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ABSTRACT 
The Heavy-Section Steel Technology Program at Oak Ridge National Laboratory 

includes an ongoing assessment of the margins in reactor pressure vessel (RPV) integrity 
analyses. Section XI of the ASME Code is referenced in 10 CFR 50; it was published in 
1974, and Appendix A of that section includes both KIC and KIa curves. The KIa curve, 
identical to the KIR curve in Section 111, was constructed as a lower bound to available 
dynamic-initiation and crack-mest-toughness data, while the Krc curve was constructed as 
a lower bound to the available static fracture toughness data for RPV steels. Use of the 
KIR curve for establishment of the low-temperature overpressurization setpoint is 
beginning to constrain the operating window for some RPVs, and proposals have been 
made which essentially incorporate the use of the Krc curve for establishment of that 
setpoint. The objective of this initial study is to review the bases used for establishment of 
the Klc curve by comparing the data reported in EPRI NP-719-SR to the graphical plots in 
the EPRI report and in Appendix A of Section XI. A few errors were found in the EPRI 
NP-719-SR tabular data which were corrected, and a corrected data base has been 
generated. A plot of the corrected data base indicates that the EPRI K I ~  curve is not a 
lower bound to all the data. Preliminary statistical analyses of the corrected data using a 
Weibdl-based procedure gives a 99% confidence curve that appears to be a good 
representation of a lower-bound curve to the data. Further investigations in this area are 
underway and involve the collection of additional fracture toughness data, both valid Krc 
and elastic-plastic KJC results, to provide a larger data base and to evaluate the utility of 
KjC data in this regard. Additionally, a similar examination of the KId and KIa data used 
to construct the KIa (= KIR) curve is underway, and similar methods will be employed to 
estimate mean and bounding curves for the dynamic data. 

1. INTRODUCTION 

The Heavy-Section Steel Technology (HSST) Program at Oak Ridge National 
Laboratory includes an ongoing assessment of the margins in reactor pressure vessel 
(WV) integrity analyses. The establishment of pressure-temperature limits for RPV 
operation under the various postulated loading conditions is based on the KIR curve in 
Section 111 of the ASME Boiler and Pressure Vessel Code.1 The KIR curve was 
constructed as a lower bound to dynamic initiation fracture toughness data, Kid, and cmck- 
arrest toughness data, Kxa, from SA-533 grade 3 class 1, SA-508 class 2, and SA-508 
class 3 steels and was published in Welding Research Council Bulletin 1752 in 1972. The 
use of dynamic toughness data for establishment of the curve was apparently based on 
concerns about embrittled regions from which fracture may initiate and result in failure of 
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the vessel.3 Therefore, the crack-arrest curve was adopted as a conservative measure, 
Section XI4 of the Code is referenced in 10 CFR 50;5 it was published in 1974, and 
Appendix A of that section included both K I ~  and KIa curves, The K I ~  curve is identical to 
the KIR curve in Section 111, while the K I ~  curve was constructed as a lower bound to the 
available static fracture toughness data for RPV steels. Basically, the KIa curve is used for 
normal loading conditions, while the K I ~  curve is used for emergency and faulted loading 
conditions. In 1978, the ASME Section XI Task Group on Flaw Evaluation published 
EPRI NP-719-SR, Flaw Evaluation Procedures: ASME Section XI (Ref. 6) .  That report 
includes the data used for construction of the K I ~  and KIa curves. 

Use of the KIR curve for establishment of the low-temperature averpressurization 
setpoint is beginning to constrain the operating window for some RPVs, and proposals 
have been made which essentially incorporate the use of the Klc curve for establishment of 
that setpoint. The margin-assessment task includes evahation of local regions of low 
toughness ("local brittle zones"), evaluation of cleavage pop-ins during fracture toughness 
testing, and examination of the fracture toughness curves in Section XI of the Code. As a 
first step in the development of statistically-based fracture toughness curves, this letter 
report provides a preliminary review of the bases used for establishment of the existing Klc 
curve. Until recently, the Krc curves shown in the EPRI report and in Section XI of the 
Code were different, and those differences are discussed below. The data reported in EPRI 
NP-719-SR are reviewed and compared to the graphical plots in the EPRI report and in 
Appendix A of Section XI. Preliminary statistical analyses of the data are discussed and 
presented in the form of inem and confidence curves for comparison with the bounding 
curves in the Code. 

