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ABSTRACT

The current provisions for determination of the upward temperature shift of the lower-bound 

static fracture toughness curve due to irradiation of reactor pressure vessel steels are based 

on the assumption that they are the same as for the Charpy 41 -J shifts as a consequence of 

irradiation. The objective of this report by the Heavy-Section Steel Irradiation Program is to 

evaluate this assumption relative to data reported in open literature. Depending on the specific 

source, different sizes of fracture toughness specimens, procedures for the determination of 

Kjc, and fitting functions were used. It was anticipated that data scatter might be reduced by 

using a consistent approach to analyze the published data. A method employing Weibull 

statistics was applied to analyze original fracture toughness data of unirradiated and irradiated 

pressure vessel steels. The master curve concept was used to determine shifts of fracture 

toughness transition curves. A hyperbolic tangent function was used to fit Charpy absorbed

energy data. The fracture toughness shifts were compared with Charpy impact shifts 

evaluated with various criteria. Linear regression analysis showed that for weld metals, on 

average, the fracture toughness shift is the same as the Charpy 41 -J temperature shift, while 

for base metals, on average, the fracture toughness shift at 41 J is 16% greater than the shift 

of the Charpy 41 -J transition temperature, with both correlations having relatively large (95%) 

confidence intervals of ±26°C and ±360C, respectively.
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1. INTRODUCTION

Prevention of reactor pressure vessel (RPV) failure in light-water-cooled nuclear power reactors 

depends primarily on maintaining the RPV material fracture toughness at levels that will resist fracture, 

either brittle or ductile, during plant operation, including both normal and emergency conditions. The 

basic fracture toughness requirements are contained in Title 10, Code of Federal Regulations, Part 50 

(10 CFR 50) [1], which references Section Xl of the American Society of Mechanical Engineers 

(ASME) Boiler and Pressure Vessel Code [2]. Section Xl contains fracture toughness (K!c) and crack

arrest toughness (Ka) curves as a function of temperature normalized to a reference nil-ductility 

temperature (RTNDT), namely, T-RTNDT. 10 CFR 50 includes provisions for the adjustment of RFTNDT to 

account for irradiation embrittlement, while Regulatory Guide 1.99 (RG 1.99) [31 describes general 

procedures for calculating such adjustment. The "adjusted reference temperature" (ART) is defined in 

Appendix G of 10 CFR 50 as '"the reference temperature as adjusted for irradiation effects by adding to 

RTNDT the temperature shift, measured at the 30-ft-lb (41 -J) level, in the average Charpy curve for the 

irradiated material relative to that for the unirradiated material." Code 10 CFR 50 references the 

American Society for Testing and Materials (ASTM) Standard E-1 85 [4] for determination of the 

temperature shift between the unirradiated and irradiated Charpy curves at the 41-J level (AT 41j) from 

surveillance test results. The data that formed the basis for the calculative procedures given in RG 1.99 

were Charpy 41-J shift values also. Thus, the fracture toughness curves are shifted by virtue of the 

change in the T 4 1J.  

Some of the implicit assumptions with these procedures are that (1) the Charpy 41 -J shift is the same 

as the RTNDT shift, (2) the K~c fracture toughness and Kia crack-arrest toughness shifts are the same as 

the Charpy 41 -J shift, and (3) the shapes of the two curves do not change as a consequence of 

irradiation. This report addresses the last two assumptions regarding the fracture toughness curve 

relative to the database assembled from different publications [5-25] where both irradiation-induced 

static fracture toughness and Charpy impact shifts were reported. The first assumption will be only 

briefly discussed because of a lack of sufficient data.  

2. ANALYSIS PROCEDURE 

Different sizes of fracture toughness specimens, procedures for Ki, determination, and fitting functions 

reported in the various publications were used. To minimize variability resulting from different analysis 

procedures, it was decided that all data should be reanalyzed by the consistent procedures discussed
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in this report. Thus, raw data tabulated in a source were the preferred choices for entering into the 

present database. In some publications, however, data were not available in tabulated form. In such 

cases, data were digitized from the plots. The validity of the published data was assumed to be 

unknown.  

The ASME K~c curve was based upon data [26] gained from testing large specimens that satisfy the 

validity requirements of ASTM Standard E-399 [27]. Practically, it is not possible to accumulate the 

equivalent linear-elastic K,, database for irradiated material. In fact, the size of compact specimens for 

irradiation studies is limited to 4T (101.6 mm thick) because of the through-thickness fluence gradients.  

