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ABSTRACT

A new, consolidated strategy for improved Light Water Reactor (LWR) pressure vessel
surveillance is proposed. The methodology incorporates statistical fracture mechanics
and damage modeling, while taking maximum advantage of the data generated by
conventional surveillance practices. Available reconstitution and miniaturisation
techniques allow to implement such strategy with minimum material inventory.
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ABSTRACT

A new, consolidated strategy for improved Light Water Reactor (LWR) pressure vessel
surveillance is proposed. The methodology incorporates statistical fracture mechanics
and damage modeling, while taking maximum advantage of the data generated by
conventional surveillance practices. Available reconstitution and miniaturisation
techniques allow to implement such strategy with minimum material inventory.

1. INTRODUCTION AND EXECUTIVE SUMMARY

Regulatory requirements to insure adequate fracture toughness of Light Water nuclear
Reactor Pressure Vessels (RPV) throughout their anticipated life rely on the Cv notch
impact test of specimens aimed at being representative of the beltline materials. The
temperature at which 41J is absorbed (TT41) is used to 'index' the crack initiation (Klc)
and arrest (KIa) fracture toughness, two exponential functions of temperature T. These
functions are assumed to be universal for RPV steels, depending only on T-RTNDT,
where RTNDT is a reference temperature characterizing the ductile-brittle transition
temperature (DBTT). It is furthermore assumed that, during service, RTNDT increases as
TT41. This methodology of US vintage [1][2], and adopted by many countries including
Belgium, is summarized by Figure 1.

Regulation also refers to predictive correlations, by which the effect of service exposure
on TT41 (thus on RTNDT) is described in function of neutron fluence and the steel
composition - namely, its content of copper, nickel (USNRC Regulatory Guide 1.99
Revision 2 [3]) and phosphorus (See [4] for a review of phosphorus and tin influ-
ence).Whenever surveillance results exceed the upper bound of such correlations, the steel
is considered an 'outlier1: this may entail severe penalties when defining the margins to be
applied for consistency with today's prevailing empiricism.

The Research and Development (R&D) efforts described here are primarily born from the
need to address steel 'outlier' behaviour in a more scientific manner than outlined above.
For the cases analyzed so far, it is found that the major underlying cause of apparent
anomaly is the inadequacy of the 41J- Cv fix for toughness indexation. More generally, it
is concluded that this indexation does introduce distorsions and unwarranted scatter into
present engineering correlations of embrittlement.

This central contention results from consistent application of current knowledge in the
fields of "Damage modeling" and "Micromechanics". Fundamentally, the steel DBTT and
brittle crack initiation fracture toughness are governed by the uniaxial flow properties, the
microscopic fracture stresses and the size and spatial distribution of cracked particles. The
influence of these properties can be assessed using the load-time traces detected by the
instrumented Cv impact test, in combination with the conventional tensile test and with Kjc

measurements at (minimum) one selected temperature (using small, i.e. surveillance-size
specimens).



Recently, we have made use of Cv traces and tensile data for a re-examination of damage
mechanisms - applying the established Fisher et. al. model [5] [6] to account for the role
of irradiation-enhanced copper precipitation. This leads to confirm the anneal activation
energies, the kinetics and the saturated intensity of three distinct hardening processes,
previously suggested for the A302-B reference plate and its 'outlier' companion, the
Yankee surveillance plate [7]. The same parameters fully reproduce the observations for a
A533-B plate and two B&W Linde-80 welds irradiated in support of the BR3 vessel
anneal: the anomalies plaguing the corresponding 41J shift data are entirely eliminated by
the present, physically-grounded DBTT approach. This work will be reported separately.

Micromechanics has been successfully applied also to the reconstitution of 10x1 Ox 10mm
remnants from broken Cv specimens, and to the miniaturisation of the Cv impact test. The
results are found to be independently supportive of the preceding considerations.

2. GENERAL PHILOSOPHY OF BELGIAN SURVEILLANCE R&D PROGRAM

Micromechanics-based Indexation of Fracture Toughness.

Structural integrity evaluations require to know the fracture toughness of the material.
Current reactor pressure vessel steel surveillance programs do not directly determine this
property under service exposure, but rely on the Cv notch impact test for its estimation.
This is done through an indexation scheme (Fig.l) [1][2] based on unirradiated data (for
relevant A302-B, A533-B, A508, ... melts): the observed invariance of the shape of the
corresponding lower bound toughness-versus-temperature curves is assumed to remain
applicable to irradiated steels, but there is a paucity of supportive experimental data and
no consensus as to their interpretation (see for instance [8]). On another hand, as shown
and explained in this paper, toughness indexation to a fixed level of absorbed energy or
lateral expansion in the Cv impact test may be significantly inadequate and induce
erroneous conclusions, even at the licensing level, in some cases. Finally, the
irradiation-induced shift of Klc is generally expected to exceed the corresponding shift of
KIa> which is in direct contradiction with the Regulatory implication (Fig.l) of equal shifts.
An example is given by Figure 2 for the high copper weld 73W comprehensively
investigated by the USNRC/ORNL Heavy Section Steel Irradiation (HSSI) program [9] to
[11]. (Here, the toughness data have been expressed as kJ/m2 and the fitted lines are
indicative only). The bottom part of the Figure is a preliminary illustration that the onset
temperature TO of the upper shelf in the Cv test does track well the irradiation effect on
KIa, and that the TO shift also is of similar magnitude as the Pellini NDT shift, while the
Klc shift is indeed significantly larger.

A major reason for the current reliance on Cv indexation is that measurements of crack
initiation fracture toughness Klc (or Kjc, elasto-plastic tests) are expensive and cumbersome
if to be considered 'valid' in the sense of existing standards [12] [13]. In principle, Kjc
should be determined by means of specimens having the full vessel thickness .



Large specimens have been irradiated only under accelerated conditions, i.e. in test
reactors, at rather high neutron dose rates as compared to the ones in a PWR vessel. Also,
this has been done for only a few base and weld metals [9],[14],[15].

A germinal view in the background of this program is that small test specimens,
machined or reconstituted from broken surveillance remnants, can be used to measure
KJc shifts in service, and, even more importantly, to measure irradiated Kjc curves for one
steel relative to another one.

This is so promising that a dedicated experimental project in cooperation with
ORNL/USNRC and the VTT Metals Laboratory, Finland, is being initiated for demonstra-
tion.

But even so, the material inventory of implemented surveillance programs is generally too
limited to derive statistically valid, size representative, complete KJc-temperature curves
from small specimens. Furthermore, for oldier plants, relevant baseline specimens or
remnants are often not available at all. Last, but not least, it is important also to determine
KIa, not only for the analysis of accidents such as pressurized thermal shock, but also
because the lower bound of KIa is essentially identical to the reference toughness KIr [1],
which governs the determination of plant heat-up and cool-down restrictions.

One is thus compelled to be inventive and to try and salvage from the Cv test whatever
information can be used in a more fundamental manner, in the fracture mechanics context.
The Cv load-deflection diagram recorded in the instrumented version of the test allows just
that, along two broad lines:

Approach I. Transition Temperature Concept.

The thrust here is to rely on an improved definition of the ductile-brittle transition
temperature DBTT for toughness indexation along existing Regulatory lines. Thus, the
only difference is that the 41J Cv shift is replaced by a more physically grounded concept
adequate to index KId (KIa) shifts. The assumption of shape invariance of the temperature
dependency upon service exposure remains necessary.

The Klc shift is then derived by accounting for the strain rate effect estimated by compar-
ing the uniaxial tensile properties to the Cv impact load diagram.

If the KId shift obtained in this way does significantly differ from the Regulatory, 41J
Cv shift, it is requested that this be backed-up by 'Damage Modeling1, an activity
overviewed below, calling for consistency between yield strength increase, microcleavage
fracture stress and DBTT shift data.

Approach II. Micromechanics-based Fracture Toughness Indexation.

The approach is to use advanced statistical micromechanics for the evaluation of small
specimen Kjc fracture toughness measurements, in combination with some enhancement of
current, commercial surveillance test matrices. In this way, maximum advantage can thus
be taken of existing data banks.



