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W. E. Pennell
Oak Ridge National Laboratory

Oak Ridge, TN 37831

Abstract

Large scale fracture mechanics tests have resulted in
the identification of a number of fracture technology issues.
Identification of additional issues has come from the reactor
vessel materials irradiation test program and from reactor
operating experience. This paper provides a review of frac-
ture issues with an emphasis on their potential impact on a
reactor vessel pressurized thermal shock (PTS) analysis.
Mixed mode crack propagation emerges as a major issue, due in
large measure to the poor performance of existing models for
the prediction of ductile tearing. Rectification of ductile
tearing technology deficiencies may require extending the
technology to include a more complete treatment of stress
state and loading history effects. The effect of cladding on
vessel fracture remains uncertain to the point that it is not
possible to determine at this time if the net effect will be
positive or negative. Enhanced fracture toughness for shal-
low flaws has been demonstrated for low strength structural
steels. Demonstration of a similar effect in reactor pres-
sure vessel steels could have a significant beneficial effect
on the probabilistic analysis of reactor vessel fracture.
Further development of existing fracture mechanics models and
concepts is required to meet the special requirements for
fracture evaluation of circumferential flaws in the welds of
ring forged vessels. Fracture technology advances required
to address the issues discussed in this paper are the major
objective for the ongoing Heavy Section Steel Technology
(HSST) program at ORNL.

1. Introduction

Fracture prevention requirements for steel nuclear reactor pressure
vessels in commercial nuclear power stations are defined in Section
10 CFR 50 of the Code of Federal Regulations (Ref. 1). National consensus
standards developed by the American Society of Mechanical Engineers (ASME)
for fracture prevention in nuclear reactor vessels (Refs. 2 & 3) and by the
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American Society for Testing Materials are incorporated into the require-
ments of 10 CFR 50 by reference. Guidance for performing the irradiation
effects evaluation and the pressurized thermal shock. (PTS) safety analyses
required by 10 CFR 50 is provided in Regulatory Guides 1.99 (Ref. 4) and
1.154 (Ref. 5) respectively.

Requirements outlined in the previous paragraph have as their common
objectives (a) assuring that steel reactor vessels are constructed of mate-
rials that will provide an adequate margin of protection against failure by
either brittle fracture or ductile tearing and (b) assuring that the effects
of aging during reactor service do not reduce the fracture prevention mar-
gins below an acceptable level. The aging effect of primary concern is that
produced by irradiation induced hardening and loss of ductility in the
reactor vessel materials. The emphasis in this paper is on the fracture
mechanics technology advances required to more accurately assess the effects
of irradiation aging on pressure vessel fracture prevention margins.

Identification of the need for fracture prevention technology advances
has come from large scale fracture technology validation experiments, mate-
rials irradiation test programs and from nuclear power plant operating
experience. Existing technology for the analysis of mixed mode (cleavage-
tearing) crack propagation has not performed well in predicting the response
of heavy section vessels in pressurized thermal shock tests (Ref. 6). Pre-
dictions of cleavage fracture initiation toughness for heavy section wide-
plate crack-arrest specimens have been significantly less than values
obtained in subsequent tests (Ref. 7). These same tests have produced crack
arrest toughness values significantly in excess of the limiting values
incorporated into the crack arrest toughness curves of Ref. 3. Fracture
toughness tests on beam specimens with varying flaw depths have given indi-
cations of enhanced fracture toughness for shallow flaws (Ref. 8). These
test results indicate a need for further development of some of the basic
elements of existing mixed-mode fracture mechanics technology.

Post-irradiation fracture toughness data have been obtained for the
ASTM A533-B material commonly used in reactor vessel construction (Ref. 9),
low-upper-shelf-weld (LUSW) material found in reactor vessels fabricated by
Babcock and Wilcox (Ref. 10) and for the stainless steel cladding used as a
corrosion protection coating in all pressurized water reactors in the USA
(Ref. 11). Results from tearing tests on the A533-B and LUSW materials show
the anticipated relationship between ductile tearing initiation toughnesses,
.with Jx values for the LUSW material being approximately half those for
A533-B. This well known result is responsible in part for the special
irradiation exposure limitations placed on the subset of reactor vessels
.containing LUSW material. Test data for irradiated cladding material how-
ever show it to have a ductile tearing initiation toughness very similar to
that of LUSW material. The inference of this finding is that the existence
of a coating with low tearing initiation toughness must be considered in the
fracture evaluation of a much broader segment of the reactor vessel popula-
tion. Cladding material, which was frequently neglected as a structural
element in pressure vessel fracture evaluations, must now be considered as a
potential initiation point for ductile tearing.



Operating experience with commercial nuclear power plants serves to
accentuate the need for near term resolution of the reactor vessel fracture
prevention technology issues. The NRC is in process of amending the PTS
rule of 10 CFR 50.61 to be consistent with the requirements of Reg. Guide
1.99 Rev "2. When evaluated in conformance with the amended PTS rule, five
plants are predicted to reach the pressurized thermal shock screening cri-
teria before the end of their licensed life (Ref. 12). Refined PTS analysis
technology may be required in the near term therefore to support a plant-
specific PTS analysis of these plants. Violation of the 50 ft.lb. minimum
allowable Charpy energy requirement of Ref. 1 exists at this time in five
plants, of which four use ring forging construction (Ref. 13). Evaluation
of these plants requires that existing fracture prevention technology, which
was developed to deal primarily with axial flaws in longitudinal weld seams,
be adapted and extended to deal with the special conditions relevant to the
analysis of flaws in circumferential welds.

The intent in this paper is to explore the origin of some of the more
significant fracture technology issues existing today, and indicate the
potential impact their resolution may have on reactor vessel safety analysis
results. Action to resolve these issues is in progress in the HSST program
at ORNL, in companion NRC sponsored R&D programs within the USA and in a
number of foreign national and international programs.