As a result, capsules for irradiation studies include fracture toughness specimens having thicknesses 

that do not satisfy ASTM E-399 requirements at the transition-region temperatures in the majority of 

cases. With testing of relatively small specimens (relative to ASTM E-399), some amount of local 

crack-tip plasticity is unavoidable, and fracture toughness up to cleavage instability was calculated, 

using elastic-plastic fracture mechanics, in terms of the J-integral, J.. Then J; was converted to its 

equivalent in terms of the elastic-plastic stress-intensity factor, Kj,. When it was evident that there must 

have been a loss of constraint for small specimens at high fracture toughness, special consideration 

was made for qualifying and censoring data. A recently accepted standard by ASTM Committee E-08 

[28] specifies the following limit value: 

SEbo~y (1) 

Kjc(limit) = 30 ' 

where E is elastic modulus, bo is the initial remaining ligament dimension, and ay is the yield strength. If 

a Kjc value exceeded this limit, then that value was considered an invalid datum. Only data sets with 

four or more valid fracture toughness values were included in the present analysis.  

The fracture toughness data were analyzed by a procedure based on earlier work described by Wallin 

[29-31] that incorporates the statistical model of Weibull (see some mathematical details in 

Appendix A). The analysis procedure is based on fitting fracture toughness data to a three-parameter 

Weibull cumulative distribution function: 

Pf = 1 - exp 4 C - Kmin 1b (2) 
L~ K0 - KmiJ
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where Pf is the cumulative fracture probability, Kmin is the location parameter, K, is the scale parameter, 

and b is the shape parameter. It was determined, at least for RPV steels [29], that among these three 

parameters, the shape parameter (Weibull slope) is equal to 4 when the location parameter, Kmin, is 

equal to 20 MPafm.  

This procedure is applicable only to fracture toughness data statistically size-adjusted to a common 

size. The statistical size adjustment is based on the weakest-link theory, and for fracture toughness 

values it has the following form [30]: 

KjT =20 + (KjT -20) BgT (3) 

where BXT is thickness of the tested specimen and BIT is the thickness of a 1T specimen. The master 

curve concept uses only toughness values size-adjusted to that of 1T specimen equivalence.  

Thus, a probabilistic-based estimate of median fracture toughness value, Kjc(med), for a data population 

at a given test temperature can be made as a value of Kac at cumulative fracture probability, Pf, equal 

to 0.5. Finally, the concept of the universal curve shape for KJc(med) vs temperature for 1T size 

specimens (the so-called "master curve" [32]) was applied to Kjc(red), to define the temperature 

dependence of Kac in the transition region as follows [33]: 

1T 
Kjc(med) = 30 + 70 exp [0.019 (T - T100)] , (4) 

where T,00 is the reference fracture toughness temperature at Kjc(m•ed) = 100 MPalm. The concept of 

the universal master curve assumes a reference temperature based on a level of fracture toughness 

for the material. Thus, fracture toughness of the material can be described by a fracture toughness

based reference temperature rather than by a temperature derived from a combination of drop-weight 

and Charpy impact tests. Consequently, the radiation-induced shift of fracture toughness of material 

can be characterized by the shift of the reference fracture toughness temperature, AT 100.  

The fitting procedure employs the maximum-likelihood concept, regarded as the most accurate method 

of obtaining T100. The properties of the maximum-likelihood and the moment estimators for Weibull 

distribution are compared in Appendix A. The following equation [31] is used in the present report
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based on the assumption that scatter in data sets is modeled by Eqs. (2) and (3) and that the 
1T 

temperature dependence of Kjc(med) obeys Eq. (4): 

6i exp [0.019(Ti - T100)] _ (KJC i - 20)4 exp [0.01 9(Ti - T100)] 

j=1 11 + 77 exp [0.01 9(Ti - T10o)] i=1 (11 + 77 exp [0.01 9(Ti - T, 

from which T100 estimates were determined iteratively. In Eq. (5) the censoring factor Kronecker's 65 is 

unity when Kj,, satisfies the constraint limit by Eq. (1), and 6i = 0 when Kjci exceeds the limit by Eq. (1) 

or when a test did not terminate in cleavage instability.  

Most of the Charpy data were presented in the published sources in the form of absorbed energy vs 

temperature. Nevertheless, lateral expansion and percentage of shear-fracture data were also 

reanalyzed when it was feasible. The Charpy impact data for each material condition were fitted with a 

hyperbolic tangent function: 

Stanh -TMT,6 
E = USE +LSE + USE-- LS E (ahT-TT (6) 

2 2 C) 

where E is the absorbed energy (J), lateral expansion (mm), or percent shear fracture (%); T is the test 

temperature (in degrees Celsius); and USE, LSE, Tt, and C are fitting parameters. The parameters 

USE and LSE represent the upper and lower values, respectively, for shelf energy, lateral expansion, 

or percent shear values; TM- is the temperature at the middle of the transition range; C is one-half of 

the transition-zone temperature width and reflects the slope of the curve in the transition zone. All 

hyperbolic tangent analyses were conducted with the lower-shelf energy fixed at 2.7 J, and lateral 

expansion and percent shear at zero. The upper-shelf percent shear was always fixed at 100%.  

