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Abstract: In the context of LWR pressure vessel surveillance, the significance of the
Cv notch impact test, instrumented by strain gages, has been 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, and also constitutes a straightforward
experimental expression of the Davidenkov diagram, by which ductile-brittle transition
temperature (DBTT) shifts are linked to irradiation damage mechanisms. In combination with
static uniaxial tensile tests, it allows quantification of strain rate effects on the yielding and
work hardening capability of the steel. By contrast, the bulk of the absorbed energy and
lateral expansion stems from ductile stable crack growth associated with plastic deformation
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, 41J 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 more reliably by using characteristic temperatures of the load diagram.
The present paper attempts to determine the engineering and Regulatory implications of this
physically-grounded fracture toughness indexation approach.

KEY WORDS: Radiation effects, pressure vessel steel, safety and regulation, surveillance
program, Charpy impact test, tensile test, fracture toughness.

1. Introduction.

The current Regulatory and engineering method to insure the structural integrity of nuclear
reactor pressure vessels (RPVs) relies heavily on the Charpy-V notch (CVN) impact test.
Charpy specimens aimed at being representative of all vessel materials are exposed in
surveillance capsules generally located at some radial distance from the thermal shield
surrounding the reactor core. Such capsules are pulled-out according to a specified schedule
and the specimens are tested in order to verify that the projected end-of-life vessel properties
are as expected. In the last decade or so, concern has emerged for potential hypothetized
accident scenarios not, or insufficiently, addressed by the design safety analysis; in particular,
pressurized thermal shock (PTS) is a threat that has led to additional requirements [1] for the



vessel reference transition nil ductility temperature (RTNDT): in practice, i.e. unless otherwise
justified, this temperature (an engineering definition of DBTT) should not exceed 132°C
(except for circumferential welds); a semi-empirical Regulatory procedure is specified to
relate RTNDT to the temperature at which a given energy is absorbed in the CVN test.
Actually, the "PTS limit" is intended at guaranteeing that the lower bound static initiation
fracture toughness Klc and lower bound arrest toughness KIa of the vessel are adequate at all
times. Nuclear Regulation assumes that, upon service, the fracture toughness curves in
function of test temperature are simply shifted (to a higher temperature) by the same amount
as TT41, the temperature corresponding to a mean absorbed CVN energy of 41 Joules.
Toughness is "indexed" to the CVN impact test only because, until recently, a more direct
experimental determination required compact tension specimens too large for inclusion in
surveillance capsules. This paper aims at further exploring the concept of enhanced LWR-
RPV surveillance strategy proposed and justified in a previous progress report: "RPV Steel
Embrittlement: Damage Modeling and Micromechanics in an Engineering Perspective" [2].
The approach makes extensive use of the information available from strain gages
instrumenting the hammer of modern Charpy machines, and of limited three-point slow-bend
fracture toughness tests using precracked CVN specimens reconstituted from the surveillance
remnants.

2. CVN- Load Diagram, Fracture Toughness Indexation Temperatures, Davidenkov
Diagram.

The main features of direct fundamental relevance embodied by the instrumented CVN
impact test are contained in the temperature dependency of the characteristic loads : yield,
maximum, brittle initiation and arrest loads, as shown by Figures La) and l.b). The CVN
load-temperature diagram does in fact provide a rather straightforward, albeit approximate
experimental expression of the Davidenkov diagram, by which DBTT shifts AT: are linked
to matrix hardening: this is illustrated by Figures l.c) and l.d) for the case of irradiation-
induced embrittlement. In the considered example, the microcleavage fracture stress is not
significantly affected by the reactor exposure, i.e. the intersection of maximum and yield loads
remains essentially unchanged, and one has:

AT, = K Ao y (1)

where Aay (MPa) is the dynamic yield stress increase;

K (°C/MPa) is a proportionality factor depending on unirradiated properties
and on the irradiation effect on the strain hardening; it is not strictly constant,
but lies generally in the range 0.5-0.6 for PWR exposure (260- 300°C).