2. Issue Assessment Model Selection

Assessments cf the impact of irradiation damage on reactor pressure
vessel fracture prevention margins are based upon the changes produced by
irradiation in the vessel material Charpy fracture energy curve. Principal
features of the fracture margin assessment process for irradiated reactor
vessels are summarized in Fig. 1. Parameters used in the irradiation damage
assessment are (a) changes in the temperature at which a Charpy impact
energy of 30 ft.lb. is achieved (ARTND.p) and (b) Changes in the Charpy curve
upper-shelf energy (AUSE). Increases in the reference temperature for nil-
ductility-transition (RTNDT) have impact on the cleavage fracture behavior
of the pressure vessel material. These changes influence both the pressure-
temperature limits incorporated into the plant Technical Specifications and
the cleavage crack initiation and arrest properties used in the plant PTS
analysis.

Decreases in the Charpy curve upper-shelf-energy are associated with a
decreased resistance to failure by ductile tearing. This decreased tearing
toughness must also be factored into the plant PTS analysis.

Rules of 10 CFR 50 Appendix G require demonstration "that lower values
of upper shelf energy will provide margins of safety against fracture equiv-
alent to those required by Appendix G of the ASME Code" when the upper-
shelf-energy drops below 50 ft.lb. Specific guidelines for providing the
required demonstration of fracture margin retention are not currently
included in either 10 CFR 50 or the ASME Code. Work is in progress however
within the ASME Section XI Fracture Assessment Committee to determine under
what conditions reactor vessels may be permitted to operate with Charpy
impact energies below the current 50 ft.lb. limit. It is to be anticipated
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1. Summary of the regulatory process used to assure retention of
adequate fracture prevention margins in irradiated reactor pressure
vessels.

therefore that ductile tearing considerations may in the near future be
factored into the definition of the plant P-T limits.

At the present time, the plant PTS evaluation is the only application
of materials irradiation data in a reactor vessel failure margin assessment
in which the effects of irradiation induced changes in both the cleavage
fracture and ductile tearing toughness of the material must be jointly
included in a quantitative manner. This makes the reactor vessel PTS
analysis model an attractive vehicle for assessing the potential impact of
fracture technology uncertainties.

A further reason for selecting the reactor vessel PTS analysis model to
evaluate the effect of uncertainties derives from the nature of the analysis
and the characteristics of the associated flaws. Analysis used to define
the plant P-T limits is based on an assumed I/At flaw. It is to be expected
that the results of this analysis would be little influenced by considera-
tion of surface effects such as those associated with shallow flaws and
cladding. The PTS analysis in contrast requires consideration of a flaw
distribution which includes shallow surface flaws. The PTS analysis model
is thus sensitive to the full range of fracture technology uncertainties.



3. PTS Analyses Model Characteristics

Analysis of the behavior of postulated flaws in irradiated pressure
vessel material during a PTS transient is performed using the OCA-P computer
program (Ref. 14). OCA-P calculates the conditional probability of a
through-wall fracture of the pressure vessel using a given input PTS tran-
sient and a probabilistic definition of the vessel wall flaw population.
Our review of the potential impact of current fracture issues on reactor
vessel fracture prevention margins can be accomplished however without con-
sideration of the probabilistic elements of the OCA-P analysis. Principal
features of the deterministic analysis performed by OCA-P at each time step
throughout the PTS transient are illustrated in Figs. 2 and 3.

Time history definitions of the PTS transient boundary conditions on
the vessel inner surface are input to the program and the resulting tran-
sient through-wall temperature gradients and combined pressure thermal
stress distributions are calculated at selected time intervals throughout
the transient. The calculated through-wall temperature and combined pres-
sure-thermal stress curves for a selected time in the PTS transient are
shown in Fig. 2. The vessel wall stress distribution is used to calculate
crack tip stress intensity factors (Kj) for a range of flaw depths. A plot
of the applied Kj as a function of flaw depth is also shown in Fig. 2.

Irradiation fluence data for a given point in the vessel operating
history is input to OCA-P in the form of a vessel wall fluence profile. The
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Fig. 2. Temperature, stress and fluence profiles in a reactor pressure ves-
sel wall at a given instant in time during a PTS transient with the
associated fracture toughness (Kj and Kj ) and applied stress-
intensity factor (Kj) curves.
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Fig. 3. Critical crack depth curves defined by plotting the locus of crack
initiation and crack-arrest values as a function of time during a
PTS transient.

fluence profile is used in conjunction with material dependent fluence-
ARTNDT c u r v e s t 0 generate a through-wall ART profile. Adding the irradi-
ation induced ART to the initial material NDTQ and subtracting the result
from the local vessel wall temperature gives the quantity T - RT N D T required
to define the point of entry into the material cleavage crack initiation
(Kjc) and crack arrest (Kjfl) curves. Material crack initiation and crack
arrest toughness curves derived in this manner are shown superimposed on the
applied Kj curve in Fig. 2.

Points of intersection of the applied Kj curve with the material Kjc

and Kja curves define the critical crack depths for crack initiation and
arrest at a given point in time during the PTS transient. Note that the
curves of Fig. 2 show two such intersections with the Kj curve, one for
shallow and one for deep flaws. This characteristic of a typical PTS
analysis is responsible for the special interest in fracture technology
issues which could influence the initiation and propagation of surface and
near surface flaws.



Output from the PTS analysis at a given point in time during the tran-
sient is in the form of critical crack depths for cleavage crack initiation
and arrest. These results are extracted from analyses performed at speci-
fied time intervals throughout the transient and plotted to form curves of
time-dependant critical cleavage crack initiation and arrest depths. An
example of the resulting "critical crack depth" curves is given in Fig. 3.

Propagation of a crack initiating from a shallow flaw is indicated by
the broken line in Fig. 3. The crack propagates in a series of cleavage
initiation-arrest events. In the example given, crack propagation is
terminated when the crack propagation path intersects the warm-prestress
curve. This curve defines the point in time for each point through the
thickness of the section at which the calculated crack tip stress intensity
factor reaches its maximum value. Thereafter the calculated Kj falls with
time. Testing has shown that a cleavage crack will not initiate when the
crack tip Kj is decreasing. For the example given in Fig. 3 therefore,
cleavage crack propagation would cease at approximately 33Z penetration of
the vessel wall.

The final step in the PTS analysis is to determine if the arrested
crack is stable. Crack stability is checked by considering two additional
failure modes. These are (a) instability of the remaining ligament under
pressure induced membrane loading and (b) continued crack propagation by
ductile tearing.

