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Abstract

It has been shown that shallow-flaws play a dominant role in the probabilistic fracture mechanics
analysis of reactor pressure vessels during a pressurized-thermal-shock event. In addition, recent
research has shown that the crack initiation toughness measured using specimens with shallow
flaws is greater than the toughness determined with conventional, deeply notched specimens at
temperatures within the transition region for non-nuclear steels. The influence of crack depth on
the elastic-plastic fracture toughness for prototypic reactor material is being investigated.
Preliminary results indicate a significant increase in the toughness associated with shallow-flaws
which has the potential to significantly impact the conditional probability of vessel failure.

Nomenclature

a = crack depth
B = specimen thickness
CMOD = crack mouth opening displacement
CTOD = crack tip opening displacement
E = Elastic Modulus
Klc = Critical Stress Intensity Factor, plane strain fracture toughness
Kc = Non-plane-strain fracture toughness
LLD = load line displacement
RTXDT = reference nil-ductility transition temperature
SEXB= single edge notch bend
T = temperature
W -- specimen depth
ay = Yield Strength

Introduction

Current reactor pressure vessel (RPV) life assessments are strongly dependent on the ability of the

vessel material to withstand load in the presence of a flaw (i.e. sufficient fracture toughness). The

fracture toughness of an RPV is particularly important during pressurized-thermal-shock (PTS)

loading scenarios. The fracture toughness used in RPV life assessments is a function of T-

RTxDT ar>d to date has been generated using deep-notch specimens to provide conservative

results. For reasons outlined later in this paper, it now appears that determining the fracture

toughness using only deep-notch specimens may be an unduly conservative approach. Therefore,

the Heavy Section Steel Technology (HSST) Program under sponsorship of the Nuclear

Regulatory Commission (NRC) is investigating the influence of crack depth on the fracture

toughness of reactor pressure vessel steel [1]. The ultimate goal of the investigation is the



generation of a limited data base of elastic-plastic fracture toughness values appropriate for shallow

flaws in a reactor pressure vessel and the application of this data to reactor vessel hie assessments.

The shallow-crack investigation is currently in progress and consists of both testing and analysis.

Preliminary results from the testing performed thus far are included in this paper.

Motivation

Probabilistic fracture mechanics evaluations of operating nuclear facilities in the Integrated

Pressurized Thermal Shock (IPTS) studies have shown that shallow rather than deep cracks in the

reactor vessel contribute predominandy to the calculated probability of vessel failure [2-4]. The

dominance of shallow rather than deep flaws in the probabilistic fracture mechanics evaluations is

due in pan to the higher density of shallow flaws assumed to exist in the vessel wall, the increased

radiation damage and the severity of the thermal shock on the vessel surface. IPTS studies indicate

that roughly 97% of all the flaws that are predicted to initiate during the dominant transients for the

three plants considered were 25 mm (1 in.) deep or less [2-4].

Analytical and experimental research at the University of Kansas has shown that the effect of crack

depth on the elastic-plastic fracture toughness of structural steels is significant [5,6]. In the lower

transition region, where considerable plastic deformation and crack tip blunting occurs prior to

brittle fracture, the experimental lower bound fracture toughness results of shallow-crack

specimens are two to four times larger than the results of the deep-crack specimens in terms of

CTOD at identical temperatures, Fig. 1. At equivalent fracture toughness levels in the elastic-

plastic regime, finite element analyses reveal significant differences in the crack tip stresses

between the two specimens [5]. The deep-crack specimens exhibit significantly higher opening

mode stresses near the crack tip compared to the shallow-crack specimens. Correspondingly, at

equivalent levels of opening mode stress, the shallow-crack specimens have CTOD and J-integral

values approximately 2.5 times the deep-crack specimen. The phenomena of elevated fracture

toughness caused by shallow-cracks appears to be a consequence of the relaxation of crack-tip

constraint because of the proximity of a free surface [5],

The behavior of shallow-cracks in reactor-gTade material (A533, Grade B steel) is currently under

investigation; however, the stress-strain behavior of A533 B is bounded by the two steels that the