A more complicated expression must be used in presence of any admixture of intergranular
fracture (decrease of microscopic fracture stress), but this has not been observed for the steels
investigated herein. Furthermore, whenever hardening stems from long range obstacles (such
as copper precipitates), static and dynamic yield stress increases are equal. It has been
previously shown also [2] that the tensile and CVN flow stresses can easily be related, as
further illustrated below. This is why we convert loads into stresses when establishing the
diagrams such as the ones on Figures l.b) and l.d).



The present emphasis is to determine the engineering and Regulatory significance of the
physically- grounded fracture toughness indexation approach based on the simultaneous
consideration of the load diagram and fracture appearance data recorded by the instrumented
Charpy-V notch impact test. Figure 2 is a reminder of the basic definition of two
complementary, practicable measures of the dynamic ductile-brittle transition temperature
(DBTT): the ductile initiation temperature Tj and the onset temperature of the CVN upper
shelf, To . The figure also suggests that FATT, the 50% fracture appearance transition
temperature, may as well offer an approximately valid engineering index. This is often true,
but sometimes is too conservative; this constitutes a crude, albeit reasonable approximation
for the present scoping purposes. It is interesting to note that the proportionality factor K in
relation (1) is similar (0.63) for the Pellini drop weight NDT [3] and the CVN- FATT shifts.

It is important to emphasize again that the Davidenkov diagram must be interpreted and
applied [2] in terms of the ductile initiation temperature T t , as distinct from the "brittleness
temperature" of earlier textbooks and publications on the topic. This is the main reason why
the simplified proportionality of relation (1) is affected by any modification of strain
hardening capability (a factor usually ignored in literature).

3. Quality Assurance of CVN- Load Diagram and Energy Partitioning.

A systematic quality assurance program has been conducted at SCK-CEN in order to verify
the accuracy of the load diagram procedure. Some of the results for the yield and maximum
loads are illustrated on Figure 3; such data provide the input needed to estimate the static and
dynamic fracture toughness by means of a micromechanical model under final development.
By contrast to the absorbed energy, the diagram, as well as the related fracture appearance
(Figure 2) is insensitive to hammer geometry, to reconstitution and, generally, to notch
orientation. The scatter is usually small for the yield and maximum loads, which reflect the
dynamic flow properties, but can be quite large for the brittle initiation and arrest loads, for
reasons discussed elsewhere [2].

As indicated by Figure l.b), three main energy fractions A, B and C can be associated to the
load diagram [2]. These fractions correspond respectively to ductile crack initiation, ductile
propagation (tearing) and arrest of the fast running crack. More exactly, local ductile initiation
takes place somewhat before maximum load, point i on Figure La), while a crack front
extending laterally to the specimen edges is formed at maximum load. Nearly plane strain
conditions tend to prevail up to maximum load; beyond the arrest load, shear lips form under
plane stress conditions. Thus, the energy fractions represent physically distinct processes and
can be differently affected by irradiation; furthermore, only 10-15 J. are needed to cause
ductile initiation and Klc indexing to a level of 41 J. is clearly a quite arbitrary procedure.

The CVN analysis approach developed at SCK-CEN is illustrated by Figure 4. The typical
loads and deflections are first fitted in parallel to the shear fracture appearance. Next, the
parameters used in order to fit the energy and lateral expansion data are constrained to be
physically consistent with the previous ones: an iterative solution is searched. The physically
grounded requirement for overall consistency may sometimes result in a fit for a specific
parameter to be less ideal than if the parameter was evaluated in isolation: departures
exceeding uncertainties are treated as clues, either to improve the evaluation, or to detect
eventual experimental or clerical biases. This sophisticated method is useful for some



applications: for instance, CVN reconstitution with notch re-orientation L-T to T-L [4], aimed
at checking the Regulatory requirement that the CVN Upper Shelf Energy (USE) exceeds 68
J. [5] (oldier surveillance programs do not always include weak orientation T-L specimens).
Also, energy, deflection and lateral expansion data are useful for micromechanical modeling
of upper shelf fracture toughness; however, these are not relevant for the lower shelf and
lower transition ranges (< 200 MPa Vm), and therefore, the evaluation does most often
concentrate on loads and shear, as illustrated by Figure 2.