2. COMPARISON OF THE EPRI AND ORIGINAL 
SECTION XI K I ~  CURVES 

Use of the ASME curve i s  implied by 10 CFR 50 by virtue of its reference to 
Section XI of the ASME Code. Regulatory Guide 1.154,7 however, refers the user to 
analytical programs, such as QCA-P,8 which incorporate the EPRI curve. The Integrated 
Pressurized Thermal Shock Program?-ll for example, used QCA-P and, therefore, the 
EPRI equation as the basis for the K I ~  curves in those analyses. It was certainly very 
common practice to use the EPRI equation to represent the former ASME Klc curve, not 
only as an approximation, but because the belief was common that the EPRI curve and 
former ASME curve are the same, EPRI NP-7 19-SR shows the Klc data and provides the 
equation used to construct a curve (EPRI curve) as a lower boundary to the data base. The 
equation is as follows: 

K I ~  = 33.2 + 2.805 exp[O.O2(T - RTWT + 100.0"F)J , (1) 

where K I ~  is in ksidin., and T and RTNDT are in OF. The same equation expressed in SI 
units is as follows: 

KIC = 36.5 + 3.083 exp[0.036(T - RTWT + 55.6"C)I , 

where K I ~  is in MPadm, and T and RTNDT are in "C. 
Prior to December 31, 1992, Appendix A of Section XI did not provide an equation 

to describe the Krc curve (ASME curve) shown in  Fig. 1 (from Fig. A-4200-1 of 
Appendix A). It was apparently constructed manually, To compare the two curves, the 
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Code curve was digitized and plotted in Fig. 1 with the Krc data and EPRI curve from EPRI 
NP-719-SR (the filled triangles labeled as A509 class 2 in the EPRI report should be A508 
class 2). These data will be discussed later in this repon In Section XI, the ASME curve 
is plotted only over the temperature range shown in Fig. 1. The major differences between 
the ASME and EPFU curves occurs in the range from about 25 to 100 'F on the T - R T ~ T  
scale. The Code curve indicates higher KIC values in the range from about 65 to 200 
ksidin. (71-220 MPaodm). For example, at T - R T ~ T  values of 50,75, and 100 O F ,  the 
Code curve is about 12, 15, and 7 ksimdin. (about 13, 12, and 4%) above the EPRI curve, 
respectively. In terms of temperature differences, at K I ~  values of 75, 100, and 150 
ksiodin. (82, 110, and 165 MPadrn), the EPRI curve falls at higher temperatures by about 
5,8, and 6 "F (3,4, and 3 "C), respectively. 

Attempts were made to fit the digitized ASME Code curve data with an exponential 
equation of the same form as in Eq. (1) above, using a nonlinear regression routine, but the 
shape of the curve does not allow for a very good fit. The manual construction resulted in 
a "kink" in the curve. Sumio Yukawa,* however, devetoped an equation which he 
proposed for adoption by Section XI. The equation is as follows: 

(3) KIC = 33.2 + 23.0 exp[O.O21(T - RTNDT)] , 

where KIC is in ksimdin., and T and RTNDT are in "F. The same equation expressed in SI 
units is as follows: 

K I ~  = 36.5 + 25.3 exp[0.038(T - RTNDT)] , (4) 

where Krc is in MPa*drn, and T and R T ~ T  are in "C. 
The Yukawa curve is also shown in Fig. 1. As can be seen, the Yukawa curve falls 

quite close to the ASME curve up to a K I ~  value of about 150 ksiedin. and then rises more 
steeply. The curve was developed by simply setting the intercept value equal to that of the 
EPRI equation (33.2 ksiodin.) and varying the other two constants until the curve fit the 
ASME cuwe reasonably well up to a T - R T ~ T  value of about 75 OF.? Some examples 
of differences between the three curves are shown in Table 1. 