3. THE WEIBULL STATISTIC/MASTER CURVE APPROACH 

AND THE ASME Kic DATABASE 

The ASME K~c curve has been plotted as a function of test temperature (T) normalized to a reference 

nil-ductility temperature, RTNDT, namely, T-RTNDT, and was constructed as the lower boundary to linear-
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elastic K,, values available at that time in the normalized temperature range from -100 to +100°F 

(-55.6 to +55.60C). Later, such graphical representation was replaced by the Electric Power Research 

Institute (EPRI) equation: 

KIC = 33.2 + 20.734 exp [0.02 (T - RTNDT)] (7) 

where K~c is in ksi fin., and T and RTNDT are in degrees Fahrenheit. The reference nil-ductility 

temperature is derived from a combination of drop-weight and Charpy impact test results as specified 

in Ref. [2].  

Being a lower bound to a unique but limited database, the ASME K1c curve concept does not address 

probability matters. However, there has been a continuing evolution of fracture mechanics that has led 

to employment of the Weibull distribution function to model the scatter of fracture toughness values in 

the transition range. Thus a probabilistic-based estimate of a lower tolerance value for a given data 

population can be made.  

In this section, the Weibull-statistic/master curve analysis procedure [Eqs. (2) through (5)] is applied to 

the linear-elastic K1c database [26] that has been used to support the ASME K1c lower-bound curve (see 

Fig. 1). Most of this database is represented by the data for an A 533 grade B Class 1 plate designated 

HSST-02. Initially, the Ko values for HSST Plate 02 only were adjusted to 1T size specimens by 

Eq. (3), and T100 was equal to -18.4 0 F (-28'C) by using Eq. (5). The master curve and some upper 

and lower tolerance bounds were plotted against these size-adjusted data in Fig. 2. Expressions for 

these upper and lower tolerance bounds are given in the recently approved ASTM standard E-1921 

[28]. The scatter of HSST Plate 02 data increases as test temperature increases, but tolerance bounds 

predict the increased scatter very well. Nevertheless, there are three data points at 50°F (100C) that 

raise some concern regarding the shape of the master curve at K, values above 150 ksi'in. Of course, 

those are the only three data points at this temperature; thus, an additional replication is required to 

make further conclusions. On the other hand, two of these specimens were 1 OT size and one was an 

11T compact specimen. There were two more 10T compact specimens tested; one at 25°F (-3.9°C) 

and another at 0 0 F (-17.8°C). All five specimens are on the upper bound of the scatter band, 

suggesting that application of the statistical size correction by Eq. (3) becomes less applicable at such 

thicknesses. Cleavage fracture is triggered by the small microstructural defects that are always present 

in commercially produced heavy-section steels. As specimen thickness increases, the probability of

NUREG/CR-66095



ORNL 99-03825/vlb

100 160

Fig. 1. K,, reference toughness curve with supporting data as presented in EPRI NP-719-SR.

z 

m 

Q 
0

0)

U1

-150 -100 -60 0 

T - RTNDT (0F)



ORNL 99-03826/vib

TEMPERATURE (0C)

-100 -50 0
300 

250 

200 

150 

100

-250 -150 -50 50

TEMPERATURE (OF)

Fig. 2. Linear-elastic K,, data of the HSST Plate 02 statistically adjusted to 1T size with the 
corresponding master curve and tolerance bounds.  

encountering the trigger point of a critical size on the crack-tip front at a critical stress state also 

increases. Equation (3) is the mathematical expression for these statistical effects. However, the rate 

at which the probability of meeting a critical defect increases tends to plateau at some point as the 

volume of material increases. Specifically, the weakest-link model may become inaccurate for 

specimen-size-effect calculations when the crack-tip front becomes too long relative to a critical defect 

size at a given distribution of defects in the volume.  

Fortunately, there were several temperatures at which four or more replicated tests were performed.  

For such replicated tests, values of KIc(med) were determined (see shaded symbols in Fig. 2). It is a very 

important observation for this analysis that the master curve fits to these Klc(med) results very well.  

Applying the Weibull statistic/master curve approach to describe the HSST-02 data only was 

successful; therefore, the rest of the K1c database was analyzed by this procedure.  

All 174 KIC data of eleven materials from the EPRI database [26] were reexamined and checked for 

accuracy by Nanstad et al. [34], and these data were used in the present analysis. All data were size-
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corrected to 1T specimen equivalence, and then T,00 values for all materials were determined. Figure 3 

is the linear-elastic K,, data in new fracture toughness coordinates [35]. This is a plot of K, values 

adjusted to 1T size equivalence by Eq. (3) vs temperature, T, normalized to the reference fracture 

toughness temperature, T 100 (i.e., T - T100). The individual T 100 values for each material are also 

presented in the Fig. 3 [351. The master curve by Eq. (4), reformatted to English-unit equivalents, is 

presented in Fig. 3 as the line designated "50%." For comparison, lower and upper curves that 

correspond to some lower and upper cumulative probability levels are also presented in Fig. 3.  