In order to assure a realistic assessment of the potential impact of
fracture technology uncertainties, the "Rancho Seco" PTS transient was used
as input to the OCA-P computer program for the generation of critical crack
depth curves. The bulk coolant pressure-temperature history representing
the Ranch Seco transient is shown in Fig. 4. While the critical crack depth

40 60 SO 100

TRANSIENT TIME (mln)
120

Fig. 4. Pressure-temperature time histories used in the fracture-issue
evaluations. This PTS transient is based on an idealization of the
Rancho Seco transient.



diagram produced using the input of Fig. 4 is clearly realistic, it is
important to recognize when considering the evaluation of uncertainties that
this transient is one of a large family of potential PTS transients, some of
which could have significantly differing characteristics.

Critical crack depth curves produced using the Rancho Seco transient
and an end-of-license-period irradiation conditioning are shown in Fig. 5
together with the warm prestress curve and the ligament stability limit. In
this base case analysis result, the fracture window is defined by the seg-
ment of the Kj curve lying to the left of the warm prestress curve. This
is so because a cleavage crack, once initiated, would not encounter the
crack arrest curve before reaching the ligament stability limit. The width
of the fracture window is a useful parameter with which to measure the
potential impact of a fracture technology uncertainty. It is important to
recognize however that the true significance of the fracture window derives
from the segment of the vessel flaw population included within its bounds.
In the case of the base case analysis of Fig. 5 the flaw population between
points A and D on the a/w axis are included in the window.

*
a
X
h-
a.
m
a

o
<
rr
O

1.0

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

LIGAMENT STABILITY

WPS LINE
LOWER
BOUND

iFRACTURE
WINDOW

LOWER
BOUND K,c

20 30 40 50

TRANSIENT TIME (mln)

60 70

Fig. 5. Base case critical crack depth curves and the associated fracture
window obtained using lower-bound Kj and Kj fracture-toughness
input.

Fracture Issue Assessments

Mixed mode crack propagation involves crack initiation, propagation and
arrest in both the cleavage fracture and ductile tearing modes. Uncertain-
ties exist in the analytical models and materials data used in a number of
critical areas of this analysis.



A.I Cleavage Crack Initiation and Arrest

Cleavage crack initiation data obtained from wide plate tests of A533-B
material are summarized in the bar chart of Fig. 6 (Ref. 7). The crack tip
stress intensity factors were calculated using a 3D finite element model
which accurately represented the geometry of the crack tip region. The test
specimen geometry was such that plane strain constraint at the crack tip was
not maintained. It was to be expected therefore that the plane stress frac-
ture initiation toughness (Kc) obtained in these tests would be higher than
the plane strain toughness (Kjc) obtained at the same temperature from small
specimen tests. What was not expected was the magnitude of the K_/Kjc

ratio. The average measured Kc value was converted to an equivalent Kj c

value using Irwin's 6 conversion equation (Eq. 1) as implemented in Ref. 15.

where

Kc = KIc [ 1

Ic

(1)

The resulting equivalent average Kj c value is approximately 60% higher than
the value predicted from small scale plane strain Kj tests.
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Fig. 6. Plane stress cleavage fracture initiation toughness data obtained
from the A533B wide-plate tests expressed as a function of KJ/KJ .

An explanation for the crack initiation fracture toughness discrepancy
described in the previous paragraph is not yet available. It would be
inappropriate at this time to infer a basic increase in crack initiation
fracture toughness for large scale plate specimens. The tests results do



however indicate a need to consider the potential effect of an enhanced
cleavage crack initiation toughness on the response of a reactor pressure
vessel to a PTS transient. In an effort to indicate an upper bound to this
effect, The OCA-P analysis of the Rancho Seco PTS transient was run using a
lo.̂ er bound Kj curve 60% higher than that given in Ref. 3.

•- Cleavage crack arrest data from a number of large scale tests are shown
superimposed on the crack arrest fracture toughness (Kj ) curve of
Section XI of the ASME Boiler and Pressure Vessel Code (Ref. f) in Fig. 7.
These data indicate the lower bound crack arrest _fraoture toughness curve
can bfr extended considerably beyond the 220 MPa«/m limit incorporated into
the curves of Ref; 3. -• "~
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i l
specimen
material.

The data of Fig. 7 were corrected for the effect of crack tip tunnel-
ing, which occurred in some of the tests, and a lower bound curve was
fitted. This enhanced crack arrest curve was used, together with the
enhanced crack initiation toughness curve described above, in an OCA-P
analysis to determine the effect of enhanced cleavage fracture properties on
the reactor vessel response to a PTS transient.

Results from the OCA-P analysis using enhanced fracture toughness pro-
perties are shown superimposed on the base case results in Pig. 8. The
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Fig. 8. Critical crack depth curves incorporating enhanced lower-bound
fracture-toughness input, showing the effect on the width of the
fracture window.

critical crack depth curve for crack initiation, corresponding to the
enhanced Kjc input, is seen to lay to the right and above the base case
curve. The fact that the entire curve lays to the right of the warm pre-
stress line indicates that cleavage crack initiation would not occur for the
transient considered. It is appropriate to note however that the critical
crack depth curves move to the left with increasing irradiation exposure due
to the increasing ARTNDT* This could occur for instance in the event of a
plant life extension. Should this occur, the fact that the enhanced KTc

critical crack depth curve lays above the base case curve could become
important since it would effectively preclude crack initiation from shallow
flaws.

The analysis results summarized in Fig. 8 show no negative effects of
an enhanced cleavage crack initiation toughness. For the PTS transient
analyzed the benefits, if any, of an enhanced Kjc curve would be realized
only in the event of a plant life extension.

Critical crack depth results given in Fig. 8 for the enhanced crack
arrest toughness input show a more immediate benefit. The enhanced lower
bound Kj input has the effect of moving the upper portion of the crack
arrest curve to the right, where it overlaps a portion of the lower bound
crack initiation curve. This overlap has the effect of reducing the width
of the fracture window.