Table 1. Comparison of fracture toughness curves 

KIc 
T - R T ~ T  (ksiodin.) 

("F) 
ASME EPRI Yukawa 

50 10 1 89 99 
75 141 126 144 
100 193 186 221 

* Committee correspondence from S. Yukawa, to R. C. Cipolla, Chairman, Working Group on Flaw 
Evaluation, Subject Revision of Appendix A Klc curve and addition of equations, dalcd May 18, 1990. 

Personal communication betwcen S. Yukawa and R. K. Nanstad (Oak Ridge National Laboratory), 
February 25,1991. 
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Thus, relative to the ASME curve, the EPRT curve is more conservative arid the Yukawa 
proposed curve is less conservative. 

In the Heavy-Section Steel Irradiation (HSSI) Program, the primary objective of the 
Fifth Irradiation Series1:! is to investigate the effects of irradiation on the K I ~  curve in 
Section XI of the Code. Figures 2 and 3 show the unirradiated fracture toughness data for 
the two welds, 72W and 73W, in the Fifth Series, as well as the three curves shown in 
Fig. 1. Figure 4 shows the data for 72W and 73W on one plot. By using the EPRI curve, 
one result falls on the curve and none fall below. By using the former ASME curve, two 
results fall on the curve and two fall below. Those four are all from large specimens, 4-, 6- 
and 8-in.-thick compact specimens. 

It is instructive to point out an important comparison of the data from the Fifth 
Series and the EPRI data. As shown in Fig. 1, the EPRI data do not extend beyond a 
T - R T ~ T  value of about 50 O F .  Figure 1 gives the impression that the curves are overly 
conservative at T - RTNDT of about 50 O F  and above. The data from the Fifth Series, 
however, extend to a T - RTNDT value of about 75 "F and show that none of the curves 
are overly conservative and, in fact, that the former ASME and Yukawa curves are 
nonconservative. A comparison of the data bases is shown in Fig. 5 to illustrate the point, 

Regarding the irradiated results, Fig. 6 shows the data from both welds 72W and 
73W. The RTNDT of each weld has been adjusted upward in temperature equal to the 
irradiation-induced Charpy impact 30-Et-lb temperature shift. Relative to the three curves, 
eight results fall below the EPRI curve, 15 results fall below the former ASME curve, and 
17 results fall below the Yukawa curve. Figure 7 shows the results on a reduced 
temperature scale for easier comparison. 

The above information was included in the various ASME Code meetings, and in 
1991 the Working Group on Flaw Evaluation of the Subgroup on Evaluation Standards in 
Section XI approved adoption of the EPRI equation as a replacement for the former ASME 
K I ~  curve. The changes were officially published in the 1992 Addenda to Section XI. The 
published equation is as follows: 

K I ~  = 33.2 + 20.734 exp[Q.Q2(T - R'TNDT)] 

where K I ~  is in ksidn. ,  and T and R T ~ T  are in "F. Equation ( 5 )  is the same as Eq. (1) 
in a different factored form, and thus results in exactly the same curve. 

3. EXAMINATION OF EPRI DATA BASE (EPRI NP-719-SR) 

An initial examination was made of the EPRI data base (in Special Report EPRI 
NP-719-SRs) by comparing the data points for static fracture toughness in the plot of the 
K I ~  reference toughness curve, shown in Fig. 8 from Ref. 6,  with the tabular data. The 
Klc reference toughness curve is evaluated from EQ. (1) [F!. (5) can also be used]. There 
are several apparent inconsistencies, so the tabular data were checked with the original 
references13-15 to the Westinghouse data. The EPRI tabular static fracture toughness data 
are basically correct, but contain five values that are typographical errors and two invalid 
values (by ASTM criteria for a valid K I ~  test). The cornparson of the graphical plot of the 
supporting data for the KIC reference toughness curve in Ref. 6 and the data base indicates 
the following: 