The following observations can be made based on results in Fig. 3. In Fig. 3, the linear-elastic K,, data 

from different materials form a typical fracture toughness data trend, as if it were a large data set from 

one material. The master curve represents very well the median trend of this database, while the 

scatter of data is characterized by lower- and upper-bound curves. The present results provide 

additional support to the statistical nature of brittle fracture and to the importance of using a statistical 

method to describe probabilities of such events.  
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Fig. 3. The ASME Kic data statistically adjusted to IT size equivalence and described by the 
master curve and corresponding upper and lower tolerance bounds.
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Thus, different materials can be compared based on fracture toughness level by means of the 

reference temperature T100 rather than RTNDT values. Figure 4 presents a comparison [35] of RTNDT and 

T100 reference temperatures of all materials in the linear-elastic database. There is no obvious 

correlation between these two reference temperatures for the materials analyzed. The T100 

temperatures spread evenly among steels in a temperature range from -110 to 00C (-166 to 32°F).  

The RTNDT values tend to form two clusters at about 0 and 50°F (-17.8 and 100C). For 10 of the 

11 materials in this database, RTNDT temperature is higher than T100.  

The plot in Fig. 5(a) is the current representation of the ASME K1, database and lower-bound curve by 

normalizing to RTNDT. The plot in Fig. 5(b) is the same K0c database (not size-adjusted), but normalized 

by reference fracture toughness temperature T100 from the present work. The ASME K1, curve is shown 

with all of the ASME K,, data, including those below the normalized temperature of -140°F (-77.8°C).  

The first observation is that the ASME K0c curve is only a lower bound for the data in the temperature 

range -140 <_ T - RTNDT: _ +1 00°F; hence it is not a true lower bound to all of the data [34]. Second, in 

the transition region the shape of this curve is dictated entirely by data from one material, namely 

HSST Plate 02. As can be seen in Fig. 4, RTNDT and T100 values are comparable within about 20°F 

(-11.1 0C) for HSST-02 as well as for HSST-01 and HSST-03. For the rest of the materials, RTNDT is 

greater than the T,00 temperature. Hence, having actual fracture toughness values comparable with 

plate HSST-02, they do not contribute to construction of the transition-region part of the ASME K0 

lower-bound curve because they are shifted too much to the left. In the Fig. 5(b), fracture toughness 

values of the same materials are compared relative to the median fracture toughness at 100 MPaf/m 

(T100). The master curve is not shown in Fig. 5(b) because data shown are not size-adjusted. However, 

lower tolerance bounds to the 1T master curve are presented in Fig. 5(b). The statistically based size 

dependence is very pronounced for the master curve, especially for upper tolerance bounds. At lower 

probability levels, however, the statistical size effect is not so dominant; hence, as it can be seen in 

Fig. 5(b), tolerance bounds to the 1T size master curve serve as lower statistical bounds relatively well, 

even for unadjusted data.  

The sensitivity of fracture toughness to various cumulative probabilities for the statistical size correction 

is illustrated in Fig. 6 for the case T = T100. As discussed earlier, relevant to the weakest-link theory, the 

probability of encountering the weak trigger point for a sample, and, as a result, to obtain a lower 

toughness value, increases with the thickness of the tested sample. The thickness dependence of 

median fracture toughness in Fig. 6 illustrates this effect. For the same reason, however, the scatter in 

fracture toughness values reduces as thickness increases. It makes upper bounds even more 

size-dependent than the median values, while the lower bounds are less sensitive to statistical size
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adjustment. Thus, being well established for 1T size, these lower tolerance bounds may be considered 

for engineering applications regardless of the thickness of the structure. The selection of a particular 

probability level is a matter of engineering judgment.  

Based on differences between RTNDT and T, 00, as in Fig. 4, three materials were selected to compare 

fracture toughness lower-bound representation by the ASME curve with the tolerance bounds from the 

present analysis. The first material is HSST Plate 02 (see Fig. 7). For this material RTNDT and T100 are 

more or less comparable. The tolerance bounds provide a good estimation of lower fracture toughness 

for this data set over the entire temperature range where data are available. The ASME curve works 

very well in the lower part of the transition range. In the upper part of the transition range the tolerance 

bounds predict lower fracture toughness than the ASME curve. Figure 8 illustrates the opposite 

extreme in this database. This A 508 Class 2 forging has the largest difference between RTNDT and T10o 

among the materials analyzed. Available fracture toughness data of this material are considerably 

underestimated by the ASME curve. It needs to be pointed out that the master curve fitting to a data 

set like this requires some caution because all data are in the lower part of the transition region. For
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example, ASTM standard E-1 921 does not advise the use of the size-adjustment procedure for low 

fracture toughness values. An A 533 grade B Class 1 submerged-arc weld was selected from the 

middle of Fig. 4 as the third material (see Fig. 9). For this weld, the RTNDT is 0°F (-17.80 C) and T100 is 

-58.0OF (-500C). Figure 9 shows that in lower and middle parts of the transition range the ASME curve 

underestimates the lower bound for fracture toughness values compared with the 5% or 3% tolerance 

bounds. At -325 0 F (-198.3°C), fracture toughness data are below the ASME curve. It needs to be 

pointed out that fracture toughness data in Figs. 7 through 9 are not size-adjusted; i.e., as-measured.  