Analytical work is in progress to develop a statistical, critical stress model for slip-initiated
cleavage fracture under Mode I loading, applicable to low-alloy ferritic RPV steels in the
brittle-ductile transition range. The final validation and routine use will refer to a capabil-
ity for finite element calculations, and encompass competition of cleavage with ductile
stable crack growth. The starting point has been the well-known model by Ritchie, Knott
and Rice (RKR model) [16][17]. A number of studies along similar lines can be found in
the literature ([18] to [25]). The present approach is directly tailored to engineering lower
bound toughness indexation, rather than being of fundamental scientific nature.

This leads to propose an improved fracture toughness surveillance strategy, whose
ingredients are gathered on Fig. 3. A brief explanation is the most easily offered by
referring to the original RKR model. This is done for illustration purposes only and does
not aim at describing the statistical SCK-CEN micromechanical model under development.

The representation of the RKR model, adopted for this orientation outline, uses for
simplicity [17] the asymptotic small scale yielding solution developed by Hutchinson and
Rice and Rosengren (HRR) for the plane strain tension stress distribution around a
stationary crack tip in a non-linear elastic material. Note that this solution does not
account for the very significant effects of crack tip blunting. Strain hardening is approxi-
mated by the Ramberg-Osgood constitutive law, with hardening exponent N. The model is
based on a local criterion for slip-initiated cleavage ahead of sharp cracks : it requires the
maximum principal tensile stress cyy to exceed a critical microscopic fracture stress af*
over a microstructurally significant distance T, or more appropriately over a suitable
volume V*, function of the nature and spatial distribution of "eligible" cleavage trigger
particles (carbides, inclusions, ...) as well as of the spatial distribution of the stress-strain
field ahead of the crack or notch of interest. This characteristic volume depends also on
temperature.

This lower-transition toughness model can be synthetized by a single equation, sufficiently
representative of physically meaningful ingredients for our present purposes:

(1)

where Klc: Mode I plane strain fracture toughness
P(N): Amplitude of HRR stress singularity
CJy: Uniaxial tensile yield strength.

In order to take advantage of the "Modified RKR model", one needs - just as one does for
the original model, equation (1) - to experimentally determine the following "ingredients":



a) The flow properties, i.e. true stress - true strain curves by static tensile tests at a few (5
to 6) temperatures in the range « -200°C to 300°C\

b) The microscopic fracture stress af* and its scatter

b.l - Using the instrumented Cv test, as shown below; some reconstituted specimens are
needed to obtain more low temperature load-time traces than routinely available (this is
often done at reduced hammer velocity, say 1 m/s)

b.2 - Using four-point notched bars for static tests at a few selected temperatures
(Griffiths-Owen design [26])

c) KJc and its scatter, at least at one selected temperature, by three-point slow bend of
reconstituted precracked Cv's or by static tests of axisymetric precracked notched tensile
bars. In the current development phase, extensive use of the scanning electron microscope
is considered essential both to define the critical volume V* and to identify whether the
cleavage initiators belong to one or more populations.

Referring to equation (1) and Fig. 3 :

Item a) provides ayc (static yield) and N in a way allowing use of a strain hardening
model more precise than the Ramberg-Osgood law, whenever desired

Item b.l provides c f \ ayd (dynamic yield) and the strain rate sensitivity
Item b.2 confirms a f \ its scatter and its strain rate independence
Item c) provides 1* (V*), crf* at higher (transition) temperature and a validation of

the model's statistical treatment.

The implementation of such proposed capability is in progress and its routine application
is believed feasible within two to three years. It is important to emphasize that Items a)
and b.l) will already allow to reach two milestones, for any steel to which they are
applied (such as Doel-I,-II welds [27]):

1. Full-fledged application of the "Improved Transition Temperature Concept"
(Approach I above).

2. Insight as to which damage mechanisms govern embrittlement, i.e. in particular,
does one have to suspect weakening of grain or lath boundaries, such as could be
induced for instance by phosphorus segregation.

The "Improved Transition Temperature Concept" is illustrated to some extent in this
paper. It is a physically defendable representation of the ductile-brittle transition tempera-
ture DBTT. But aside of being relevant for indexation of generic fracture toughness
curves, it is also the proper concept for the modeling of irradiation damage effects.

High temperature is needed to separate athermal component of flow stress ( see Section 4).



Guidelines to Damage Modeling.

Damage modeling aims at understanding the sub-microstructural interactions causing the
worsening of RPV steel's mechanical performance under service exposure. The focus is on
the neutronic component of the irradiation field (gamma rays and electrons play a
negligible role). Thermal and strain ageing are also considered a concern [27].

The property of interest for structural integrity is of course fracture toughness, but
surveillance data bases are limited to Cv impact and tensile properties. This should suffice,
insofar as micromechanics (see above) will allow to complete the picture.

Figure 4 summarizes the foundations of damage modeling as applied here for the transition
temperature range. The simple plot on the upper right corner of the Figure is well known
and often referred to in literature as the Ludwig-Davidenkov diagram (for ex., [28]); it is
generalized by the lower plot. Put crudely, these diagrams view DBTT, the ductile-brittle
transition temperature, as the temperature at which the yield stress intersects the micro-
scopic fracture stress. More precise definitions are used in the Belgian R&D program.

In general, in-service steel embrittlement can be accounted for by matrix hardening alone:
namely, by the increase of the flow stress through the creation of new obstacles to the
mobility of dislocations; this is reflected by an increase of hardness (Vickers, Rockwell,
...) - proportional whenever work hardening is not affected by irradiation. The fracture
stress does then correspond to the microcleavage fracture stress - which is generally
independent of temperature, strain rate and irradiation. The resulting increase (shift) of
DBTT is roughly proportional to the increase of the uniaxial yield stress, or, for that
matter, to the increase of the Cv general yield stress. The precise relationship is more
complicated, but will have to be discussed in detail in a subsequent publication.

At PWR operation regimes, there are at least three distinct hardening mechanisms
contributing to the embrittlement of RPV steels, see Figure 5; they feature anneal
activation energies in the range 1.8-2.1 eV, as well as different neutron fluence and
irradiation temperature sensitivities [7]. The best known of these mechanisms entails
radiation-enhanced diffusion and precipitation of copper [5] [6] [29]-[31]; it is described in
the Belgian program by the well-established model of Fisher & al. [6], accounting for the
effective amount of copper available in solid solution [32]-[34]. The kinetics - but not the
saturated contribution - of this mechanism is sensitive to both dose rate and irradiation
temperature (Fig.5).

Further microstructural characterization work is needed to fully grasp the physical origin
of the other mechanisms and be able to better ascertain the reliability of predictive
projections of surveillance data into vessel walls. Such work is in progress in cooperation
with the International Group on Radiation Damage Mechanisms (IGRDM). The specific
Belgian contribution does presently focus on conventional TEM, positron annihilation
spectroscopy and internal friction as its experimental tools, with emphasis on addressing
the less well known damage mechanisms such as the ones labelled 2 and 2A on Figure 5
(along a classification scheme by order of increasing anneal activation energy, similar to
[35]).
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Service exposure can sometimes also lower interboundary cohesive energies, causing a
decrease of fracture stress and resulting in easier microcrack propagation beyond the hard
particles in which they form. One example is the occurrence of irradiation enhanced
segregation at grain boundaries, leading to mixed mode fracture (intergranular cracking
and transgranular cleavage). This 'non-hardening' embrittlement may compound with the
one stemming from matrix hardening or, albeit very seldomly, be found in isolation : in
such case, the yield stress, the hardness and the Cv upper shelf do not change, although the
Cv shift can be sizeable.

This brief outline shows that the mechanical data important for damage modeling are the
flow properties and the microscopic fracture stresses; these can be obtained from the load
signals of the instrumented Cv notch impact test, in combination with conventional, static
tensile tests - a topic more extensively addressed below.



3. DUCTILE-BRITTLE TRANSITION TEMPERATURE BY USE OF INSTRU-
MENTED C. LOAD-TIME TRACES

8vnop«l«

In the context of PWR pressure vessel surveillance, the significance of the Cv notch impact test, instrumented by strain gages,
is revisited.

The load diagram - general yield, maximum, brittle fracture and arrest loads versus temperature - is the most fundamental
feature of the test; it is directly correlated to the appearance (percentage shear) of the fracture surface, a feature further
explored herein.

The bulk of the absorbed energy and lateral expansion stems from plastic deformation associated to ductile stable crack
growth under conditions unrepresentative of the constraints and stress-strain field near the tip of a sharp crack in a pressure
vessel.