It has previously been demonstrated [2] that CVN loads and shear fracture appearance are
physically correlated by the equation (Figure 2):

SFA (%)= [l-CP.-PJ/CP.+kCP.-Po,))] xlOO (2)

The value of k depends on the load at which one has local ductile initiation (point i , Figure
La)). The ESIS/TC5 draft standard [6] proposes, in its annex 5, four equations, (1) to (4),
aimed at relating shear and loads; ESIS equations (1) to (3) have the form of our equation (2)
above, the only difference being the value adopted for k:

ESIS eq. (1): k=0 Initiation at maximum load
ESIS eq. (2): k=l Initiation at general yield load
ESIS eq. (3): k=0.5 Initiation at load equal to (Pm+PGy)/2

The fourth ESIS equation is more complicated and its physical justification is unknown to us.

A large array of SFA and load diagram data has been compiled at SCK-CEN; a subset of
more than 100 home data, encompassing unirradiated and irradiated base and weld metals
tested with both DIN and ASTM tups, is used on Figure 5 with a view to statistically test the
performance of the four ESIS equations; all the shear fracture appearances on this Figure have
been carefully measured by planimetry. The conclusion is that our equation (2) above in
which k=0.5 is the most accurate. This agrees well with our previous experiments and FEM
considerations [2].

4. Uncertainties of Regulatory Indexing of Fracture Toughness.

Uncertainties of the correlation between the irradiation-induced shift of the static initiation
fracture toughness Kjc and the 41J. CVN shift have been investigated by various authors. In
an overview perspective, the results seem at first glance contradictory [7], and the scatter is
large. Figure 6 shows our own re-evaluation of a significant number of published data [8]-
[12], mostly obtained by irradiation of C-T specimens in test reactors. The "master curve"
methodology proposed by Wallin [13] has been systematically applied. It is seen that the 41 J.
shift tends to underestimate the static toughness shift for base metals while the reverse is true
for weld metals; this is consistent with Hiser's earlier findings [14]. This unsatisfactory
situation stems from two main causes:

1) Strain rate difference
2) Inadequacy of 41 J. indexing level [2][15].

It has long been known that the strain rate effect on fracture toughness depends on the tensile



yield strength - more specifically, on the relative importance of Peierls-type, short range, and
of longer range, "athermal" obstacles to dislocation movement [2]. Generally, irradiation
increases the athermal part of the flow stress, most noticeably by the production of fine scale,
copper rich precipitates (CRP) in the matrix.([15],[16],[17]); the difference between dynamic
and static yields, as recorded by the load diagram- e.g. Figure 7- decreases and this reduces
the temperature shift between KIcand KM ([2][12]). The overall effect, for a toughness level
of 100 MPaVm, is illustrated by Figure 8. The general trend proposed two decades ago by
Barsom [18] is found to apply, across-the-board; the scatter is large, because work hardening
and the microcleavage fracture stress - thus, the transition temperature (Tj) -play also some
role [19] and this has been neglected in the plot. On another hand, the ASME code [20], to
which Nuclear Regulation refers [5], fully ignores the strain rate effect, i.e. assumes an unique
lower bound for KId and KIa, separated from the lower bound Klc curve by a temperature
difference depending only on the toughness level, irrespective of the irradiation-induced
increase of yield strength.

The second reason for the trends displayed by Figure 6 is the arbitrariness of the 41 J.
indexing level. The basic explanation is offered by Figure 9, taken from and explained in
reference [15]. Control of the 41 J. energy level "shifts", upon irradiation, from the nearly
plane strain, premaximum energy (fraction A + LSE, lower shelf energy [2]), to the largely
unrelated post-arrest, plane stress energy (fraction C): the transition temperature for fraction
C (and B) is always significantly larger than for fraction A. This effect depends on the shelf
energy level and the transition temperature of fraction B, a fraction generally the most
affected by irradiation [15] (and also mainly responsible for L-T versus T-L differences in
base metals ([4],[21]). The effect tends to be larger for welds with lower CVN upper shelf
energy and to even exceed the compensating role of the strain rate difference, especially at
the larger yield strengths. This is the reason why no simple "rule-of-thumb" nor unique
engineering correlation can be forwarded and why, instead, a micromechanics-based modeling
approach is being developed.