In all cases considered, the tolerance bounds from the present analysis provide reasonable bounding 

curves to the fracture toughness data. The 5% and 3% tolerance bounds demonstrate a very good 

prediction of the bounds for the scatter in the fracture toughness. Clearly, the 1% tolerance bound is a 

more conservative estimate. The ASME K,, lower-bound curve, however, works very well only for one
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material, HSST Plate 02. For HSST Plate 02, the 3% tolerance bound is the closest among the bounds 

considered compared with the Kc lower-bound curve (see Fig. 7). Based on that observation, 

representation of the tolerance bounds in the next sections is limited to 97% and 3% only.  

For most of the materials in this database, the ASME lower-bound curve has a tendency to 

underestimate fracture toughness in the transition range and to overestimate fracture toughness on the 

lower shelf.
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4. RESULTS OF ANALYSIS

The concept of the master curve is compatible with the assumption of an equidistant lateral shift of the 

fracture toughness temperature dependence as a consequence of irradiation. Thus, a measurement of 

the radiation-induced shift of the reference fracture toughness temperature is enough to describe 

completely changes in the transition range. For Charpy curves, this is a more complicated issue 

because there is usually a drop in upper-shelf energy (USE) and a change in the curve slope. Current 

practice requires measurement of the Charpy curve shift at the level of 41 J. Because 41 J is an 

arbitrary index, the ductile-to-brittle transition temperatures at some other indices, including 

temperatures at 0.9 mm of lateral expansion and 50% shear fracture, are also considered as additional 

(and sometimes even as alternative) characteristics of the Charpy transition curve. The results of the 

analyses are summarized in Appendix B, Tables B.1 and B.2. All of the available Charpy data were 

consistently reanalyzed in the present study, and the transition temperature at some other indices are 

also reported in Tables B.1 and B.2. Additionally, the USE and lateral expansion (USEXP) are also 

reported as well as Charpy energy at T = T,00 (ENERGY), nil-ductility temperature (NDT), yield strength 

(YIELD), ultimate tensile strength (UTS), and weight percent of some chemical elements.  

Figure 10 presents a plot of Charpy energy at T = T100 as a function of yield strength for metals in the 

database. The distribution does not suggest a strong correlation between these parameters. Figure 11 

is a plot of Charpy energy at T = T100 against T100. For most of the data, the T 100 temperature 

corresponds to the lower part of the Charpy curve in the range from 41 J (30 ft-lb) to the lower shelf 

(with some data as high as 68 J). On average, Charpy energy is equal to 25 J at T = T 100. However, 

given the distribution of Charpy energy, it is hard to justify introduction of a new index, T at 25 J in this 

case, as better than T at 41 J. Although Fig. 11 resembles a shotgun pattern similar to Fig. 10, there is 

a slight trend to higher Charpy energy at T = T100 with increase in the T100 value. Assumption of this 

trend may suggest that the fracture toughness T 100 shift would be higher than the Charpy T4 lj shift. It 

also provides additional support for attempts in some studies [23, 33, 36] to evaluate the DBTT at 

Charpy-based indexes that would differ for the unirradiated and irradiated materials. In summary, data 

on Figs. 10 and 11 did not reveal any material-independent-characteristic Charpy energy level that 

could correlate strongly with the reference fracture toughness temperature T,00. This result implies 

substantial scatter in correlations between transition temperatures derived from Charpy impact energy 

and static fracture toughness tests.  

Having established a database with both the reference fracture toughness and Charpy impact 

transition temperatures for a wide range of RPV steels in the unirradiated and irradiated conditions, a
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logical initial step is to evaluate the relationship between the two transition temperatures, T1., and T41j.  

Figure 12 illustrates such a relationship with all the toughness data with companion Charpy data 

available in the current database, as listed in Tables B.3 and B.4. A linear regression provides the 

following fit to data: 

T100 = T 41j - 24C, o = 200C (8) 

with a relatively high correlation coefficient, r2 = 0.90. The data encompass a very wide range of 

transition temperatures, providing good means for application of this correlation. For example, the 

reference fracture toughness temperature varies from about -150 to 1500C. Because many RPV steel 

Charpy T41j data are available, and because data for irradiated materials are included, Eq. (8) could 

serve as a first approximation for the static fracture toughness reference temperature, including the 

irradiated condition; however, it must be noted that data scatter (±2 a) is about ±400C.  

5. THE MASTER CURVE SHAPE 

The shape of the master curve, Eq. (4), was established with both unirradiated and irradiated fracture 

toughness data [331. Within the range of materials and exposure conditions examined, this suggests 

that irradiation does not necessarily alter the shape of the master curve of fracture toughness. Recent 

analyses [18, 20, 23] of irradiated fracture toughness data by the Weibull statistic/master curve 

approach supported that assumption, at least for radiation-induced shifts up to 1000C. This issue will 

be addressed in the following fashion relative to the database established in the present study.  