It is shown that the temperature at which a fixed energy is absorbed in the test (say, 41 or 68J) cannot always trace, to
acceptable accuracy, the effect of steel service exposure on the ductile-brittle transition temperature DBTT, and on cleavage
fracture toughness. It is contended that this can be done reliably by using characteristic temperatures of the load diagram.

Concepts and Definitions.

From a combined dislocation dynamics and fracture mechanics perspective, the most
fundamental information contained in the Cv impact test is the load diagram [36]-[44], as
derived from the instrumented load versus time (deflection) traces recorded by strain gages
on the hammer tup. This is schematized by Fig. 6.

Considering a typical signal in the transition temperature range, left-hand part of the
Figure, it is well known - and acknowledged by testing standards in preparation [45] [46]
- that at least four characteristic loads can be defined:
Fy: General Yield Load; Fm: Maximum Load; Fu: Brittle Crack Initiation Load; Fa: Crack
Arrest Load.

General Yield Load; a point at which local yielding has spread to the entire area corre-
sponding to the ligament under the notch (net area), while strain hardening is still
negligible, overall;

Maximum Load: a point at which a ductile crack initiated by void nucleation (on inclu-
sions or second phase particles), growth and coalescence, at some distance under the notch
(at time marked i on Fig. 6, left), has extended into a crack front across the specimen
width, collinearly to the notch;

Brittle Crack Initiation Load: in the transition temperature range, ductile stable crack
growth is interrupted at this point by the competition of stress-controlled cleavage,
initiated within "trigger" particles (such as grain boundary carbides or other "weak" spots)
and propagated further (into the ferrite matrix, to the next grain, ...);

Arrest Load for fast (brittle) crack propagation and re-conversion to ductile crack growth,
but under plane stress conditions, with formation of shear lips along slant planes at « 45°
angle to the main fracture surface.
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Some energy partitioning can be associated to the Cv load diagram, and if done according
to the characteristic loads identified by the testing standards, this leads to four distinct
fractions, labelled LSE, A, B and C. Their definition is illustrated by the left-hand side of
Fig.6. In this work, all energies are corrected for elastic interaction at the load points.
Figure 7 presents a typical implementation of such energy partitioning.

The energy fraction LSE, Lower Shelf Energy, is composed of elastic energy (lse) and
brittle crack propagation energy (E^. It is largely insensitive to service exposure, and
normally never exceeds 10J.
In literature, A+lse is often called "Initiation Energy", B+EA "Propagation Energy".
Actually, ductile initiation occurs at point marked i on Fig. 6, left; this should in principle
be taken to define the boundary between the energy fractions A and B, corresponding to
the physically distinct phenomena of "Ductile Initiation" and "Ductile Propagation under
near plane strain conditions". In practice, this refinement has not been found to add much,
as compared to the more straightforward partitioning of Fig. 6.

Concerning the transition temperature concept, the emphasis in this work lies generally on
the characteristic temperatures marked Tj and To. right-hand side of Fig. 6. To this respect,
the 50% transition temperatures such as TTA, etc. on Fig. 7 are supportive informations
only: for ex., TTA is useful in assessing the irradiation-induced shift of Tj, to which it is
directly correlated. Indeed, in engineering surveillance practice, limited attention is usually
placed on tests at absorbed energy levels low enough to directly assess Tj to sufficient
accuracy. Note finally that indexation to an energy level of 28J is generally equivalent to
using TTA as reference.

The onset of Cv impact upper shelf regime begins at Characteristic Temperature To

(right-hand side of Fig. 6), above which the load2 curves FU(T) and FB(T) coincide, i. e.
there is no brittle crack initiation.

In this upper shelf regime, a "fictitious Fu load" can eventually still be defined as velocity
inflexion point, believed to broadly separate plane stress from nearly plane strain condi-
tions. Such fictitious u point is sometimes used in this work to assign a shelf level to the
Post-Arrest Energy Fraction, labelled Fraction C on Fig. 6, along with ref.[42]. Actually,
the procedure is somewhat ambiguous, especially at Cv upper shelf levels exceeding
« 120J, and it is often more appropriate to extrapolate a plot of energy C versus shear up
to 100%.

We can further identify:

TN. "Ductility Temperature"

Onset of Energy Fraction B; this literature terminology is based on the idea that ductile
crack initiation occurs at maximum load, which may be true for what concerns the
beginning of propagation of a whole crack front;

Loads or forces are denoted by the symbol F, with appropriate index; the corresponding stresses are denoted by
the symbol P.
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T t. " Ductile Crack Initiation Temperature"

Onset of actual ductility, i.e. temperature at which the shear fracture appearance in the
Cv test begins to exceed 0% (See below);

TD. "Brittleness Temperature"

In a nutshell, the maximum temperature of "elastic fracture". This is also the temperature
relevant to the 'plastic collapse1 failure analysis approach.

More accurately, TD is the temperature corresponding to the load at which plastically
induced cleavage coincides with general yielding (yielding spread over the entire ligament
under the notch, with associated plastic hinge, as described in textbooks [47], [48]). Most
significantly, this is the characteristic temperature for the OROWAN [49] cleavage fracture
criterion applied to a notched specimen:

(2)

where:

a : Maximum value of maximum principal tensile
yy

stress;

KQp : Plastic constraint factor, elevating the local stress
beyond the uniaxial yield stress in order to reach
general yielding;

a : Uniaxial yield stress at the temperature T and
strain rate 6 of interest;

o r : Microcleavage fracture stress.

Note that the simple brittle fracture criterion of equation (2) is valid here only because of
the relative spatial flatness of the stress-strain field ahead of the shallow Cv notch.

In the oldier literature, TD has often been considered a good definition for DBTT, from a
physically-oriented viewpoint. The present views are that Tj is actually the most adequate.

A criterion similar to (2) can in any case also be applied at T^ this is usually done in this
work. Between TD and Tj, the failure load is slightly larger than, and more or less parallel
to the general yield load , while strain hardening primarily occurs in the space between the
net and the gross specimen sections, causing some deflection, but only minor energy
increase. At high strain rates, such as in the Cv test, TD is generally close to T,.
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On another hand, it has been recently shown that Xi is a more universal characteristics of
the materials than TD [50]-[52]; it is also rather insensitive to specimen thickness and
notch angle [53] (but it depends on notch acuity and strain rate). Given furthermore that Tj
does correspond to the temperature of first, local ductile microcrack initiation at the higher
temperature end of the cleavage range (see below), it can realistically be asserted that Tj is
certainly a most physically-grounded definition of the ductile-brittle transition temperature
DBTT applicable to notched specimens. It is also adequate for fracture toughness
indexation. Certainly, the increase AT, under service conditions (thermal and strain ageing,
irradiation) is a good measure of the corresponding shift of the initiation fracture tough-
ness for the same strain rate - assuming the temperature dependency (shape) to be
invariant, as also done in the Regulatory, ASME XI based framework. In other words, ATj
is a good index for the dynamic initiation fracture toughness Kld.

Significance of Absorbed Energy in C Impact Test.

It is most useful to further appraise the actual significance of Cv energy and of its
partitioning. This can be done on basis of Figures 8 and 9.

Figure 8 is a "bench-mark", in the sense that the steel and test conditions have been
chosen to closely match the ones adopted for a decisive finite difference investigation [54],
backed-up by extensive experimental scrutiny, including stop-block impact tests [55]. Time
(deflection), load and energy at ductile crack initiation obtained in this literature study
agree very well with the observations made by means of the Fraunhofer Institute Magnetic
Emission (ME) detector [56], as installed in the SCK-CEN hot cell.

Figure 9 compiles ME detector results on irradiated 22NiMoCr37 RPV steel, over the
entire test temperature range relevant to surveillance. The Figure also summarizes the
conclusions.

It is clear in particular that the bulk of absorbed Cv energy is unrelated to ductile crack
initiation. The Cv test is primarily a propagation one, and the best use of its energy
information may be in trying to derive the tearing modulus for ductile stable crack growth,
as exemplified in ref. [57] [58].

Correlation between C r Impact Load Diagram and Fracture Appearance,

Another important lesson of the work, summarized by Figures 8 and 9, is that ductile
crack initiation in the Cv impact test occurs at a load such that

-fc) ( F . - F (3)

where, generally, k « 0.5 , i.e. the initiation load corresponds roughly to the average of F}

and Fm.
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The implication of (3) is that the fracture appearance of Cv impact specimens can always
be determined from the load diagram through the relationship

(4)

This can be easily demonstrated on basis of equation (3), see Appendix.