University of Kansas used in their shallow-crack research. A36 steel is a low-strength, high-

strain-hardening material, while A517 is a high-strength, low-strain-hardening material. The

strength and strain hardening of A533 B (cry = 450 MPa) is between that of A36 (o~y = 250 MPa)

and A517 (ay = 690 MPa). Therefore, it was anticipated that a significant increase in the

toughness of shallow-flaws in A533 B would also take place [1].



Examination of the results of the IPTS studies reveal that -95% of the initiations (excluding

reinitiations) took place within the temperature range (T-RTJVDT) of-50C to 50C (-58 to 122F).

The majority of these initiations took place at temperatures below R T N D T - These temperatures of

interest roughly correspond with the lower transition region of the toughness curve for A533 B

material. In other words, a large number of the temperatures of interest for an RPV in a PTS

analysis occur within the lower transition region where the increase in the fracture toughness has

been shown to take place.

Estimated Shallow-Crack Toughness for A533 B

To determine the impact of enhanced toughness for shallow flaws in PTS analyses, probabilistic

fracture mechanics analyses were performed on ^ reactor vessel using an assumed elevated

shallow-crack toughness and compared with analyses in which all crack depths are assumed to

have the same fracture toughness (base case). The toughness elevation of shallow-crack A533 B

material was estimated assuming that the toughness increase would be between that observed in the

A36 and A517 data. The estimated shallow-crack toughness for A533 B assumed that only flaws

less than 15.9 mm (0.625 in.) were shallow and also that the toughness increase was a function of

absolute crack depth, a. Details of the estimated toughness in shallow-cracked A533 B material

are found in Ref. 7. Due to the uncertainty in estimating the shaJlow-crack elevated toughness,

two slightly different estimates of the toughness vs. crack depth relationship were used in the

probabilistic fracture mechanics analyses. Both formulations are intended to be conservative

estimates of the elevated shallow-crack toughness anticipated in the A533 specimens.

In both cases, the effect of the elevated shallow-crack toughness data does appear to significantly

reduce the conditional probability of vessel failure relative to the original IPTS base case. Vessel

failure was reduced by nearly an order of magnitude (from .02 to .003) or by a factor of nearly 4

(from .02 to .005) for the two shallow-crack estimated toughness formulations respectively [7].

These analyses have demonstrated that the application of the elevated shallow-crack initiation data

significantly reduces the calculated conditional probability of reactor vessel failure. The potential

significance and sensitivity of these results provide motivation for the HSST program to verify and

more accurately quantify trie shallow-flaw effect for future application to the PTS issue.

Project Summary
The HSST Program anticipates producing a limited data base of shallow-crack fracture toughness

values. To meet these objectives, the HSST experimental shallow-crack work is divided into two

phases: a development phase and a production phase. Complementary analytical investigations are



also in progress. During the experimental development phase the laboratory techniques necessary

for shallow-crack testing will be established and verified through several development beam tests.

Once the testing capabilities are confirmed, the toughness of shallow-cracks under conditions

prototypic of an RPV will be compared with the toughness measured using deep-crack specimens

as a part of the production phase of the project. The test results reported in this paper are a part of

the developmental phase of this project. While, the results to date have been encouraging, they

should still be considered preliminary.