Expression for the master curve as in Eq. (4) is a regression fit to the median values of fracture 

toughness for several low-alloy steels that were thoroughly characterized such that the median Kj, 

values (or K,, which is mathematically interchangeable with Kjr(med)) could be determined at a given test 

temperature. In the present study, the data were collected from different sources. In most cases only 

one or two specimens (especially irradiated ones) had been tested at each test temperature in an 

attempt to cover the transition region as widely as possible with a limited number of specimens.  
1T 

Consequently, as a post factum in most cases, it is not possible to determine Kjc(med) in order to 

directly examine the fitting coefficients in Eq. (4). The statistical practice used in the present study, 

namely Eq. (5), already assumes that the data obey Eq. (4). Instead, the temperature for each 

individual fracture toughness data point has been normalized to the reference fracture toughness
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transition temperature T100 for that particular data set, namely T - T,00, and plotted against the master 

curve and 3% and 97% tolerance bounds. Expressions for the tolerance bounds are used as given in 

Ref. [28]: 

KJc(3%) = 24.7 + 33.2 exp [0.019(T - T100)] 
(9) 

KJc( 97O/o) = 35.3 + 106.8 exp [0.019(T - T1oo)] 

Figure 13 summarizes all the unirradiated fracture toughness values in the current database. Each 

data point has been size-adjusted to its 1T equivalent in fracture toughness value by Eq. (3) and 

normalized by T100 in temperature. Data that do not satisfy the validity limit in Eq. (1) are not included in 

this plot. There are 653 valid unirradiated data points in the current database. Figure 14 is a similar plot 

for irradiated data. There are 851 valid irradiated data points in the current database. Visual 

observation supports an application of the master curve model to describe fracture toughness of RPV 

steel. Nevertheless, the valid unirradiated and irradiated data were fit to the following function: 

Kjc = a + 03exp[y(T - T, 00)] , (10) 

which has the same form as the master curve in Eq. (4) with a, 13, and y as fitting coefficients. The 

coefficient a represents the lower shelf in fracture toughness. However, for the present database, 

fracture toughness data have been mostly generated in the transition range rather than on the lower 

shelf. Because the purpose of this exercise was to examine the stability of the shape of the master 

curve in the transition region, it was decided to fix the coefficient a at 30 as it is in Eq. (4). The results 

are summarized in Table 1.  

Table 1. Fitting coefficients of Eq. (10) with a fixed to 30 

Condition 13 y r2 

Fit 72.89 0.01669 
Unirradiated -95% Cl 69.98 75.80 0.0160 0.0174 0.797 

Fit 68.13 0.01737 
Irradiated -T- 0 0.761 

±95% Cl 655.98 70-28 0. 0 1 8
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As expected, data fit very well to the exponential function (see r2 column). The coefficients 13 and y of 

the unirradiated and irradiated data are very close to each other with some overlap in 95% confidence 

intervals for both coefficients. Because the value of 70 from the master curve expression is within the 

95% confidence interval for both the unirradiated and irradiated data, it was decided to fix the 

coefficient 3 to 70 and perform the fit by y only. That method linearizes the fitting procedure and 

simplifies observations of possible curve-shape changes. The result of that analysis is presented in 

Table 2.  

Table 2. Fitting coefficients of Eq. (10) with a fixed 

to 30 and 03 to 70 

Condition y r2 

Fit 0.01725 
Unirradiated 0.795 

-t95% Cl 0.0169 0.0176 

Fit 0.01691 
Irradiated - - T - 0.760 

-t95% Cl 0.0164 0.0174 

Analysis shows that with 95% confidence both the unirradiated and irradiated fracture toughness data 

have the same temperature dependence in the transition range. For both conditions y is equal to 

0.017. The value of y in Table 2 is given with additional digits for illustration purposes only. It illustrates 

that, although with 95% confidence both conditions provide about the same fitting coefficient, the value 

of y coefficient for the irradiated condition is slightly lower than the value for unirradiated data. That 

observation leads to consideration of some special cases in addition to the overall database. Based on 

these concerns, data were separated in somewhat smaller subgroups. Selection of the materials has 

been based on the following criteria.  

"* Highly embrittled materials. For this group, the criterion for data selection was that either the 

Charpy shift was greater than 100°C or increase of yield strength was higher than 100 MPa (see 

Fig. 15).  

"* High Charpy 41-J transition temperature. Any material with absolute value of T41j above 1000C was 

included in this group (see Fig. 16).  

"* Low upper-shelf materials. Any material with USE below 100 J was included in this group (see 

Fig. 17).
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Each group was fitted separately; the fitting coefficient y and 95% confidence intervals for each group 

are summarized in Table 3.  