5. Methodology to Estimate the Regulatory Implications of the Proposed Fracture
Toughness Indexing Approach.

The logics followed in this scoping examination is to bring together

0.63 A cy

AFATT
Damage Modeling

The purpose is to try quantifying, to first approximation, the influence- if any- of a physi-
cally-grounded definition of DBTT shifts in terms of metallurgical embrittlement trend curves.
This is done by comparing to the more empirical, Regulatory correlations [22] of the "engin-
eering" shifts ATT41. It will be seen that the influence is large, in many respects.

Damage modeling as used here [15] is based on dispersed barrier hardening and is applicable
in absence of intergranular fracture. It considers the separate contributions of copper rich
precipitates and of two other defect mechanisms whose microstructural origin is presently
unknown (so that we label them simply: 2 and 2A). All modeling predictions herein are



entirely based on damage kinetics and annealing parameters derived solely from the fits of the
A302-B data on Figure 10, and from isothermal Vickers anneals of the Yankee surveillance
plate exposed in accelerated BR3 capsules. The copper precipitation contribution is calculated
using the Fisher model [17]. This very simple approach is currently being upgraded and
generalized, but nevertheless is quite performant already, insofar as MnNiMo steels are
concerned. For instance, it does predict reasonably well also the Chooz-A surveillance data
[3], and a number of other well-documented experiments.

6. Outliers .

Figure 11 exemplifies a steel displaying a clear-cut outlier behavior: the Yankee/BR3
surveillance plate [15]. This material features a chemistry very similar to the one of the
ASTM A302-B reference plate [23], but its prior austenite grain size is coarser, due to a
higher austenitization temperature. Dedicated test reactor experiments on specially heat-treated
surrogate melts [24] failed to reveal any role of the microstructure in causing the anomal-
ously large 41J. shift, upper part of Figure 11. The lower part of the same Figure shows that
the FATT- shift of the Yankee plate remains within the scatter range characteristic of the
reference plate [25], while Figure 10 establishes that the hardening of both plates is essentially
the same. According to Figure l.c), the embrittlement of the two materials should thus be
similar; this is confirmed by a detailed investigation of the load diagrams ([15] and
unpublished work): in particular, the microcleavage fracture stresses are also the same, within
uncertainties, and this is consistent with careful SEM examination (no intergranular fracture).
Figure 9 explains the anomaly.

Another documented instance of outlier behavior is offered by the Doel-I,-II welds [26].

7. Conservatism of Regulatory RPV Embrittlement Trend Curves

The approach of §5 has been applied to examine upper bound shifts for the U.S. data base
relative to the Linde-80, low upper shelf energy, welds [27]. This is because, from a
chronological viewpoint, the indexing problem was first revealed for Linde 80 welds in the
frame of the accelerated irradiation program in support of the wet anneal of the BR3 vessel
[28]. This plant is being decommissioned and the vessel will be sampled in the near future,
with a view to provide a direct, "real-world" demonstration of the present enhanced
surveillance strategy.

On Figure 12, Linde 80 weld W8A is compared to Linde 0091 weld W9A. The chemistries
of these two materials [8] differ primarily for what concerns their silicon, and to less a degree,
their carbon content; the upper shelf energy is significantly less for the Linde 80 than for the
Linde 0091 weld. The chemistry factor of USNRC Regulatory Guide 1.99 Revision 2 [22]
depends only on copper and nickel contents (and is larger for welds than for base metals). The
41J. shift predicted for these welds is about the same, in contrast with the experimental data:
Figure 12.a). What happens ? Here again, indexing is the culprit, as shown by Figures 12.b)
and c). Note that after annealing (not illustrated here), the fracture toughness of W8A remains
the same as the toughness of W9A, confirming that damage mechanisms and their
importances are the same for both welds. The model curves on figures 12.b), 12.c) are derived
from the strengthening predictions considering only the difference of copper content with



respect to the A302-B reference plate (Ni= 0.2%). This means that, as in reference [15], no
difference is found between weld and plate, nor can any significant nickel influence be
detected (Ni<0.7%). This drastic departure from current Regulatory trends [22] is due to the
fact that the 41J. index can be unduly influenced, i.e. biased, by tearing-related energy, even
for steels that are not strong outliers in the sense of Figure 11. Note that the factor K,
equation (1), is 0.70 for the static toughness transition temperature shift at lOOMPaVm, Figure
12.c), while the value for the FATT-shift is 0.63, Figure 12.b); the strain rate effect is thus
modest in this case. The scatter of static toughness shift data is larger than the scatter of
CVN-based data.