1. There is a +40 OF shift for some of the plotted data. The HSST-02 plate had different 
degrees of stress relieving with two resulting R T ~ T ' s  (0 "F and 40 O F ) .  Initially, the 
I-ISST-02 plate data was plotted with an RTNDT of 40 O F ,  but it was determined that 

. 
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2. 

the R T ~ T  of 0 "F was used to derive the KIC and KIa curves in the ASME Code. An 
errata was sent out on April 14,1980 with the correction for HSST-02 in the plot. The 
problem appears to be that in the new plot from the errata all the data points have been 
shifted 4-40 "F, not just the ones for HSST-02. 

No data below T - R T ~ T  = -160 "F are plotted. This leaves out the data for three sets 
of material completely [A533B Class 1 ( T - R T ~ T  ranges from -215 to -385 "@, and 
HSST-01 and NSST-03 {T-RTNDT = -170 O F ) ] .  The HSST-01 and HSST-03 plates 
are listed in the legend, but no data for these plates are included in the plot. Several 
data points from other materials are also not plotted because of the low T-RTNDT. 

3. There are several data points in the plot which are not given in the data base, and there 
are data in the data base that are not in the plot. 

A corrected data base has been generated from the same references13-15 and is provided in 
Appendix A to this letter report. Figure 9 shows the data base with the KIC reference 
toughness curve. It is clear that the curve is not a lower bound to all the data. 

4. LOWER-BOUND CURVE ESTIMATION TECHNIQUES 
Three methods were used to develop lower-bound curves to the corrected Klc data 

base. 
The first method of estimating a lower-bound curve was to simply adjust the EPRI 

KIC equation [see Eq. (I)] to include all the reported data. The resulting equation is given 

(6) 

where Krc is in ksimdin., and T and RTNDT are in OF. A comparison of the curve 
generated from Eq. (6) and the corrected data base is shown in Fig. 10. It is interesting to 
note that the asymptotic value of 23.7 in Eq. (6) is less than the asymptotic value used in 
the KIa reference toughness curve, which is 26.8. 

Rather than use an arbitrarily chosen curve, it is of interest to construct a 
statistically-based bounding curve. The second and third methods described herein used 
statistical approaches to generate bounding curves. The second method used a standard 
nonlinear regression technique to fit a mean curve with an exponential equation to the 
corrected data base. The form of the exponential equation is given by 

by 

K I ~  = 23.7 + 4.0 exp[O.OZ(T - RTNDT + 100.0)] , 

KIC = A + Bexp[C(T - RTNDT)] , (7) 

where A = 36.68, €3 = 51.59, and C = 0.01 15. This curve is shown in Fig. 11 with 95% 
and 99% confidence curves (confidence on the predicted value) and the EPRI curve from 
Q. (1). The EPRI curve is close to the 99% confidence curve in the transition region, and 
within both confidence curves in the lower-shelf and upper-transition regions. The 
disadvantage of using this type of confidence curve is that there are no resmctions such as 
the recognitian that Krc must be greater than zero or some positive value. Techniques are 
available for such analyses but have not yet been pursued. It is apparent from Fig. 11 that 
these confidence levels give unrealistic KIC values on the lower shelf. 

The third method used to generate bounding curves to the corrected data base was a 
Weibull-based analysis using the Waliin procedure described in Refs. 16 and 17. Wallin 
has developed an analysis procedure that involves fitting a three-parameter Weibull 
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distribution to fracture toughness data at each temperature and also includes a size 
adjustment derived from a fixed Weibull slope concept. For this procedure, the Klc data 
was converted to SI units and adjusted to a 1T equivalence using the following equation 

where K I ~ ~  is the adjusted K I ~  for a specimen of thickness Bx, K I ~ ~  is the observed K I ~  
for a specimen of thickness Bo, and Kmin is the lower limiting value of K I ~ .  The three- 
parameter Weibull distribution function with fixed slope of 4 and Kmin of 20 Wa*dm was 
then used to fit the data for each test temperature in the transition region, and To 
(temperature at which the mean fracture toughness is 100 MPa*dm) values were determined 
as in the Wallin16 procedure to obtain a median curve (KIc-median) with the three- 
parameter exponential equation. This equation is given by 