Table 3. Fitting coefficient y with 95% confidence intervals for 
different groups of materials 

Condition Y Points r2 

Fit 0.0169 
Irradiated 851 0.76 

_±95% Cl 0.01 64 0.01 74 

Fit 0.0162 
Highly embrittled 315 0.72 

±_95% CI 0.01 53 0.01 71 

Fit 0.0159 
High T41J 133 0.76 

±95% Cl 0.0143 0.0175 

Low upper-shelf Fit 0.0171 510 
Charpy energy ±95% Cl 0.0165 0.0177 

The value of 0.017 is within the 95% confidence intervals of all groups considered. However, low 

values of y for highly embrittled and, especially, for materials with Charpy T4,. above 1000C raise a 

concern for the fracture toughness curve, maintaining the same shape after a high degree of 

embrittlement. (All materials with Charpy T41• above 100°C are in the highly embrittled category also.) 

A simple null-hypothesis test indicates that the y coefficients (i.e., the curve slope parameter) for the 

unirradiated and highly embrittled data are different at the 95% confidence level, although a more 

rigorous statistical evaluation needs to performed. At least, caution needs to be taken in extrapolating 

the results of analysis of the current database to end-of-life conditions. The materials in the current 

database with low upper-shelf energy did not reveal any deviation in the master curve shape (by 

means of y) compared with the unirradiated and overall irradiated data fits.  

A remark is needed regarding the difference between the current fitted value of y (0.017) and the one 

in the master curve Eq. (4) (0.019). The master curve expression is a fit to the median fracture 

toughness values. In the present study the fit has been performed on valid data only. Invalid data 

cannot be included in such a fit, although they have been included in the determination of the T100 

values [see Eq. (5)]. In other words, y in the present study serves as a best-fit coefficient to the valid 

data only, while the master curve equation is a best fit to the median values only. Thus, the observed 

small difference does not necessarily challenge the master curve expression.
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The present analysis supports the superiority of the master curve methodology for fracture toughness 

characterization of RPV materials in the transition range. Nevertheless, a few issues remain regarding 

application of this methodology to the structural integrity of a vessel. One of the issues is size effects. It 

is clear now that the master curve is a well-established concept, but only for 1 T size equivalence. A link 

to a vessel is not clear right now, and establishment of such a link is outside the scope of this study; 

however, some discussion of this subject is offered in the light of the obtained results. From a 

structural-integrity point of view, the master curve itself is not an issue; rather, the lower tolerance 

bounds from the methodology are the main interest. One way to approach this issue is addressed in 

Fig. 5(b). Indeed, the lower tolerance bounds from the 1T master curve concept are plotted against the 

ASME K~c database (measured data are shown), which is a collection of valid K1r data obtained by 

testing very large specimens [up to 11 T C(T)]. It is shown in Fig. 5(b) that the tolerance bounds to the 

1T size master curve serve as lower tolerance bounds relatively well, even for unadjusted data. The 

low sensitivity of lower tolerance bounds to statistical size effects is illustrated in Fig. 6. The same 

approach is used to plot all the unirradiated (Fig. 18) and irradiated (Fig. 19) unadjusted data against 

the 3% tolerance bound from the 1T master curve methodology. Selection of 3% for the lower 

tolerance bound is, to some degree, an arbitrary decision, but the following discussion suggests a 

basis for that choice. As it was shown in Sect. 3, the ASME K1c curve is indeed the lower bound to 

fracture toughness data of one material: HSST Plate 02. As it can be seen in Fig. 7, the 3% tolerance 

bound for HSST Plate 02 comes closer to representing the ASME K1c curve than does the 5% or 1 % 

tolerance bound.  

As in the case with the ASME K1, database, the 3% tolerance bound provides a very reasonable 

statistical bound representation of a large database, even of size-unadjusted fracture toughness data 

for RPV steels in the unirradiated (Fig. 18) and irradiated (Fig. 19) conditions.  

6. CORRELATIONS BETWEEN STATIC FRACTURE TOUGHNESS 
AND CHARPY IMPACT CURVE SHIFTS 

To compare the shifts of fracture toughness and Charpy curves caused by irradiation, data sets of 

irradiated materials were grouped so that average values of neutron fluence for Charpy and fracture 

toughness data sets would match each other. Although the values for neutron fluence were not always 

identical, the differences can be viewed as negligible. This argument is supported by the 

representation of the fluence factor trend shown in RG 1.99 [3], especially because such differences 

were mostly where the fluence factor starts to follow a trend toward saturation for neutron fluences 

greater than 1 x 1019 n/cm 2 (E > 1 MeV).
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RG 1.99 recognizes that the radiation-induced response for base metals is different from that for weld 

metals. Therefore, the data were separated in two material groups, base metals and weld metals, 

based on RG 1.99, in which base and weld metals have different chemistry factor representation.  