The best value for k is most accurately defined, on a case-to-case basis, by means of
simultaneous fit to both the load diagram and to planimetry measurements on the fracture
surfaces.
We have found that 0.4 < k <0.6 ; across-the-board, it seems that little error can be made
by taking k=0.5, but significant distortion often results for k=0, as proposed in the DIN
standard [45].
Typical application of this equation is illustrated by Fig. 103.

Inadequacy of Fracture Toughness Indexation to a Fixed C, Impact Absorbed Energy
Level and Physically-Based Cv Impact Indexation Temperatures.

Intuitively, it is difficult to believe that the DBTT shift upon service could ever exceed the
shift of either Tj or TQ. This view is reinforced by the fact that one always observes that
ATj » AT0. Yet, it may happen that the 41J shift ATT41 significantly exceeds ATD, A ^
and AT0. An example is illustrated by Fig. 11. In such case, ATT41 is certainly inadequate
for fracture toughness indexation.

The non-physical behaviour of TT41 in this example is explained by Fig. 12. It is seen
that the 41J temperature in the baseline is controlled by the plane strain, pre-maximum
energy fraction, A+LSE, while some amount of post-arrest energy fraction C - i.e., of
plane stress, shear lip formation energy - is needed to reach the same 41J level after
irradiation; this represents a mismatch of totally unrelated physical phenomena, which
furthermore do each shift by about the same amount upon service exposure. The 41J shift
is strongly affected by the shelf levels and mid-shelf temperatures of the fractions in the
steel baseline: it is NOT independent of the un-irradiated condition; for ex., when A+LSE
exceeds 41J both before and after service, the 41J shift is considerably less than otherwise,
and agrees with the physically grounded shift. So, two plates of same chemistry may shift
quite differently at 41J, under identical environmental conditions, depending on their
baseline. This guarantees that unwarranted scatter and distortion does affect empirical,
engineering or Regulatory embrittlement correlations, such as the ones in [3]. Furthermore,
some steels may be considered as "outliers", while they actually are not. Examples are the
Yankee Rowe and BR3 plates, and some Linde-80 welds (To be published).

Loads or forces are denoted by the symbol F, with appropriate index; the corresponding stresses are denoted by
the symbol P.
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The 50% FATT shift is often closer to the physical reality than the TT41 shift, but
occasionally, it may also be too large (as on Fig. 11). Nevertheless, Cv FATT has been
shown to be superior to the Pellini drop weight NDT for toughness indexation of a variety
of unirradiated steels [59] [60], and to first approximation, one generally finds that upon
reactor exposure, A FATT « ATI « ATO.

The question must be asked: could TQ, the Cv impact upper shelf onset, provide physically
grounded indexation of KlB on its own merit, i.e. independent of the fact that its shift is not
very different from the Tj shift ?

By contrast to the case of Tj, fundamental foundation seems to lack here to provide a
"first-principle" type justification. A theoretical-type demonstration might be workeable on
basis of tearing modulus considerations [61], but this has not been attempted. Anyway,
"hard" experimental evidence is needed , ultimately. From this point of view, Figure 2 is
certainly supportive, as well as earlier Westinghouse experimental data [62]. In general,
literature KIa data suggest that the onset of the fracture toughness upper shelf may
sometimes occur at somewhat higher temperature than the Cv TQ value, but more often
than not, the differences appear small. In any event, no firm conclusion can be drawn for
the service shift, because available data are too sparse.

Early work by Kobayashi & al. [63] shows that Xo m&y correspond to the crack arrest
temperature (CAT) of the Robertson test, but this evidence is certainly too scanty for
generalization.

A recent study by Pachur [64] does conclude that the Pellini drop weight nil ductility
temperature (NDT) does correlate with the onset of the post-arrest energy fraction C, and
with its 50% temperature TTC. In particular, the NDT shift by irradiation is significantly
less than the 41J Cv shift, for the investigated steels, and this is so apparently for similar
reasons as illustrated by Fig. 12. However, the physical meaning of the drop weight test is
not fully clear. The possibility of experimental bias due to the brittle bead deposition
method [65] does not seem a problem in this case, nor in a similar German study by
Schmitt et. al. [66]. However, inspection of Pachur's data reveals a good correlation of
ANDT with ATTB as well; and the Schmitt et.al. results can be interpreted as consistent
with an indexation to TTA (i.e. Tj, or an absorbed energy near 28J). Actually, in some
cases, NDT is close to the 'ductility temperature1 TN (the unirradiated HSST-03 plate for
example).

Reference [67] summarizes and evaluates a host of pre-1981 literature correlations between
fracture toughness and other mechanical properties (Cv, tensile, drop weight). It is beyond
the scope of this paper to examine all these correlations in terms of the present views.

However, a more recent correlation by Wallin [68] must be addressed to some length, as it
seems to entail a significantly different conceptual background. For unirradiated steels,
Wallin shows that the temperature at which 28J is absorbed in the Cv test, TT28, is on
average about 18°C larger than the temperature at which Klc reaches the lOOMPaVm level.
The standard deviation of this linear correlation is 15°C. No problem so far. However, the
theoretical underpinning to this semi-empirical correlation may conflict with some of the
ideas of the present paper. Central to Wallin's argument is that a blunt notch, as opposed
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to a crack, shifts the toughness transition to lower temperature, while the strain rate effect
does just the opposite; the magnitude of both shifts is deemed to be inversely related to
the yield strength and the two shifts considered tend to cancell-out one another. Wallin
does further state that dynamic fracture toughness correlates neither with static toughness
nor with Cv, because the compensation effect between strain rate and notch acuity is lost.
In the present work, the notch-versus-crack and strain rate effects are micromechanically
assessed in terms of the microcleavage fracture stress and the flow properties (see outline
in next section), but of course, this does hold for approach II of section 2, and does not
apply to the improved transition temperature concept as forwarded herein. However, near
the indexation temperature TQ, we believe that there is enough ductility so that crack
sharpening effects are essentially eliminated; as the strain rate is adequate relative to
dynamic toughness, it is not too surprising thus that T^ be adequate for KIa indexation.,
even despite the near plane stress state (for both unirradiated and irradiated conditions).
On another hand, we concur with Wallin that a crack leads to a larger Tj value than a
notch; this is primarily because the stress intensification factor in the Orowan relation (2)
is larger (see next section). Yet, upon irradiation, we always observe that ATj « AT0, i.e.
hardening does not seem to affect much the stress intensification near general yielding. By
contrast, to keep his correlation valid for irradiated steels, Wallin recommends to raise the
Cv indexation level by the ratio of unirradiated to irradiated upper shelf energy. This is
similar to the Russian indexation approach [69], but at odds with the foundations of the
present approach. The cornerstone of these differences seems to entail the very definition
of KJc and its lower bound in the transition temperature range; to this respect, we do
consider the energy associated to stable tearing irrelevant to cleavage fracture toughness
(see also references [70] and [71]).

Cv reconstitution and miniaturization work summarized in a subsequent Section of this
paper may yet provide the strongest evidence against toughness indexation to fixed energy
or lateral expansion levels in the Cv test, and the strongest evidence in favour of our
emphasis on the load diagram approach, with its physically meaningful characteristic
temperatures T, and Xo-

Brief Statistical Considerations and Analytical Fits.

All fits to Cv data in this paper intend to characterize the mean behaviour of a set of
specimens corresponding to a given material condition. Bounding intervals can also be
defined.

Metallurgical scatter causes departures from the mean trends, especially for what concerns
deflections and energies; in general, the load diagram is the least affected, provided the
instrumented traces have been obtained under adequate experimental conditions.

Nevertheless, even the characteristic temperatures defined above must be understood as
best mean values; for instance, it may happen that a specimen broken at a temperature
slightly exceeding TQ, the mean upper shelf onset, does not display fully ductile, 100%
shear response, and vice versa for Tj, 0% shear (Fig. 10).