KIc-median = 30.0 +- 70.0 exp[O.O19(T - To)] , (9) 

where KIc-median is in MPadm and 1s is in  "C. The value of 'TO, which is an average 
value of the To's in the transition range, for this evaluation of the adjusted data base was 
determined to be -16.5 "C (-29.7 O F ) .  The adjusted data base (1T) with the curve generated 
from Eq. (9) are shown in Fig. 12. The same equation expressed in English units is as 
follows: 

KIc-median = 27.27 -t 63.6 exp[O.O1055(T - To)] , 

where KIc-median is in  ksi*din. and T is in "F. Figure 13 shows the corrected data base 
with the mean curve, 95% and 99% confidence curves, and the EPRI K I ~  curve for 
comparison. The 99% confidence curve is close to the arbitrarily adjusted EPRI curve [Eq. 
(6)] on the lower shelf, and bounds all the data. Both confidence curves have lower slopes 
than the EPRI curve. A Weibull-based analysis provides reasonable lower-bound curves, 
but tends to be overly conservative at the higher toughness levels. 

5. SUMMARY 

The Krc curve in Article A-4000 of Appendix A, Section XI of the ASME Code is 
now the same as that given in the report, EPRI NP-719-SR. The manually constructed 
curve previously presented in Section XI was officially replaced on December 3 1,1992, by 
publication of the 1992 Addenda to Section XI. The change also includes an analytical 
expression which, although factored differently than the expression contained in EPRI NP- 
719-SR, gives exactly the same K I ~  curve. For the KrC data plot in EPRI NP-719-SR, it 
appears that all the data points were shifted +40 O F  in the April 14, 1980 errata, whereas 
only the data for HSST-02 Plate should have been shifted. In a comparison with the data 
contained in the original references, a few errors were found in the EPRI NP-719-SR 
tabular data. A corrected data base has been generated from those references. 
Furthermore, a large part of the data base is below T - RTNDT = -160 O F ,  but these data 
are not included in the data plot which shows the Klc curve. A number of K I ~  results are 
substantially below the KIC curve. 

A trial and error adjustment method was used to adjust the equation for the KIC 
curve so that all the data were bounded. The asymptotic value of that curve was 23.7 
ksiodin., which is significantly below 33.2 ksimdin., the asymptotic value of the existing 
KIC curve. Two methods were used to develop statistically based bounding curves, a 
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standard nonlinear regression and a Weibull-based analysis which incorporates fixed values 
of the Weibull slope and Kmin. The nonlinear regression provides confidence curves 
which are unrealistic in the lower temperature region. The Weibull-based procedure gives a 
99% confidence curve which appears to be a good representation of a lower-bound curve to 
the data, but is overly conservative at the higher toughness values. 

Further investigations in this area are underway and involve the collection of 
additional fracture toughness data, both valid Klc and elastic-plastic Kjc results, to provide 
a larger data base and to evaluate the utility of KJC data in this regard (72W and 73W data). 
Additionally, a similar examination of the KId and KIa data used to construct the K I ~  
(= KIR) curve is underway and the same methods described above will be employed to 
estimate mean and bounding cuwes for the dynamic data. 
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Appendix A 