The width of the fracture window is measured in units of time, but the
impact of a reduced fracture window width is evident if one considers its
effect on the population of flaws from which a potential cleavage fracture
failure could initiate. In the base case critical crack depth curves of



Fig. 5, a through-wall cleavage fracture can be initiated from the popula-
tion of initial flaws between points A and D on the crack depth axis. The
enhanced Kj results of Fig. 8 however show that through wall cracks can
initiate only from those segments of the initial flaw population between
points A and B and between points B and C. The segment of the initial flaw
population between points B and C is effectively removed as a source of a
through—wall cleavage fracture.

Reducing the initial flaw population from which a through-wall cleavage
fracture can initiate will act to reduce the predicted failure rate. Other
factors must be considered however before the true value of this reduction
can be assessed. In particular, the introduction into the PTS analysis of
an enhanced cleavage crack initiation toughness for shallow flaws would
serve to accentuate the advantages associated with an enhanced lower bound
Kj a curve. In contrast, consideration of ductile tearing failure modes
could mitigate the advantage, particularly in low-upper-shelf weld material
with low tearing resistance.

4.2 Ductile Tearing

Ductile tearing initiation toughness data for A533-B material and low-
upper shelf weld material are shown in the plots of Fig. 9. These data were
obtained from the test series reported in Refs. 9 and 10. At a temperature
of 200°C the ductile tearing initiation toughness of the low-upper-shelf
weld material is less than half that of A533-B. The reduced tearing initia-
tion toughness of LUSW material makes ductile tearing a credible mechanism
for fracture initiation. An OCA-P analysis was run to determine the range
of flaw depths over which ductile tearing fracture initiation could occur.
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Fig. 9. Ductile tearing initiation-toughness curves (JT ) for A533B, LUS
weld material and cladding in the irradiated condition.



Ductile tearing fracture initiation data (Jjc) of Fig. 9 were converted
to equivalent cleavage crack initiation values for use in the OCA-P computer
program, using the J J C ~

K I C relationship of equation 2 (Ref. 16).

Ic
(2)

Ductile tearing initiation curves generated in this analysis are shown
superimposed on the base case critical crack depth curves in Fig. 10. The
curve for LUSW material dips from an initial value of a/w = 0.36 to an a/w
value of approximately 0.1. The low point in the curve lays to the left of
the warm prestress line and therefore represents a condition in which crack
propagation initiated in a ductile tearing mode could convert to cleavage
fracture.
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Crack initiation and propagation data for a heavy section steel vessel
containing a low-upper-shelf plate insert were obtained in pressurized
thermal shock tests at ORNL (Ref. 6). Results from this test confirm the
ductile tearing crack initiation and mixed mode crack propagation response
potential indicated in Fig. 10. A photograph of the fracture surface from
the PTSE-2 test is shown in Fig. 11. It shows that in the initial tran-
sient, which included a warm prestressing evont, ductile tearing initiated
at the tip of the test flaw (14 mm deep) and extended its depth by approxi-
mately 50Z before converting to cleavage fracture.
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Results discussed above indicate a need to extend the treatment of
ductile tearing behavior in PTS probabilistic fracture analysis models. The
present generation (OCA/USA) of PTS analysis computer programs include an
evaluation of the influence of ductile tearing on the stability of an
arrested cleavage crack, but do not include any representation of ductile
tearing in advance of the initiation of cleavage fracture. PTS analysis
model extension requirements include (a) crack initiation by ductile tearing
and (b) crack propagation by both ductile tearing and tearing conversion to
cleavage fracture.

Tearing dependent ligament stability assessments, in addition to their
role in a mixed mode PTS vessel fracture analysis, are of interest in defin-
ing the bounds within which enhanced cleavage crack arrest data could influ-
ence the PTS analysis result. J-R curve data for representative irradiated
samples of A533-B and LUSW material were extracted from Refs. 9 and 10
respectively. Curves fitted to those data are reproduced in Fig. 12. The
data sets selected were for test temperatures close to 200°C, since this
represents a temperature which could exist near the crack tip when the crack
tip J integral reaches its maximum value.

Validity limits defined by the criteria of ASTM E1152 (Ref. 17) are
shown superimposed on the curves of Fig. 12. In the case of the LUSW
material the curve rises very little beyond the ASTM E1152 validity limit.
The upper bound asymptotic value from the LUSW material curve is therefore a
reasonable value to use for the purpose of defining an upperbound limit of
effectiveness of enhanced cleavage crack arrest toughness in LUSW material.

A curve representing an upper bound limit to the onset of unstable
tearing in LUSW material is shown superimposed on the critical crack depth
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curves in Fig. 10. This curve was generated using a K equivalent upper f
bound Jm value in the OCA-P computer program. The curve is seen to inter-
sect the critical Ky curve at an a/w value of 0.33. The curves of Fig. 8
show the enhanced Kj curve to depart from the base case Kj curve at about
the same a/w value. It appears unlikely therefore that enhanced cleavage
crack arrest data would have any significant effect on the PTS analysis of
reactor vessels containing LUSW material.

A ligament tearing instability analysis for A533-B material, similar to
that described above for the LUSW material, is not currently available. The
nature of the J-R curve for A533-B does not support the use of a simplified
bounding analysis such as was used for the LUSW material. Large scale test-
ing experience has called into question the adequacy of existing ductile
tearing technology for the prediction of ductile tearing crack propagation
to depths of practical interest for a ligament tearing stability analysis. i
The magnitude of the difference between the Jm curves for A533-B and LUSW
material however suggests that the previously discussed advantages deriving
from an enhanced crack arrest fracture toughness could remain valid for the
A533-B material. In that connection, an estimate of the ligament tearing
instability curve for A533-B would be particularly valuable in that it would
define an upper bound for the useful extension of an enhanced KT curve.

4.3 Mixed Mode Crack Propagation

Nowhere are pressure vessel fracture prevention technology issues more
evident than in the analysis of mixed mode crack propagation in circum-
stances involving a significant degree of ductile tearing. Pretest predic-
tions of ductile tearing crack extension in large scale tests have been



substantially in error for tests performed both in the USA and abroad
(Refs. 6 and 18). To date no consistent pattern has emerged from the evalu-
ation of prediction errors. Predictions for the PTSE-2 (Ref. 6) test under-
estimated the amount of ductile crack growth while the opposite was true for
the British spinning cylinder test (Ref. 18).