It has been found that the most significant scatter in the Cv test entails the deflection, thus
also the energy, of fraction B. A typical illustration is provided by Fig. 13; here, the total
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absorbed energy of unirradiated plate HSST-03 (L-T) at a test temperature of 40-41°C
ranges from « 108 J to « 135 J, i.e. the dispersion is « ± 13 J. This is traceable to a
systematic increase of energy B across the population of 12 tests. Closer inspection reveals
that what fluctuates the most widely is indeed the amount of stable crack growth between
the apparition of a ductile crack front under the notch and the subsequent conversion to
brittle cleavage. The competition between fracture modes is strongly affected by the
inhomogeneous distribution of trigger particles and this leads to much larger energy
spreads than the ones caused by the same particles under lower shelf regimes. Why?
Presumably, because large deformations, thus large deflections, can be accommodated by
unit crack length propagation, owing to the enhanced plasticity in the transition range.
This is reminding of the amplification of KJc scatter by stable crack growth prior to brittle
failure in the upper transition temperature regime .

The increase of Fraction B with increasing temperature is generally the steepest one as
compared to the other fractions, i.e. energy B goes from zero to its shelf value over a
small temperature interval (10 to 30°C), at least compared to the interval between lower
and upper shelf for the total energy (typically 120 ± 25 °C) . Fraction B is often the one
most affected by irradiation. The small scatter associated to the Cv testing of specimens
subject to substantial in-pile embrittlement is due to the significant decrease of this
fraction, and/or to its shift to higher temperatures (sometimes even exceeding

Also, it will be seen in a subsequent Section that the major difference between
Cv transverse orientation (T-L) and strong orientation (L-T) data in base metals stems from
the reduction of energy B in the former case - case in which the scatter is correspondingly
reduced. Upper shelf orientation effects are linked to the spacing, shape and distribution of
inclusions (sulphides, oxides, ...), which govern microvoid coalescence and the critical
strain for ductile fracture. Thus, energy B is totally unrelated whatsoever to
stress-controlled brittle fracture, and to DBTT. Sometimes in this paper, fraction B is
loosely designated as "Tearing Fraction", simply to remind the present considerations.

Finally, energy partitioning has been found most useful to help identify outlier specimens,
an important issue in surveillance applications - given the usually limited test matrix. In
particular, a fraction A or fraction C misbehaviour may not be obvious from total energy,
lateral expansion and fracture appearance alone. The approach, extended to encompass
deflection and expansion data, and illustrated by Fig. 14, is a very powerful evaluation
tool, because it is comprehensive and physically guided; moreover, it does indisputably
allow to consistently appraise the entire information contained in the Cv notch impact test,
starting from the fundamentally relevant load diagram.

To complete this outline, it may be mentioned that a PC-software (EXCEL) has been
written which incorporates all concepts of this paper; it is presently under debugging.; the
detailed equations programmed into this code must be skipped here.
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4. TOWARDS AN ENHANCED SURVEILLANCE PRACTICE BY COMBINED
USE OF INSTRUMENTED C. LOAD-TIME TRACES AND UNIAXIAL TENSILE
TESTS

Consistent evaluation of Cy notch impact general yield data and of static uniaxial tensile yield data allows to:

- Quantify the influence of strain rate on the ductile-brittle transition temperature;

• Ascertain the importance of hardening in the degradation of the service performance of ferritic steels.

Such evaluation is possible provided the tests cover a sufficiently broad range of temperatures. In the case of nuclear reactor
pressure vessel surveillance, this requires some enhancement of current test matrices - eventually including dedicated
reconstitution of broken specimens. This is also essential for future, micromechanics-based assessment of irradiated fracture
toughness bounds.

The mathematical formulation is outlined of a recommended analysis procedure tailored to the RPV surveillance context.

Classical dislocation dynamics is used. The separation between short and long range obstacles to the movement of
dislocations is quantified in terms of activation enthalpy. Strain rate and temperature sensitivities are considered to be
governed by Peierls' type barriers to the plastic flow, at least in the un-irradiated condition; complications arising under service
exposure are discussed, as well as some vital features of the correlation between brittle fracture toughness and ductile-brittle
transition temperature.

Brief Reminder of Thermal Activation Theory.

Steel deformation (strain) under the influence of an applied stress is governed by the
interaction of dislocations with various obstacles, both short range, thermally activable
ones (for ex., lattice atomic rows), and long range, 'athermal' ones (interstitial impurities,
solute atoms, carbide precipitates, ...).

Thermal energy transmitted by lattice vibrations helps the dislocations to overcome the
short range energy barriers. As in atomic diffusion, this can be represented by a state
equation, here between shear stress x, strain e , strain rate £ and absolute temperature T
(K). For a single controlling deformation mechanism4, this may be reduced to an Arrhenius
equation for the strain rate (i.e. the rate of dislocation motion):

(5)

where: A G ( T , 7 ) = Gibbs free energy,
Energy of the barrier to dislocation movement caused
by the considered obstacle

f?r\r i m a ^ h n n i c m c 4/*tSn/>i In «*s*ri*t*f O = >: O A *CJFor i mechanisms acting in series: £ = L
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e0 = Nb Lv

Intrinsic Strain Rate Sensitivity,

Measures the rate of attempts to jump the barrier, times the
strain produced by a successful attempt

with N = density of mobile dislocations involved in the
thermal fluctuation

b = Burgers vector
L = distance covered in the thermal fluctuation
v = frequency of jump attempts

e0 is largely independent of T and T

k = Boltzmann constant (1.38 E-23 J/K , 8.62 E-5 eV/K)

The free energy of activation AG is not directly measurable, but is thermodynamically
linked to AH, the experimentally derived enthalpy of activation, by

AG = AH - T AS

where the entropy is defined as

AS - -
dT'x

In practice, the entropy during activation AS is essentially due to the temperature depend-
ence of the shear modulus |i(T)

u(T) « u0 (1-aT)

with a = 2.8 E-04 K"1 for iron and steel.

It can generally be assumed that the long range, internal stress field is proportional to the
shear modulus; this 'athermal', i.e. thermally un-activated component, is thus expressed
here as

T ( 7 ) = i o ( l - a 7 ) (6)
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An effective shear stress for the thermally-activated part of the plastic flow can be defined
as

(7)

This is illustrated by the bottom part of Figure 15, for the uniaxial lower yield stress of FE
E 460, a normalized, German reference structural steel [72].

For any fundamental investigation of flow mechanisms, it is obviously vital to properly
separate the athermal component; as shown by the Figure, this can be accomplished by
tests at sufficiently elevated temperature. But even in the present engineering context, it
has been found important, not only to do the separation, but also to examine the
thermally-activated contribution(s) at the light of relevant defect-dislocation interaction
models. Reasonable semi-empirical fits to yield stress data can be obtained with the

lumped expression x(T>i) = x [ kT )n(—)]"" [73]; but this is not suitable to

unravel some key, albeit generally ignored subtleties of irradiation effects on RPV steels.

An important thermodynamical quantity is the 'Activation Volume', defined as

y ( } j

It is a measure of the actual volume within which thermally-activated work is done; it is
directly related to the spacing between obstacles.

For a single activated mechanism, assuming - most reasonably - the mobile dislocation
density to be unaffected by the stress, it has been shown that

V

A* does

AH(x

;«> -

generally not

•v:

depend on temp

(8)

(9)

Thus, the activation volume VA* and activation enthalpy AH can be determined from tests
at two strain rates in function of temperature. This approach is suited to the surveillance
context.

The activation enthalpy and activation volume can be compared to the predictions of
various models for the kinetics of dislocation motion. This allows to decide which energy
barrier is applicable, and what types of obstacles are responsible for the strain rate and
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temperature sensitivity of the material. The activation volume can be measured the most
easily and accurately by a differential method (change the strain rate at constant tempera-
ture and observe the stress); it is the most sensitive indicator to distinguish between
competing models.

Peierls Mechanism and the Dorn-Rainak Model.

In this work, it is accepted that the Peierls mechanism [74] - eventually perturbed - is
responsible for the entire thermally-activated part of the flow stress for unirradiated b.c.c.
lattices, including RPV steels. We do not consider deformation at very high strain rate
( >3000 s"1 ) , i.e. phonon friction, ...

The experiments are represented by a single rate-controlling mechanism [equation (5)],
involving only lattice hardening, i.e. the intrinsic lattice resistance to the movement of
dislocations.

In pure metals, such as a-iron, this simply entails the jumping of screw dislocations over
the energy hills associated to close-packed atomic rows (TEM morphologies suggest that
edge dislocations play a minor role).

