uses stress-deformation temperature diagrams of CVN impact/ static tensile
surveillance tests and PCCV slow-bend tests in one condition in order to "transfer" this information
into the prediction of confidence intervals for Klc and KId under any in-service RPV condition.

2) In more general terms, this predictive capability combines the above micromechanical model with
a damage model of strengthening, validated for a large number of steels and environmental conditions.

3) Outstanding features of this work encompass:

- Phenomenological rationalization of temperature effects on the microcleavage fracture stress
and of the temperature dependence of initiation fracture toughness.

- Rationalization of the disappearance of the strain rate dependence of toughness for room
temperature static tensile yield strength exceeding = 700 MPa; this is in agreement with
experiment, but at odds with current nuclear regulatory concepts.

- Empirical link to crack arrest prediction and consolidation of earlier proposal that the CVN
fracture appearance shift AFATT is a reasonably conservative measure of K,t shifts (while 41
J. CVN shifts are prone to an excessively conservative, "outlier" behavior in some cases of
significant industry relevance).
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4) It is finally noted that the CVN/tensile stress-temperature diagrams contain some useful information
regarding the types of defects induced during service exposure.
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Fig. 1 PROPERTY-TO-PROPERTY CORRELATIONS FOR RPV STEELS
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Fig. 2 Self-similar Stress Fields Induced by Loading J for
Precracked Infinite Body and Associated Micromechanical
Parameters for Cleavage Fracture (O~0 = Yield Stress)
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Fig. 3 Micromechanical Features of Fracture Toughness Transition
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Fig. 5 Strain Rate Effect: CVN vs. Static Tensile Tests
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Fig. 6 Combined CVN/ Tensile Stress-Temperature Diagram

Stress (MPa)

T| -125 °C

,TN -45 °C

O x CVN Impact
o x Static Tensile

-200 0 100

Temperature (°C)
200 300

Allows to Determine:
Toughness Indexing Temperatures
Strain Rate Sensitivity
Microcleavage Fracture Stress

Shear (%)

100

80

60

40

20

\ FATT - 28 °C '"•""

. x MODEL BASED ON LOAD DIAGRAM

_i i i_

-250 -200 -150 -100 -50 0 50 100 150 200 250 300

Temperature (°C)
CVN Shear Fracture Appearance



Fig. 7 Microcleavage Fracture Stress from CVN Load Diagram
Compares Well with Other Determinations

Microcleavage Fracture Stress (MPa)
2500

2000

1500

1000

500

CVN (Impact)
Griffiths-Owen (Static)
C-T (Static)

0
-200 -150 -100 -50

Test Temperature (°C)
20 MnMoNi 55 Unirradiated Base (Material Provided by J. Heerens)



3000

1000

Fig. 8. Influence of Test Temperature on
Microcleavage Fracture Stress

Fig. 8.a. A302-B Plates and Weld

Microcleavage Fracture Stress (MPa)

2500 -'

2000 -

1500 "

-100 -50 50 100 150

Transition Temperature 1 x (°C)

3000

Fig. 8.b. A533-B Plates

Microcleavage Fracture Stress (MPa)

2500 -

2000 -

1500 -

1000

o BR3 Plate
D Plate HSST-02
x BR3 Surrogate PT-A
0 Yankee Surrogates YA1

_9——-^"—a^sZ-^---"'"""
o..

i i i i

-100 -50 50 100 150

Transition Temperature T, ( C)



Fig. 9 Microcleavage Fracture Stress Depends on STEEL
Temperature
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Fig. 11
Correlation of Microcleavage Fracture Stress to R.T. Yield Stress
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Fig. 12 Static Initiation Fracture Toughness Transferred from
CVN Impact/ Static Tensile Stress-Temperature Diagrams
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Fig. 13 Correlation Between CVN Toughness Indexing Temperatures
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Fig. 14 Irradiation Can Cause
POTENTIAL FOR Smaller Shift of K ja than of K|d
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Fig. 15 Indexing Temperatures for K. and K
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