Results from the PTSE-2 test will serve to illustrate the nature of the
crack growth prediction errors encountered. In the first PTSE-2 test the
pressure-temperature transient was tailored to produce a warm prestressir.g
event after an initial ductile tearing event. The transient started from a
uniform vessel temperature of close to 300°C but the extensive temperature
monitoring instrumentation showed that tearing started when the temperature
was close to 100°C. One would expect therefore that the material J-R curves
for 100°C test temperatures would give the most accurate prediction of tear-
ing behavior in this test.

J-R curves obtained in 100°C tests using material cut from undamaged
segments of the LUS insert after the PTS test, are given in Fig. 13
(Ref. 6). Both deformation J (Jd) and modified J (Jm) formulations were
used to interpret the test data. Calculated crack tip J values were then
used to define the position on the vertical axis for measured crack exten-
sions obtained in the test. It is evident from Fig. 13 that pretest predic-
tions based on either the Jd or Jm versions of the J-R curve will substan-
tially underestimate the amount of tearing actually observed.
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20 25

Fig. 13. Ductile tearing crack-extension data from the PTSE-2 test showing
the discrepancy between measured and predicted results.

There is currently no consensus of opinion on the cause of tearing pre-
diction discrepancies such as those illustrated in Fig. 13. Since tearing
involves considerable plastic flow, a possible influence of the hydro-
static/deviatoric stress ratio suggests itself with both constraint induced
and far-field stress states influencing the magnitude of plastic flow prior



to fracture. Early tube burst tests with varying stress ratios have demon-
strated a strong influence of far-field biaxial stress ratio on plastic flow
prior to fracture (Ref. 19). More recently, analysis of J-R data obtained
from specimens with varying degrees of crack, tip constraint have shown a
relationship between the J-R curve and the constraint induced crack tip
hydrostatic/deviatoric stress ratio (Ref. 20).

1

An element of the PTSE-2 test result of particular interest is the
increase in the crack ductile tearing extension obtained when the specimen
was reloaded after a load reduction for warm prestressing. The reload took
the crack tip calculated J value to slightly above that associated with com-
pletion of the first tearing event. This action produced a second tearing
increment equal to approximately 602 of that produced in the first event.
This result strongly suggests that load history effects may be important in
the prediction of ductile tearing behavior in reactor vessels subjected to
the complex loading history which could be associated with a possible life-
time sequence of PTS events.

A need for further development of the technology for predicting the
ductile tearing and tearing-cleavage fracture response of reactor vessels to
a PTS transient is evident. This need appears to extend beyond the bounds of
the ongoing evaluation of Jd and Jm as parameters for the representation of
material ductile tearing behavior,

4.4 Shallow Cracks

A probabilistic fracture mechanics analysis of potential pressurized
thermal shock events for the H. B. Robinson nuclear plant is reported in
Ref. 21. The distribution of crack initiations obtained in ths analysis of
Ref. 21 is plotted in Fig. 14 as a function of the initial crack depth.
Results summarized in Fig. 14 illustrate the dominant influence of shallow
flaws on the number of crack initiations predicted in a probabilistic PTS
analysis. To a large extent the crack initiation distribution is a reflec-
tion of the assumed initial flaw distribution used in the analysis, in which
shallow flaws are numerically dominant. The results do serve to emphasize
however the potentially significant impact of any fracture mechanics devel-
opment which would influence the material fracture toughness to be asso-
ciated with shallow flaws.

Shallow crack fracture behavior in A36, a low strength structural
steel, has been investigated by W. A. Soren at the University of Kansas
(Ref. 8). The investigation included both elastic-plastic finite element
analysis and CTOD fracture toughness testing of beam specimens containing
both deep (a/w = 0.5) and shallow (a/w = 0.15) cracks.

Results from the analytical portion of the study showed that for shal-
low cracks (a/w < 0.15), the yield zone at fracture extended behind the
crack front to the free surface of the beam specimen, thereby reducing the
level of crack tip constraint. Loss of crack tip constraint is associated
with increased plastic flow and blunting of the crack prior to fracture.
The elastic-plastic analysis results would therefore predict an increased
fracture toughness for shallow cracks.
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Data from the deep crack and shallow crack tests of Ref. 8 are repro-
duced in Fig. 15. The data confirm the lower bound fracture toughness
trends predicted by the elastic-plastic analysis. At a given terptrature,
the CTOD value at fracture for the shallow crack (a/w = 0.15) is approxi-
mately 2.5 times that for a deep crack (a/w = 0.5).

The 31.8mm wide specimens used in the A36 shallow crack tests would
produce plane stress rather than plane strain lateral constraint conditions
at the crack front. The results of Fig. 15 are therefore indicative of an
increase in plane stress fracture toughness with decreasing crack depth. It
appears reasonable to suppose however that a similar trend would be obtained
using test specimen widths associated with plane strain lateral constraint
conditions.

Investigations completed to date provide a clear indication that
enhanced fracture toughness properties are associated with shallow flows in
A36 material. A36 is a low yield strength carbon steel with a relatively
higxi strain hardening exponent (ay = 36 ksi : UTS = 5 8 - 8 0 ksi : e_ =
232). It is appropriate therefore to question the relevance of the shallow
crack trends observed in A36 to quenched and tempered alloy steels such as
A533B, Class 1 (ay = 50 ksi : UTS = 80 - 100 ksi : e = 18Z).

Ongoing shallow crack fracture toughness testing of high strength
A517 quenched and tempered alloy steel plate (ay = 100 ksi : UTS = 115 -
135 ksi, e_ = 14Z) , performed at the University of Kansas under the direc-
tion of Professor S. J. Rolfe, have shown a trend of increasing fracture
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Fig. 15. Shallow flaw CT0D fracture-toughness data for A36 generated by the
University of Kansas (Ref. 16).

toughness with decreasing crack depth compatible with that observed in
A36. Mechanical properties of A36 and A517 straddle those of A533B. It
appears reasonable therefore to anticipate an enhanced fracture toughness
for shallow flaws in A533B material.