Alloying generates localized strain centres (tetragonal or spherical) which perturb the
Peierls barrier, and result in solid solution softening and strengthening. This is accounted
for most easily in the interpretation of the Peierls' mechanism offered by the Dorn-Rajnak
model [75], as adopted herein.

In this model, a straight dislocation line lying (at its lowest energy) in a potential valley
parallel to the closest atom packing lines on the slip plane, can be moved forward to the
next valley by applying a shear stress whose maximum value, i.e. at 0°K, is equal to - by
definition - the Peierls' stress TP. Above 0 K, the effective stress x* is less than xP, as the
assistance of thermal fluctuations allows to more easily overcome the Peierls hill: they
cause the dislocation to vibrate about its mean position; eventually, it will break into two
partial kinks of energy sufficient to jump over the barrier ('Double-kink' mechanism).

Under some simplifying, albeit reasonable assumptions5, it is found that the effective

stress T*(7',e) needed for the dislocation to surmount the stress hill by formation and
motion of double kinks can be expressed as

(10)

where Un 'saddle-point' free energy for nucleation of a pair of kinks
Uk energy of an isolated kink

In particular: - Mobile dislocation density is unaffected by stress
- Effect of interstitials on kink velocity negligible
- No initiation of twinning
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The function *F is 'universal', at least for pure b.c.c. crystals (Fe, Mo, Cr, Ta, V, W...), in
the sense that it is little affected by the exact shape of the Peierls hill and depends
exclusively on the physical features of atomic bonding. The difference between metals is
entirely reflected by their different Peierls stress xP and different 'activation energy' 2Uk -
the maximum energy achievable by the double kink process (0.5 - 0.9 eV).

Various Peierls lattice energy barriers of different shape are considered in literature:
sinusoidal, parabolic, camel-hump, broken bond, ... A completely analytical solution in

closed form only exists for the quasi-parabolic case [761: __JL « ( )2 .
2U

We could fit the numerical results for other cases - to extremely high precision - using a
'generic' expression

n _ ri _ / l \m-\m

where m, m': constants.

The transform, directly applicable to evaluate surveillance data:

U - ,
T
x - ri _

has been used to compare some of the plausible shapes, Figure 16. We have added an
empirical representation by Smidt [77], and re-written the equation in the previous
notations i.e. as:

(11)

where Gc denotes the activation energy.

An early linear representation introduced by Conrad [78] corresponds to m=m'=l.

Also shown on Fig. 16 is the barrier developed by Fleischer ([79]-[81]) for a quite
distinct, yet also thermally-activated process: hardening by tetragonal lattice distortions,
such as induced by irradiation (e.g. [82]), or possibly by interstitial atomic defects (solid
solution hardening). This may be the proper explanation for the strength of some b.c.c.
metals at low temperature (for ex., iron containing carbon). At PWR irradiation tempera-
tures, it is generally accepted that the defects introduced by service exposure can be
represented as long range obstacles causing an increase of the athermal part of the flow
stress; yet, in two cases so far (a German steel and the Doel-1,11 Soudotenax base metals),
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we have found indication of shorter range irradiation-induced defects, tentatively
depictable by the Fleischer barrier. This could be detected only because yield strength
data covered a sufficiently broad range of temperature, at two strain rates. Work is in
progress to confirm such preliminary findings - possibly traceable to the so-called "matrix
damage".

For one unirradiated steel, the one examined on Fig. 15, the Fleischer model seems to fit
the experiments better than the Dora-Rajnak model, for which some deviations are seen at
small effective stress x*. This is a difficult range, where separation of the athermal
component can easily conduce to error; a range also where competing mechanisms may
play a role. These could entail the dragging force exerted by interstitial atoms on the
moving dislocations, or the recombination of sessile dissociated screw dislocations [83], or
the process of intersection of dislocations - suggested for f.c.c. metals (where the Peierls
hills are very low).

However, all the other data examined to firm-up the formulation finally adopted for the
Dorn-Rajnak model (a perturbed sinusoidal barrier corresponding to a parameter a [75] of
-1) are most satisfactorily represented, without a need to evoke any other mechanism than
double kink nucleation at the Peierls barrier, or transverse slip of the kinks, a competing
effect also described by (10) [replacing 2Uk by Ura, the migration energy for kink
migration]. This amounts to say that (11) is applicable to RPV steels provided xp and Gc

be changed from their values for pure iron, and treated as variables depending on the
steel's microstructure and composition. A few such fits are exemplified by Fig. 17. All
data stem from tensile tests at a variety of strain rates, except in the last case of the
Doel-4 base metal, where the high strain rate measurements were obtained by means of the
instrumented Cv notch impact test. Incidentally, it can be seen that alloying does strongly
influence the athermal component of the flow, as expected; it also affects the
thermally-activated part.

It must be mentioned that another interpretation of the Peierls-Nabarro stress has been
proposed by Armstrong [84], aimed at relating the Petch "friction" stress to the thermal
activation rate equation. This approach has not been retained; it is not easily amenable to
direct validation in a dislocation dynamics perspective tailored to our purposes. We have
also examined, and abandoned the representation of Yaroshevich and Ryvkina [85], based

on the graphical differentiation of thein(I) measurements. This hadgivem (J5L) = _ W ( T _ T ) = -mx*

i.e. an exponential dependency x* - T * e-m [similar to Armstrong]. This form has been

used by some authors (e.g. [86] [87]), but does not fit well some recent, careful experi-
ments; also, the activation energies corresponding to m are offly low, and activation
volumes are poorly represented. We concluded that an exponential behaviour is only
approximate, and is incorrect for small x*.
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The final equation for the flow stress, (applied in particular on Figures 15 and 17), can
now be obtained by combining equations (5), (6), (7) and (11):

(12)

Note that equation (12) assumes that H = G in (11). A more exact form of the equation is
actually used, in which the entropy is accounted for by the temperature dependence of the
shear modulus u(T).

The stress calculated by means of Equation (12) can be plotted, either relatively to the
temperature, e.g. see top of Figure 15, or relatively to the activation enthalpy (energy),
bottom of Figure 15 and Figure 17. The strain rate - temperature sensitivity is lumped into
the activation energy (enthalpy) parameter

(13)

which brings together into a single trend all experimental data at the various strain rates.
The Peierls' component vanishes at H= Hc, the "Activation Energy". To this does corre-
spond a critical temperature above which the measurements provide the athermal stress
component.

The present work suggests that strain rate effects on fracture toughness cannot be
anticipated to correlate to the material's yield strength alone, as proposed by Barsom [88],
nor to Aay/ay alone [89]. Also, the existence of a fundamental correlation between the
intrinsic strain rate sensitivity £ and the free energy in (5) has been evidenced by our
scrutiny of literature data for binary iron-based alloys; this, too, bears on the toughness
strain rate sensitivity. Further elaboration of these points will be left to future papers.

Combination of C Impact and Static Tensile Tests.

It is useful at this time to specify further the relationship between the general yield load
TGy and the uniaxial tensile stress oy. The general yield load *PGy for a notched specimen
tested in three or four point bending can be related to the uniaxial yield stress ay by
considering slip-line field solutions [90] for the form of the plane strain plastic zone below
the notch. A number of papers have dealt with this question [91]-[93]. The Constraint
Factor qg is defined as the ratio of the general yield load for the notched bar to the load
causing general yielding of an un-notched specimen of same cross-sectional area (tested at
the same strain rate as existing below the notch). Note that g> refers to the applied load,
hence to the applied mean stress required for yielding all across the notched cross section.
This differs from the Plastic Stress Concentration Factor K^ [eq. (2)], which, by contrast,
is defined as the ratio of the maximum tensile stress below the notch root, to the tensile
stress of an un-notched specimen (again at same strain rate, ...; see also [47] p.300).
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Typically, K^ is of the order of 2.5, while g> is about 1.3.

For an ASTM type A Cv notch impact specimen (three-point bending), the constraint
factor c£ depends on the tup indenter width [93]:

c£= 1.363 ASTME23
eg =1.274 DIN 50115

while for the same specimen subject to pure (four-point) bending:
g>= 1.261 (essentially independent on the notch shape).

The bending moment MGy in three- or four- point bending is given by

MGy = | (W-af B xy

and this is equal to TGy/2 times the bending arm S/2

where w
a
W-a =
B
Ty
Q

Specimen width
Notch depth
Ligament below the notch
Specimen thickness
Shear yield stress
Loading span (For Cv testing: S/W= 4).