Exactly the same calculations have been done [15] for the entire data base of Linde 80 welds,
and lead to the very same conclusions: no influence of product form nor of nickel content,
only copper seems to play a role. Even more important, it is seen on Figure 13 that the
modeling -based upper bound static fracture toughness shift is considerably less than
according to Regulation. Accepting a generic RTNDT value of -32°C (0°F) for unirradiated
Linde 80 welds, the model indicates that the PTS limit (screening criterion) for axial welds
is not attained during the life of existing vessels containing such type of weld; also, heatup
and cooldown pressure-temperature limits could be significantly relaxed, which would allow
important operation cost savings in some plants. Finally, there are good reasons to believe that
the unirradiated toughness is often superior to the one defined on a generic basis, due to
another oddity of current Regulation: CVN- governance versus Pellini for a number of steels.

8. Conclusions.

Arbitrary definition of transition temperature (41J. index) can cause the behavior of certain
steels to appear "outlier" (Yankee/BR3 plates, some Linde-80 welds, Doel-1,-2 welds,
Palisades surveillance weld,...). Such outliers do significantly contribute to the mismatch and
scatter of embrittlement trend curves based on engineering correlations (mean trend curves
too high, margins too large, chemistry factors distorded, fluence dependency too steep in
range 1-4 El 9 cm-2 >lMeV).

For plants involving outlier steel behavior, or otherwise limited according to current Regula-
tion, it is recommended to implement the "Enhanced RPV Surveillance Strategy" based on
the present Tensile/CVN load-temperature diagram concept and on supplementary fracture
toughness measurements using small precracked specimens reconstituted from broken
surveillance remnants. The technology is available and the basic Regulatory framework for
actual application does exist, pending final adoption of Test Practices and Standards under
consideration at this time. More generally, it is anticipated that this approach, if systematically
applied, will allow to appreciably reduce the uncertainties and conservatism of current RPV
steel surveillance rules and procedures.
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STRESSES

1200

1000

800

too

400

200

SUM* (MP«)

Shur

o

-160 -100 -60 0 SO 100 160 200 260 300 360

1200

1000

800

800

400

200

Streaa (MP«)

Temperature ( C)
-160 -100 -60 0 60 100 160 200 260 300 360

Temperature ( C)

SHEAR ENERGY

Shear(«)

100

80

80

40

20

m / ^ % ' — ' • • •

B

C

A

200

160

100

6 0

n

Energy (J)

J o

B

A

C
O

-160 -100 -60 0 60 100 160 200 260 300 360

Temperature { C)
-160 -100 -60 O 60 100 160 200 260 300 360

Temperature { C)

LATERAL EXPANSION DEFLECTIONS

Lateral Expansion (mm) Dtflectlon (mm)

1 . i t'\ i

B

A

C

9

0.6 •

-160 -100 -60 0 60 100 160 200 260 300 360

Temperature { C)

o

B

A O

-160 -100 -60 0 60 100 160 200 260 300 360

Temperature ( C)

Figure 4. SCK-CEN Procedure for Generalized Evaluation of CVN Impact Test.
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Figure 5. Statistical Evaluation of ESIS Equations to Correlate CVN Load Diagram and
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a) Could 41J Indexing Cause Different Shift
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Figure 12. Biases Caused by Arbitrary CVN-Indexing of Fracture Toughness Are
Illustrated for Two Highly Irradiation-Sensitive RPV Welds.



200
FATT Shift (°C)

100

UPPER BOUND RANGE
REG. GUIDE 1.99 Rev.2

PTS '•'
LIMl"T

• CU: .3- A
@ .2- .3

2 4

Neutron Fluence >1MeV (x1E19 cm-2)

200
Yield-Stress Based Shift (°C)

JPPER BOUND
REG. GUIDE 1.99 Rev.2

K|C -SHIFT
UPPER BOUND
MODELING

• CU: .3- .4
.2- .3

2 4

Neutron Fluence >1MeV (x1E19 cm-2)
Generic, Axial Welds
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