The specimen configuration chosen for testing shallow cracks in the HSST shallow-crack project is

the single-edge-notch-bend (SENB) specimen with a straight-through crack (as opposed to surface

crack). The bend specimen better simulates the varying stress field in a reactor wall under PTS

conditions. In addition, previous shallow-crack work has utilized SENB specimens [3,4]. The

straight-through notch simulates the infinitely long, two-dimensional, axially-oriented crack in an

RPV. To better simulate the conditions of a shallow-flaw in the wall of a reactor vessel, the

specimen depth W and thickness B should be as large as practicable. PWR vessel walls are

nominally 200 to 280 mm thick (8 to 11 in.). A 100-mm-deep (4-in.) beam has been selected for

use in the HSST shallow-crack project. This size is believed to be large enough to accurately

simulate the stress state in a flawed vessel wall but small enough that existing facilities can be used

for testing. To maintain consistency with ASTM standards, the beams are being tested in three-

point bending. All testing is being conducted on prototypic, pedigreed reactor material (A533

Grade B, Class 1) [8].

Two primary crack depths (one shallow-crack geometry and the deep-crack geometry) will be

tested during the development phase of the project. Finite element analyses were conducted to

determine an appropriate crack depth for the developmental shallow-crack testing. The nominal

crack depth chosen was a = 10 mm (a = 0.4 in.), which is prototypic of the flaws depths that

resulted in initiation in the IPTS studies [2-4]. Presently, the relative influence of absolute crack

depth, a, or normalized crack depth, a/W, is not fully understood. For the specimen sizes being

considered in this project, it is believed that absolute crack depth rather than a/W will be the

primary variable of interest. However, this assumption will be verified by testing additional crack

depths during the production phase of the project.

To properly transfer shallow-crack fracture toughness data to the RPV, the effect of out-of-plane

constraint on the toughness must be well understood. To investigate the effects of out-of-plane

constraint, the beam thickness will be be varied to examine the results on toughness. Three

thicknesses will be used: B= 50, 100, and 150 mm (2, 4, and 6 in.). Final beam selection for the



production phase of the project will be made pending the results from the development phase

testing on multiple thickness specimens.

AH developmental testing work is being conducted at -60°C (-76°F; which is within the transition

region for A533 B. R T N D T for this material is -35°C (-30°F); T - R T N D T is therefore -25°C (-

46°F). During the production phase of the project testing will be performed at multiple

temperatures in the lower transition region to fully quantify the temperature range in which the

toughness elevation takes place.

Data Collection

Previous shallow-crack work at the University of Kansas has expressed the toughness in terms of

CTOD [5,6]. The nuclear industry, however, typically expresses toughness in terms of the stress

intensity factor (Kjc) or the J-integral for linear-elastic and elastic-plastic work respectively. The

shallow-crack experiments will colJect data so that toughness expressions can be made in terms of

both CTOD and J-integral. Experimental data necessary includes crack mouth opening

displacement (CMOD) and load-line displacement (LLD) from which CTOD and J-integral are

determined respectively.

Mechanical fixturing of the specimen to obtain LLD data has consisted in the provision of a

displacement transducer mounted on a "reference" beam and a micrometer head mounted on the

specimen to measure the displacement of the beam along the line of loading. Two such devices

have been incorporated, one on each side of the specimen. The beam specimens have been

configured to accept clip gages that self-mount at the mouth of the of the machined notch to

measure CMOD. In addition, the specimens have been machined with two tapped holes near the

crack mouth at the centerline of the top surface. By mounting posts at these holes and attaching a

clip gage at the top of the post, an alternative arrangement may be employed for obtaining data to

estimate the rotation factor.

Both intrinsic and mechanically mounted sheathed thermocouple assemblies are being employed

for measuring specimen temperature. Temperature data by the two methods compare favorably.

Test Results

To date, seven specimens have been tested. All specimens are rectangular, with a nominal cross-

section of 50 x 100 mm ( 2 x 4 in.). Load vs. CMOD plots of all 7 tests are shown in Fig. 2. As

can be seen, the data from the tests are consistent with each other and are well behaved.