Thus, the general yield load IPGy (kN) and the shear yield stress xy (MPa) are related as
follows:

(14)

and the tensile yield stress ay can be inferred from xy using either a Tresca or Von Mises
yield criterion:

Tresca : o y= 2xy (14.a)

Von Mises: ay = V3 xy (14.b)

It has been our practice to scale the entire Cv load diagram according to (14), in order to
allow its evaluation in combination with uniaxial static tensile test data. We have found
that a criterion midway between the above ones provides best overall consistency. On
another hand, no effort has been made to assess a constraint factor strictly applicable to
the maximum load: the factor used at general yield has simply been assumed valid at
larger deflections; by doing so, no difference has been found, in general, between the
static ultimate tensile strength and the corresponding dynamic Cv maximum stress in the
temperature range governed by the athermal component of the plastic flow; of course,
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differences occur in the range of strain rate sensitivity. This observation encourages one to
think that the strain rate sensitivity of the work hardening coefficient (N in the
Ramberg-Osgood relation) can be estimated from comparison of Cv Impact to Static
Tensile data; this feature is relevant to the development of our "Modified RKR Model".

Extensive attention has been devoted at scrutinizing the procedure to establish Cv load
diagrams to accuracies suitable for engineering, surveillance applications. Various testing
installations have been directly or indirectly intercompared. A particular concern in the
present context was to decide whether sufficiently reliable use could be made of data
recorded with oldier machines, featuring maybe less fast electronics than required by some
modern standards. A favourable conclusion has been reached, which should allow to
reanalyze many PWR surveillance and test reactor experiments along the lines of the
present approach. An example of such quality assurance effort is displayed on Figure 18.
The Figure also summarizes various important features of such diagrams: small scatter,
insensitivity to notch orientation and to hammer geometry, ...

Microcleavage Fracture Stress.

Basically, the Cv load diagram also allows to define the microcleavage fracture stress; the
latter is generally invariant upon all service conditions, unless non- hardening
embrittlement takes place. Figure 19 provides a composite illustration to assist the
subsequent discussion.

The determination of the microscopic fracture stress is important, in the advanced
surveillance perspective of this report, for three reasons:

1) Definition of improved fracture toughness indexation temperature, including
dynamic versus static shifts.

2) Damage modeling.
3) Micromechanically supported experimental definition of Kjc shift and lower

bound for irradiated Klc and KId curves.

Scatter is also associated to the microscopic fracture stress - equal to the microcleavage
fracture stress af* if transgranular cleavage (by slip or twinning) is the governing brittle
failure mode. It is generally accepted that af* is independent of test temperature, strain rate
and irradiation embrittlement: the usual argument is that it relates to quite large, and stable
microstructural features (grain boundary carbides, bainitic lath substructure, ...).

Nevertheless, even from a microscopic viewpoint, af* (microcleavage) is of a statistical
nature; it does not characterize a single step process, like breaking the bond between two
atoms, but a succession of at least two, uncorrelated events , such as initiation of a
microcrack in a brittle particle, and its further propagation across a boundary - whose
orientation is random, favourable or not (see for ex. [94]).

In any event, any useful measurement of af* is macroscopic and its result has a statistical
distribution, function of the microstructure and of the stress field in the vicinity of stress
concentrators: a blunt notch or a sharp crack do "sample" differently the size and space
distribution of fracture-initiating particles and thus will not lead to the same mean value,
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as can be grasped easily by a glance at Figure 20. The stress needed to crack a particle is
inversely proportional to the square root of its size, and the microcleavage fracture stress
is the statistical mean of the critical tensile stress with respect to the cleavage fracture
probability. The uniaxial tensile test in particular tends to reflect the strength of the largest
"eligible" feature, while a sharp precrack can trigger some of the more numerous, smaller
particles whose strength is matched at some point during loading. All this is well known
[20]-[25].

Although the mean microscopic fracture stress defines the magnitude of the "mean"
fracture toughness, its scatter does not normally govern the toughness lower bound. This is
illustrated by Figure 21, using normalized, two-parameter Weibull plots. The Weibull m
parameter, which describes the scatter, generally ranges from about 10 to 60 for the
microscopic fracture stress, while its theoretical value is 4 for KIc and 2 for COD (or Jc).
It is the initiation site location, and thus the "Critical Activated Volume" V*, which
controls the scatter of the fracture toughness and its lower bound.

Returning to Fig. 19, upper insert, it might seem that af* is quite exactly defined by
equation (2) applied at TD or T,. Actually, the scatter is hidden and would appear if the
equation had also been applied below TD, using the appropriate plastic concentration

factor, in function of a
m a x / o (extrapolating the denominator below TD, by means

yy y\T,t
of the Dorn-Rajnak model). The values of af at Tj can also be derived from [31] [47] :

(15)

where: E = total absorbed Cv energy (J)
PGy = general yield stress (MPa)
g = fitting constant

This is illustrated by the lower insert of Fig. 19, and the result is in good agreement with
the direct application of (2) at Tj. However, insofar as no effect of irradiation, anneal, ... is
detected for the considered steel, the scatter is now accounted for by consideration of an
ensemble of Cv curves, rather than a single one, so that confidence in the mean value
obtained for af* is significantly enhanced.

It must nevertheless be reminded that the current Belgian R&D approach does also
consider a number of static tests at or below TD to allow unravelling, through a
Weibull-type plot, whether the fracture is purely transgranular and unimodal (if not, to find
what value of af* should apply to each mode). An example involving admixture of
intergranular fracture is described in [95]. In other instances, a small population of
manganese sulfides ([96], [97]) in presence of a large population of cracked carbides may
govern the lower bound. This is why SEM measurements on fracture surfaces are deemed
most important in the RPV surveillance framework, even if specific initiators cannot
always be identified [98],[99].
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Figure 22 compiles a number of microcleavage fracture stress measurements for various
steels and specimen geometries (It is fortuituous that the mean values are similar for these
steels). Note that the literature data have been re-evaluated, using in particular the
calculations of Xu et. al. [100] for the Griffiths-Owen [26] specimens. This figure aims at
illustrating the type of approach followed in developing the "Modified RKR Model". Not
only does one address strain rate effects as outlined above, but also the influence of notch
acuity (i.e. notch versus precrack), and of specimen design. The objective is to "recuper-
ate" commercial surveillance data in a more physically-grounded (damage modeling), and
micromechanically-grounded, fracture mechanics perspective.
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5. CONSTRAINT. SIZE AND STRAIN RATE EFFECTS FOR C. NOTCH IMPACT
TEST.

Changing Notch Orientation by Stud Welding of Broken C Remnants.

The reconstitution of broken Cv specimens by the stud welding technique [101] has been
thoroughly and successfully qualified at SCK-CEN over the past decade (e.g. [102],[103]).
Normally, this entails a central insert, 15-20mm long, of the original, "As-received"
material, out of which a new sample is to be fabricated.

The surveillance programs of oldier plants often do exclusively encompass base metal
specimens representative only of the 'strong1, L-T notch orientation, well suited for normal
and upset operation conditions (hoop pressure stresses governing). More recent concerns
with hypothetized accidental occurences, featuring large thermal stresses, have driven the
reconstitution technology towards the challenge of "Notch Reorientation", i.e.: L-T to T-L.

Upon request and with the sponsorship of Yankee Atomic Company, a well documented
demonstration experiment ([103]-[105]) has been realized using the unirradiated plate
HSST-03. The maximum "As-received " volume here is a cube 10x10x10 mm, but original
specimens of both orientations were available and tested, so that four conditions are
represented: see Figure 23. (Some "As-received" MEA data for the same original inventory
agree well with the Mol results). The energy differences among the four conditions are all
traceable to deflection differences before the arrest load, Figure 24; post-arrest deflections
and energies (Fraction C) are invariant. The lateral expansion is also decreased, but to less
an extent, because reflecting deformation effects nearer to the crack plane. Constraints by
the hard welded zones have been well assessed: the local perturbation of the plastic flow
causes the reconstitution losses. On another hand, T-L to L-T differences increase with the
volume fraction of inclusions and are linked to their shape and spacing - all factors which
affect cavity growth and eventual coalescence with the main crack front. In other words,
the four curves on Figure 23 are distinct because tearing and plastic deformation are
differently influenced, either by constraint, or by microstructure; the differences tend to
vanish with decreasing plastic flow capability (hardening), and decreasing inclusion
content for what concerns orientation effects. Thus, one primarily deals here with upper
shelf ductility differences. This should bear no direct relationship with elementary yielding
and work hardening, nor with the microcleavage fracture stress: the Cv load diagram,
fracture appearance and the ductile-brittle transition temperature should essentially not be
influenced. This is exactly what Figure 25 does confirm. This particular type of experi-
ment has been repeated at other occasions, for other RPV steels, with similar results.