EPRI Data Base 





EPRl Data Base 



EPRl Data Base 



EPRl Data Base 

IT-CT _ w -75 0 
1 1-CT w - 1-0 0 0 - 
IT-CT - FNV -1 00 0 

2K-WOL FFN 0 0 
2K-WOL FNV 0 0 
2-r-WOL Rw 0 0 

2T-WOL w - -50 0 

A533B Class 1 IX-WOL -320 -4 5 
weld 1 x-WOL -320 -45 

1 X-WOL -250 -45 
-250 -45 
-250 -45 
-250 -45 
-225 -45 

1 x-WOL ~ 

1T-WOL - 
2T- WO L .- 

IT-WOL I___-__. -225 -45 
__ IT-WOL ~ 

-75 46.6 
-1 00 54.8 ~ 

-1 00 54.4 
56.7 -50 

0 66.4 
0 93.7 
0 83.4 

-275 29.7 
-275 27.2 
-205 37.6 
-205 37.8 
-205 43.6 
-205 55.6 

- -1 80 40.1 

___..-- 

____.-_ 

- 

-1 80 52.8 ._ 

-225 
21-WOL -200 

A533B Class 1 1X-WOL -320 
weld-HAZ 1 x-WOL -250 

I x-WOL 
I T-WOL -250 
1T-WOL -250 
2T-WOL -200 

2T-WOL -__ ...... 

-__ 

-250 
__I._ ~- 

--.--- 

.__....______ 

A508 Class 2 1X-WOL -320 
European I x-WOL -320 
Forging 1 1-WOL -320 
- . 

..-.._-_I___. 

-45 - 1  80 66.2 
-45 -I 55 70.7 
0 -320 30.3 
0 -250 35.2 
0 -250 40.4 
0 -250 30.5 __ 
0 -250 44.2 
0 -200 71.2 

39.6 
27.5 
47.5 

______.._ 

_..__ ......... 

- 

---_ 5 0  -370 
5 0  -370 
5 0  -370 

___ 

-~ 
_____ 
_I-- 

.I___. 

HSST 02 
(Shabbitsf - 
-_ 

__I .... ~ 

1 x-WOL -250 5 0  -300 43.2 
1 X-WOL -250 5 0  -300 47.9 

-250 5 0  -300 41.6 1 x-WOL ~ 

1 1-WOL -250 5 0  -300 51.3 

43.3 
2T-WOL -150 5 0  -200 57.2 

56.2 
2T-WOL -1 00 5 0  ....... -1  50 5 6  
6T-CT Rw 2 5  0 25  - 98.9 

GT-CT w 2 5  0 2 5  90.5 

w 0 0 0 66.9 6T-CT 
I 1 T-CT FNV 5 0  0 5 0  . 148.6 

5 0  137.3 Rw 5 0  0 1 OT-CT 
0 5 0  139 1 OT-CT FaN 5 0  ...... 

87.2 0 0 4T-CT FMI 0 
4T-CT Rw -25 0 -25 .~ 61  
4T-CT Fnnl -25 0 -25 58.7 

.I__ 

~ .__._I_ ............. 

___l_.ll_ 

5 0  -250 5 5  __ __- IT-WOL -200 ........ 

___ -200 5 0  -250 

-125 5 0  -1 75 

~. ............. 2T-WOL 

____. 2T-WOL ... -- 

6T-CT FNV ......... 2 5  0 2 5  . 74.5 

6T-CT FMI 0 0 - 0 73.9 

_____ __ 

..________ll_____lll-- 

-_ 

__ 

.__.-___ -- 

___ - ........ ~. . .... .......... __ 
__ __ ........... 

- ~ _ . _ _ _  ..___ __-  

................................. 



EPRl Data Base 

_____ ...... 

.......... ~ 

............ ~ 

............. ~ 

............. ~ 

I 2T-CT I I -125 1 6 5  

o I 87.5 
25 I 110.3 

~ -250 . 37.3 ..... 
44.4 -200 

-200 34.6 
-200 39.9 

-1 50 44.1 
-1 50 37.4 

41.8 -1 50 
-1 00 

-100 41.9 
-1 00 49.7 

__.. ..... ... ........ 

-200 34.8 

..............- ~ .................. 

.... 48.3 
-100 48.3 

........ 

-50  I 64.6 
-50  I 64.7 

52.2 -201 
45.5 -201 

-176 4 6  
-1 76 64.3 
-1 76 5 0  
-76 4 5  
-5 1 1 0 7  

45.6 -1 7 6  
6 8  -1 76 

-1 40 5 2  

........ .......... 

..... ...... ... 

.... ... . . 

.... . . . . . . . .. . . 

-140 I 64.6 

-190 I 42.5 
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