Toughness from these specimens is being expressed in terms of CTOD. The CTOD was

determined for the specimens using the ASTM Standard El290-89. The toughness data as a

function of temperature is shown in Fig. 3 along with the material characterization curve. Data

from three crack depths are presented: a/W = 0.50, 0.15, and 0.10. Only one test is available for

the a/W = 0.15 crack depth. The trend of the results in Fig. 3 imply a significant increase in the

measured toughness as the crack depth decreases. The deep-crack toughness values are consistent

with the characterization and previous compact tension data tested prior to this program.

Considerable data scatter is evident in Fig. 3, especially in the shallow-crack test data, however,

it is unreasonable to believe that the elevated toughness values are due to data scatter alone. The

shallow-crack is significantly elevated over the deep-crack data, with the a/W = 0.15 datum also

showing an elevated toughness.

The rotation factor used to determine the plastic component of CTOD from CMOD is a function of

crack depth. To accurately determine the rotation factor, the neutral axis of the beam was located

with strain gages along the depth of the beam. The point of rotation was taken as along the neutral

axis ahead of the crack which allows the rotation factor to be calculated for each crack depth. The

rotation factor for the deep-crack case was found to be 0.4 rather than 0.44 given in ASTM-E1290.

Since the value of CTOD is relatively insensitive to the rotation factor, the calculated value of 0.4

was used instead of 0.44 for the deep-crack case. The toughness data is tabularized for each test in

Table 1, including the rotation factor used for each different crack depth.

The test data were normalized by the lowest fracture toughness value to express the data as a ratio

of the shallow-to-deep fracture toughness in terms of CTOD. Assuming that Kc =

{2o~yE*CTOD} ̂ , the toughness increase in terms of Kc can be determined. The toughness

increase in terms of Kc as a function of crack depth is shown in Fig. 4 along with the estimated

toughness increase for shallow-crack A533 B material. The test data are consistent with the A533

B estimates previously derived and discussed.

Discussion

Although, the test results presented in this paper are preliminary, the data are encouraging and the

following conclusions can be drawn.

Specimens tested with a shallow-crack depth (a = 10 mm. in this case), exhibit a toughness

which is significantly higher than the conventional, deep-notch toughness at temperatures

in the lower transition region.



The shallow-crack fracture toughness data determined for A 5 3 J B are consistent with

estimates of the toughness determined using shallow-crack data from A36 and A517 steels.

In other words, the toughness elevation for shallow-cracks in A36, A517, and A533 B

steels are all similar.

If the toughness elevation measured in the shallow-crack A533 B specimens were applied

to a PTS analysis of an RPV, the impact would be significant on the conditional probability

of vessel failure.

The single specimen tested with a crack depth of 14 mm (0.6 in.) also appears to show a

toughness elevation.

The application of the shallow-crack fracture toughness data to reactor vessel analysis remains the

final goal of Jie program. To reach that goal, more specimens should be tested with multiple crack

depths, different beam thicknesses and at several temperatures within the lower transition region.

In addition, numerical analyses of the test specimen and the application (i.e. an axially oriented

flaw in an RPV) will have to be performed and interpreted. The results reported in this paper are a

pan of the initial work currently underway to investigate of the impact of flaw depth on the life

assessment of reactor vessels.
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Table 1 CTOD Data for the HSST Beams

Beam Designator

#4
#5
#6

#10

#7
#8
#9

Crack Depth
a (mm)

51.8
51.2
51.9

14.0

10.2
9.63
9.53

Beam Depth
W (mm)

99.5
99.1
99.5

94.3

94.2
94.2
94.0

Crack Depth Ratio
a/W

0.521
0.517
0.522

0.148

0.108
0.102
0.101

Rotation Factor

0.40
0.40
0.40

0.50

0.53
0.53
0.53

CTOD
(mm)

0.048
0.049
0.12

0.24

0.14
0.48
0.36

Notes:
1. All Beams Have Identical Spans, S = 406 mm
2. All Beams Have the Same Thickness, B = 51 mm
3. All Tests Were Conducted at -60C
4. CTOD Calculated Using ASTM El290-89 with the Rotation Factor Above
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