Such data are important because they point to a longstanding misconception in litera-
ture, regarding the relation or lack of relation between the Cv test and fracture toughness.
A basic position of this paper is that "Tearing energy (Cy Fraction B)" does not belong to
the realm of structural integrity analysis of a pressure vessel at transition temperature
regimes (below T,).

Figure 25 furthermore implicates that plane strain conditions are essentially realized in
the crack propagation plane of a Cv notch specimen, up to the upper shelf onset tempera-
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ture To.
If advantage is to be taken of ductile stable crack growth in the transition range, a possibly
untracteable mismatch between tearing and cleavage failure criterions can only be avoided
by adequate plastic flow constraint - whether the specimen be notched or precracked.

Based on the above, it was also concluded that the side grooving and precracking of
reconstituted lOxlOxlOmm "As-received" Charpy inserts should remove the interac-
tion of the plastic flow with the hard welded zones, and possibly allow to measure the
plane strain toughness with such minimal inventory of material. To prove the
prediction, a modest, scoping experiment was undertaken in cooperation with B. Neale
(Nuclear Electric, UK). It was decided to use plate HSST-03 specimens from the same
stock as above, and to compare the static initiation fracture toughness at 260°C before (i.e.
full length, normal specimen) and after reconstitution. No difference was indeed observed.

A Preliminary Look at C. Miniaturization.

The load diagram approach has been applied to a scoping experiment using unirradiated
Doel 4 base metal. The ASTM practice was followed for the conventional-size specimens
in the comparison, while miniaturization was done according to the German standard DIN
50115. The details will be reported elsewhere.

It is generally observed that such Cv miniaturization shifts the curves to lower temperature
[106]-[109]. Only this aspect is briefly discussed here.

It can be seen from the load diagrams on Figure 26 that strain rate does play a major role
here. Once accounted for, i.e. turning to an activation energy abscissa, it is remarkable that
no size effect is found insofar as To is concerned, thus supporting its validity as toughness
indexation temperature.

The measurements did not extend to sufficiently low temperature to define TD for the
miniature geometry. However, there is a clear size effect on TI} and it is not due to an
enhanced plastic stress concentration factor in Orowan's relation (2), of course - as this
factor does instead decrease with the size reduction at equal a/W ratio, ... Indeed, referring
to Fig. 22, the miniature specimen would fall somewhere on the steeply ascending branch
of the curves. The stress field is more flat for the small specimen as compared to the large
one; therefore, its mean microscopic fracture stress is smaller. This interpretation is being
verified by finite element calculations.

All in all, the largest effect is the one of strain rate, and its modeling prediction agrees
well with the KWU trend band [108], as shown by Figure 27.
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6. CONCLUSIONS.

Nuclear Regulation relies on the Cv notch impact test for indexation of fracture toughness
degradation of reactor pressure vessel steels upon service exposure.

Yet, it is well known that, from a structural integrity analysis viewpoint, this test suffers a
number of limitations, among which:

1) Governance of propagation energy and arbitrary use of energy "fixes" (e.g. 41J)
2) Strain rate unrepresentative for static initiation conditions
3) Specimen unrepresentatively constrained (as compared to vessel)
4) Shallow notch (rather than pre-crack) as stress concentrator

The most critical deficiency of the current engineering "indexation" approach stems from
item 1) above; this is a serious potential source of mismatch which can cause large
distorsions and faulty safety judgments for certain steels; furthermore, this does unduly
enhance the scatter of predictive chemistry-fluence correlations and associated Regulatory
guides for RPV embrittlement projection.

All these deficiencies can be accounted for along the lines developed in this paper.
Reconstitution technologies allow to re-visit prior surveillance programmes and to
expediently obtain additional experimental data, including KJc, whenever needed for
implementation of the proposed, consolidated surveillance strategy.
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APPENDIX

Equation (4) of the paper can be rationalized as follows.

As is well known, to first approximation, loads scale to the surface under the notch, i.e. to (W-a).B, where
W-a= ligament, and B= thickness; thus, area is proportional to F.

Load change associated to brittle crack propagation is

t>Fbrtek = Fu ~ Fa

Load change associated to ductile crack growth is composed of

- Propagation before max. load: Fm - Fk

- Propagation after max. load: Fm - Fu

- Propagation by lip formation: F,

thus: xf = f + (p - p\ - (F - F \

Shear fracture area is equal to

SFA(%) = [ 1 — * £ * ] x 100
^ + ^

o r SFA(%) = [ 1 «."-,«••-.] X 100

which is identical to (4) if one uses (3) to express F;.

It is obvious from (4) that SFA = 100% only if Fu = F,, which corresponds to the temperature To of Fig. 6,
right-hand side.

On another hand, SFA = 0 requires that Fu-F, = Fm + (Fm-Fi), which is possible in all generality only if:

and Fm = Fu (as there is no ductile initiation at this point)

or, given (3) and the fact that k>0: Fy = Fm = Fn .

This condition corresponds to T,, the ductile initiation temperature (Fig. 6).



Fig. 1 REGULATORY INDEXATION OF FRACTURE TOUGHNESS FOR RPV STEELS
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Fig 3 INGREDIENTS OF IMPROVED RPV FRACTURE TOUGHNESS
SURVEILLANCE STRATEGY FOR BELGIAN POWER PLANTS
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Fig. 4 DUCTILE-BRITTLE TRANSITION
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Fig. 5 A302B PLATE TENSILE YIELD STRENGTH
AFFECTED BY
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Fig. 6 USE OF INSTRUMENTED CHARPY-V LOAD-TIME TRACES
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Fig. 7 Chamv-V Notch Load Diaqram and Enerqv Partitioning
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Fig. 8 Ductile Crack Initiation in Charpy-V Notch Impact Test
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Fig. 9 Magnetic Emission Detection of Crack Initiation
for Charpv-V Notch Impact Test of RPV Steel
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Fig. 10 Correlation of Fracture Appearance
to Instrumented Cv- Impact Load Diaaram
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Fig. 12 Inadequacy of 41 J. Charpy-V Indexation
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Fig. 13 FRACTION B OF LOAD SIGNAL GOVERNS DATA SCATTER
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-14 Cv-Notch Impact Test Evaluation Approach
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Fig. 15 Temperature and Strain Rate Sensitivity of RPV Steel:
Modeling- Based Evaluation Approach
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Fig. 16 Lattice Resistance to Screw Dislocations:
CANDIDATE FLOW-CONTROLLING BARRIERS
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Fig. 17 Application of Dorn-Rainak Model to iron and Selected Steels
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Fig. 18 Quality Assurance for Cv- Impact Load Diagram Procedure
Siemens Research Plate (Reiff et. al. 1991)
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Fig. 19 Brsttleness Temperature T^ and Microcleavage Fracture Stress
for Charpy-V Impact Test
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Fig. 20 Stressed Volume Dependency of Microcleavage Fracture Stress
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Fig. 21 Scatter Sources for Slip-Induced Brittle Cleavaqe Fracture
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22 Influence of Stress-Strain Field Concentration
on Microcieavaqe Fracture Stress
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Fig. 23 DEFORMATION CONSTRAINTS BY HARD WELDED ZONES
AND NOTCH ORIENTATION

CAUSE SIGNIFICANT ENERGY DIFFERENCES IN Cv- IMPACT TEST
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Fig. 24 DEFLECTION GOVERNS Cv~ ENERGY VARIABILITY
DEFLECTION TO MAXIMUM LOAD
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Fig. 25 INVAR1ANCE OF Cv- LOAD DIAGRAM AND FRACTURE APPEARANCE
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26 Load Diagram for Miniaturized Charpy-V Impact Test
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Fig. 27 Strain Rate Effect on Miniaturization of Cv- Notch Impact Test
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