An international shallow flaw testing project headed by the Edison
Welding Institute in the USA and the Welding Institute in the UK is



scheduled to produce standardized testing procedures and data interpretation
methods towards the end of 1990. The potential beneficial impact of
enhanced shallow flaw fracture toughness data on the PTS analysis is such
that early application of the shallow flaw testing technology to reactor
pressure vessel steels is planned within the HSST program.

4.5 Cladding

Stainless steel cladding is used as a corrosion protection barrier on
all commercial water cooled reactors licensed by the NRC. Any effect of
cladding which could influence the fracture characteristics of a pressure
vessel wall is therefore of special interest because of the large population
of vessels affected.

Beneficial effects of cladding in providing an insulating layer on the
inside surface of the reactor vessel are included in analysis performed by
the OCA-P program. Potential additional benefits deriving from the concept
of cladding as a tough surface medium producing surface forces which act to
reduce the crack tip stress intensity factor in subsurface flaws or tunnel-
ing cracks (Fig. 16a), have long been recognized. Tests on clad plate have
shown that under certain conditions cladding can act to inhibit the surface
propagation of a fast running cleavage crack (Ref. 22). The tests also
showed however substantial propagation of the cleavage crack by sub-surface
tunneling. It is not clear at this time what net benefit to pressure vessel
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TO REDUCE CRACK
OPENING

REDUCED K|
AT CRACK TIP

(a) POSITIVE CLAD POTENTIAL FOR
SUB-CLAD FLAWS

CLA POTENTIAL TEARING
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LOW J|C

MODE CONVERSION
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INTERFACE MAY BE
INFLUENCED BY
CRACK DYNAMICS

(6) NEGATIVE CLAD POTENTIAL

Fig. 16. Illustration of the potential role of cladding in (a) reducing the
crack tip stress-intensity factor for a submerged or tunneling
crack and (b) acting as a trigger point for initiation of a
tearing/cleavage fracture.



integrity would be derived from the cladding, and the associated toughened
surface layer of vessel plate material, once a fast running cleavage crack
had been initiated in the vessel wall.

Recently reported results on the fracture properties of irradiated
cladding show the cladding to have low resistance to ductile tearing tough-
ness (Ref. 11). A Jj curve for the irradiated cladding is shown super-
imposed on the curves For A533-B and LUSW material in Fig. 9. Jj c proper-
ties of the cladding are seen to be similar to those of LUSW material.

Low ductile tearing toughness in irradiated cladding raises the issue
of cladding as the potential site for tearing initiation of a propagating
flaw. The flaw configuration of concern in connection with cladding initi-
ated tearing is illustrated in Fig. 16b. Tearing in the cladding itself
would be of little importance since the mechanical contribution of the
cladding to the overall pressure vessel wall strength is negligible. The
concern for tearing initiating in the cladding is associated with the pos-
sibility of initiating a fast running crack in the vessel wall material once
the tearing fracture in the cladding reaches the clad—vessel interface.
Beam bending tests on irradiated specimens of clad A533-B have shown that
ductile tearing of the cladding at both in-clad and through-clad flaws can
convert to cleavage fracture once the crack front reaches the reactor vessel
structural material (Refo 23). Additional testing will be required to fully
characterize the tearing and mixed mode crack propagation behavior under the
1 : 1 stress ratio conditions produced by the thermal stress element of the
PTS transient.

It is evident from the discussion above that the issues associated with
cladding are such that it is not possible to predict at this time if their
resolution will have a net positive or negative impact on pressure vessel
fracture prevention margins and failure probabilities.

4.6 Ring Forged Vessels

Ring forged construction eliminates the longitudinal welds in a reactor
pressure vessel and thereby eliminates the welds with the highest pressure
induced stresses which have been the primary focus of attention in the
development of pressure vessel fracture prevention technology as it exists
today. These vessels must however be analyzed to demonstrate compliance
with the fracture prevention Requirements of Ref. 1. Issues arise relative
to the applicability of fracture prevention technology developed for longi-
tudinal welds for application to circumferential welds. Of particular con-
cern are the assumptions and boundary conditions built into the technology
to give a conservative evaluation of longitudinal welds. These same assump-
tions and boundary conditions may not necessarily give a conservative result
when applied to circumferential welds. The need for early resolution of
these issues is accentuated by the fact that 4 out of the 5 reactor vessels
which currently violate the minimum Charpy upper-shelf requirement of Ref. 1
are of ring forged construction (Ref. 13).

A primary concern is the applicability of ductile tearing toughness
data generated under conditions of plane strain constraint, for application
to conditions where the plane strain boundary conditions no longer apply,
and are in fact non conservative. Plane strain, as interpreted in fracture



toughness testing and analysis, translates to zero strain. Ar.ial strains in
a pressure vessel under internal pressure loading are close to zero. Frac-
ture toughness data generated under conditions of plane strain constraint
are thus directly applicable to the fracture analysis of longitudinal flaws
under hoop stress dominated loading.

Loss of plane strain constraint results in a Poisson's Ratio induced
contraction along the crack front and an associated increase in fracture
toughness. In the case of a circumferential crack however the strains
parallel to the crack front produced by the pressure induced hoop loading
are positive. This condition is illustrated in Fig. 17. Since a negative
strain parallel to the crack front has been demonstrated to be associated
with an increase in fracture toughness it appears reasonable to suppose that
a positive strain parallel to the crack front may be associated with a
decrease in fracture toughness.

' D a t a required to resolve the issue of ductile tearing toughness in the
presence of a positive strain parallel to the crack front are not currently
available^ due in large measure to the difficulty of performing the large
scale biaxial fracture toughness tests required for their generation. Cur-
rent investigations of this issue are focused on analysis of existing frac-
ture toughness data obtained under conditions of varying degrees of plane
strain constraint. The objective of this work is to identify a reliable
stress state and/or strain state parameter for correlation with the fracture
toughness data. Once the required correlation parameter is identified and
verified the plan is to use it to extrapolate trends from the existing frac-
ture toughness data base. If this extrapolation indicates a reduced frac-
ture toughness for conditions with a positive strain parallel to the crack
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Fig. 17. Configuration of a circumferential flaw in the weld of a ring-
forged reactor vessel showing positive tensile hoop strains
parallel to the crack front.



front, consideration will be given to performing some large scale explora-
tory fracture toughness tests under biaxial loading conditions representa-
tive of those encountered in the circumferential welds of pressure vessels.

The foregoing discussion of stress/strain state effects on fracture
toughness was focused on the ductile tearing behavior of the material where
the connection between stress state and the strains at fracture is well
established (Ref. 19). Consideration must be given however to the possible
impact of these same parameters on the cleavage fracture behavior of the
material.

An assumption incorporated into models used for the PTS analysis of
axial flaws is that of a uniform distribution of fully mixed coolant in the
reactor vessel downcomer annulus. This is an acceptable assumption in the
case of an axial flaw since it tends to produce the maximum calculated
thermal strains in the hoop direction and also permits the use of a simpli-
fied thermal stress analysis model. These same simplifying assumptions how-
ever are not acceptable for the PTS analysis of circumferential cracks since
they tend to produce a non conservative result. Specifically, the addi-
tional constraint to axial thermal expansion produced when the incoming cool
fluid flow is confined to a plume below the inlet nozzle, must be incor-
porated into the analysis. The coolant flow pattern of concern is illu-
strated in Fig. 18.

Large scale thermal transient tests have been performed in Germany
using the HDR reactor vessel as a test article. Test objectives were to
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Fig. 18. Idealized representation of potential coolant flow stratification
and streaming effects during a safety injection transient.



determine the profile of the downcomer plume during a simulated safety
injection transient and measure the associated strain distribution in the
reactor vessel. Results recently reported from these tests (Ref. 24)
indicate a pronounced cold plume effect with associated axial thermal
strains considerably greater than those generated in the hoop direction.
These test results reinforce the need for a refined treatment of thermal-
hydraulic boundary conditions in the PTS analysis of cracks in circumferen-
tial welds.

5. Conclusions

Large scale fracture mechanics tests and irradiation tests have
resulted in the identification of a number of issues relating to the
adequacy of the existing technology in use to assure fracture prevention in
nuclear pressure vessels. Analysis performance discrepancies encountered in
the application of the technology used to predict ductile tearing behavior
makes this an area of particular concern. Development tasks aimed at
resolving these issues are in progress within the HSST and HSSI programs at
ORNL, in companion NRC funded programs within the USA and in a number of
foreign national and international programs. Timely resolution of the frac-
ture technology issues is required to support near term regulatory actions
relating to operating nuclear power plants which have violated, or are close
to violating, the irradiation damage limits set in 10 CFR 50 to provide
protection against fracture of the reactor pressure vessel. Additional
impetus for the resolution of these issues derives from the need to provide
support for upcoming regulatory action on plant life extension applications.
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UNCERTAINTIES ASSOCIATED WITH UNRESOLVED FRACTURE MECHANICS
TECHNOLOGY ISSUES HAVE THEIR GREATEST POTENTIAL IMPACT IN THE

PROBABILISTIC ANALYSIS OF PTS EVENTS WHERE BOTH BRITTLE FRACTURE
AND DUCTILE TEARING FAILURE MODES MUST BE CONSIDERED

POWER PLANT
SURVEILLANCE
DATA

• P
Y

 E
N

E
R

G
Y

C
H

A
R

UNIRRADIATED

t
A USE

ARTN D T

^ »

IRRADIATED
TEMPERATURE

- *
IRRADIATION DATA
FROM MATERIALS
TEST REACTORS

USE-AUSE

P - T LIMITS P.T.S. LIMITS

• 10CFR50, APP. G
• BRITTLE FRACTURE
• DETERMINISTIC ANAL.
• 1/41 FLAW
• S.F. = 2.0

1
USE LIMITS

10 CFR 50.61
REG. GUIDE 1.154
MIXED-MODE FRACTURE
PROBABILISTIC ANAL.
FLAW POPULATION

• 10 CFR 50, APP. G
• USE > 50 ft. Ib.
• DUCTILE TEARING
• CRITERIA FOR

USE < 50 ft. Ib
UNDER DEVELOPMENT
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PTS ANALYSIS METHOD



AT ANY POINT IN TIME DURING A PTS TRANSIENT, THE
CLEAVAGE FRACTURE TOUGHNESS CURVE K|C[f(T,<|>t)]

AND THE CRACK-ARREST CURVE K|a[f(T,<D)] CAN BE
SUPERPOSED ON THE APPLIED K|[F(P,AT,a)] CURVE

TO DEFINE POINTS OF CLEAVAGE CRACK
INITIATION AND ARREST
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THE LOCUS OF CRACK INITIATION AND ARREST POINTS
CAN BE PLOTTED AS A FUNCTION OF TIME TO DEFINE

THE CRITICAL CRACK DEPTH CURVES. THESE CURVES
PROVIDE A BASELINE FOR ASSESSMENT OF THE

POTENTIAL IMPACT OF UNRESOLVED FRACTURE ISSUES
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THE "RANCHO SECO" PTS TRANSIENT WAS USED AS INPUT TO THE OCA-P
COMPUTER PROGRAM TO GENERATE THE CRITICAL CRACK DEPTH

CURVES USED IN THE STUDY OF THE POTENTIAL IMPACT OF
UNRESOLVED FRACTURE ISSUES
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THE FRACTURE WINDOW ON THE BASE CASE CRITICAL CRACK DEPTH
CURVES IS DEFINED BY THE CRACK INITIATION CURVE AND

THE WARM PRESTRESSING LIMIT
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THE INFLUENCE OF UNCERTAINTIES
ON THE PTS ANALYSIS



MIXED MODE CRACK PROPAGATION

• CLEAVAGE FRACTURE INITIATION

• CLEAVAGE CRACK ARREST

• DUCTILE TEARING

• LOW UPPER SHELF MATERIAL



CLEAVAGE FRACTURE INITIATION OATA OBTAINED FROM A533-B
WIDE PLATE TESTS CONTINUES TO BE SIGNIFICANTLY ABOVE

VALUES OBTAINED FROM SMALL SPECIMEN TESTS AFTER
ADJUSTMENTS HAVE BEEN MADE FOR LOSS OF

PLANE STRAIN CONSTRAINT



ORNL-DWG 87-4981C ETD

LARGE-SPECIMEN DATA AND FIXED-LOAD
GENERATION-MODE CRACK-ARREST
RESULTS FOR WIDE-PLATE TESTS
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ENHANCED CRACK ARREST TOUGHNESS REDUCES THE FRACTURE WINDOW.
ENHANCED CRACK INITIATION TOUGHNESS COULD ELIMINATE THE
FRACTURE WINDOW IN THE CASE OF THE RANCHO SECO TRANSIENT
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DUCTILE TEARING INITIATION TOUGHNESS OF BOTH LUS WELD MATERIAL
AND CLADDING IN THE IRRADIATED CONDITION IS APPROXIMATELY

HALF THAT OF IRRADIATED A533-B MATERIAL
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THE J-R CURVE FOR IRRADIATED LUS WELD MATERIAL PROVIDES THE
BASIS FOR A SIMPLIFIED EVALUATION OF THE IMPACT OF

DUCTILE TEARING ON CRACK STABILITY
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DUCTILE TEARING IN ADVANCE OF CLEAVAGE INITIATION IS PREDICTED FOR
LUS MATERIAL WITH INITIAL FLAWS EXCEEDING 0.1 a/w. THE ONSET OF

TEARING INSTABILITY NEGATES THE BENEFITS OF ENHANCED
CRACK ARREST TOUGHNESS IN THIS MATERIAL
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SIGNIFICANT DUCTILE TEARING IN ADVANCE OF THE ONSET OF
CLEAVAGE FRACTURE WAS OBSERVED IN PRESSURIZED

THERMAL SHOCK TEST OF A HEAVY SECTION VESSEL
WITH A LUS INSERT (PTSE-2)
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TECHNOLOGY FOR THE PREDICTION OF DUCTILE TEARING BEHAVIOR IN
HEAVY-SECTION STEELS UNDER PRESSURIZED THERMAL SHOCK

LOADING CONDITIONS IS NOT YET ADEQUATELY DEVELOPED.
EXISTING TECHNOLOGY GAVE NON-CONSERVATIVE

PREDICTIONS OF THE PTSE-2 TEST RESULTS
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SHALLOW FLAWS



A SUBSTANTIAL PERCENTAGE OF THE PREDICTED CRACK INITIATIONS
IN A REACTOR VESSEL FAILURE PROBABILITY ANALYSIS ORIGINATE

FROM SHALLOW FLAWS. IT IS ESSENTIAL, THEREFORE, TO HAVE
ACCURATE FRACTURE TOUGHNESS DATA FOR SHALLOW FLAWS
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SHALLOW FLAW TESTING AT THE EDISON WELDING INSTITUTE
HAS SHOWN AN INCREASE IN FRACTURE TOUGHNESS WITH

DECREASING FLAW DEPTH IN A36 MATERIAL. IF SIMILAR
BEHAVIOR CAN BE DEMONSTRATED FOR PRESSURE VESSEL

MATERIALS, IT COULD HAVE A SIGNIFICANT IMPACT
ON PROBABILISTIC SAFETY ANALYSIS RESULTS
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CLADDING



EFFECTS OF THE VESSEL CLADDING ARE NOT YET FULLY INCLUDED
IN THE REACTOR VESSEL PTS ANALYSIS MODELS (OCA-P).

ADDITIONAL RESEARCH IS REQUIRED TO DETERMINE IF THEIR
INTRODUCTION WILL HAVE A NET POSITIVE OR NEGATIVE EFFECT
ON THE CALCULATED REACTOR VESSEL FAILURE PROBABILITY.
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BOUNDARY CONDITIONS

• CIRCUMFERENTIAL FLAWS

• THERMAL STREAMING



POSITIVE HOOP STRAINS PARALLEL TO THE CRACK FRONT COUPLED WITH A
HIGHER HYDROSTATIC/DEVIATORIC STRESS RATIO MAY REDUCE THE

MATERIAL DUCTILE TEARING TOUGHNESS FOR CIRCUMFERENTIAL
FLAWS BELOW THAT ASSOCIATED WITH AXIAL FLAWS
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SAFETY INJECTION FLOW TESTS PERFORMED IN THE GERMAN HDR
REACTOR VESSEL PRODUCED STRATIFICATION IN THE INLET NOZZLE
AND A COLD PLUME ON THE VESSEL WALL. VESSEL WALL STRAINS
WITHIN THE COLD PLUME WERE HIGHEST IN THE AXIAL DIRECTION
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CONCLUSIONS

LARGE SCALE TESTING HAS SHOWN DEFICIENCIES IN SOME ELEMENTS OF THE EXISTING

FRACTURE MECHANICS TECHNOLOGY REQUIRED FOR THE ANALYSIS OF REACTOR VESSEL

FAILURE PROBABILITY

• DEVELOPMENT IS REQUIRED TO IMPROVE THE ACCURACY OF PREDICTIONS OF MIXED MODE

CRACK INITIATION, PROPAGATION, AND ARREST, PARTICULARLY IN LOW-UPPER-SHELF MATERIAL

EXTENSION OF EXISTING PTS ANALYSIS MODELS IS REQUIRED TO PROVIDE A MORE

COMPREHENSIVE COVERAGE OF DUCTILE TEARING

• MATERIALS DATA AND ANALYSIS MODEL DEVELOPMENT ARE REQUIRED TO ADDRESS THE

SPECIAL REQUIREMENTS OF PTS ANALYSIS OF RING FORGED VESSELS

DEVELOPMENT OF A SHALLOW FLAW DATA BASE FOR VESSEL MATERIALS MAY REDUCE THE

PREDICTED VESSEL FAILURE PROBABILITY

• FURTHER ANALYSIS AND DEVELOPMENT ARE REQUIRED TO DETERMINE THE NET EFFECT OF

IRRADIATED CLADDING ON VESSEL FAILURE PROBABILITY

• RESOLUTION OF THESE REACTOR VESSEL FRACTURE TECHNOLOGY NEEDS IS THE PRIMARY

THRUST OF THE HSST PROGRAM AT ORNL