Although it is not a straightforward link to conclude that a relationship between shifts of Charpy impact 

and static fracture toughness transition temperatures should be different for base metal and weld 

metal, one may argue the fact that the chemical factor depends on the product form and suggests, 

therefore, that different properties of RPV steels are likely to respond differently to radiation damage, 

depending on the product form. Thus, a property derived from the static test of fracture-initiation 

toughness may respond differently from a property derived from the dynamic impact test in which total 

absorbed energy at fracture is measured.  

Tables B.3 and B.4 in Appendix B summarize shifts of fracture toughness T100 and Charpy impact 

transition temperatures determined at different indices for base metals and weld metals, respectively.  

Weld Metal 

There are 42 data points for weld metal. Figure 20(a) presents a plot of the fracture toughness T100 

versus Charpy 41-J shifts. A linear regression (y = ax) gives an exact 1:1 fit: 

AT 100 = 1.0AT41J 1 (11) 

where AT100 is the shift of the reference fracture toughness temperature and AT 41J is the shift of the 

Charpy transition temperature at energy level 41 J. The correlation coefficient (r2) is 0.89, a relatively 

high value. The dashed and dotted lines are 95% confidence intervals on the mean and predicted 

values, respectively. The 95% confidence interval on the mean is relatively small. However, the scatter 

of data reveal an interval on the predicted value of about _260C at 95% confidence.  

Base Metal 

There are 47 data points for the base metal. Most of these data are for plates, A533 grade B and A302 

grade B; there are only eight data points for forgings. Figure 20(b) presents a plot of the fracture
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toughness T,00 vs Charpy 41-J transition temperature shifts for base metal. As in the case with weld 

metals, a linear regression analysis has been performed and the resulting fit is as follows: 

AT100 = 1.16 A T41J (12) 

with a correlation coefficient (r2) of 0.72. Thus, the results of the current analyses show that, on 

average, the Charpy 41-J shift underestimates the fracture toughness shift for base metal. The scatter 

of data (±t95% confidence interval) is higher for base metal (_36°C) than for weld metal (±26°C).  

Figure 21 compares the fit to all base metal data (mean and 95% confidence intervals) with data in L-T 

[Fig. 21 (a)] and T-L [Fig. 21 (b)] orientations only. A visual comparison does not reveal any significant 

difference in trend depending on orientation of specimens.  

In addition to the linear regression mentioned above, the data were fitted by commercial software, 

"TableCurve 2D for Windows." TableCurve 2D automatically performs curve-fitting and ranking of up to 

3456 preinstalled candidate equations. The routine was set up to rank equations based on the 

correlation coefficient (r2) value. Having 3456 equations to compete with, the simple linear equation 

y = ax was not the highest-ranked equation in the exercise, but it was always in the top 20. All 

equations but one that provided a better fit to the data than y = ax have very complicated expressions, 

and it is difficult to justify logically the use of most of them for a correlation between fracture toughness 

and Charpy shifts. However, one fitting function seems to be logically acceptable and provides a better 

fit to the data than the linear regression equation. This function, a power law equation, gave the 

following fit for weld metal: 

AT100 = 1.77 (AT,41J)0 88  (13) 

It gave the following fit for base metal: 

ATo00 = 2.35(AT41J) 0 '84  (14) 

Such a fit suggests that in the earlier stage of embrittlement (shifts up to about 1200C), on average, 

the rate of fracture toughness shift is higher than the rate of embrittlement measured by Charpy shift 

(see Fig. 22). As embrittlement progresses, the Charpy shift would catch up with the fracture
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toughness shift and, theoretically, material might degrade to the point where the Charpy USE could 

decrease below 41 J, making the shift at 41 J infinite.  

The weld metal and base metal data were also combined and analyzed as one data set (see Fig. 23).  

The coefficient of proportionality is equal to 1.08 (the average between weld metal and base metal fits) 

with r2 = 0.78 [see Fig. 23(a)]. The 95% confidence interval remained about the same as for the fit to 

the base metal only. The power law equation gave the following fit [see Fig. 23(b)]: 

AT 100 = 2.36(AT41J) 0
.
83  (r 2 = 0.80) (15) 

with 95% confidence intervals on the predicted value of about ±320C.  

In an effort to find a better correlation (reduced uncertainty) between Charpy impact energy and 

fracture toughness shifts for prediction of the fracture toughness shift of base metal, other Charpy 

energy criteria were compared with AT 100. Charpy transition temperature shifts were determined 

(1) at 68 J (Fig. 24); (2) at the middle of transition range, TmT from Eq. (6) (Fig. 25); and (3) at adjusted 

28 J, 28*J, (Fig. 26). In the third case, an adjustment consists of multiplying the energy level 28 J for 

determination of irradiated transition temperature by the ratio of unirradiated to irradiated upper-shelf 

energies and then subtracting the transition temperature for the unirradiated condition at 28 J (see 

Ref. [33]). Comparisons of AT100 with Charpy shifts at various energy levels do not show any significant 

improvements in correlation compared with correlation with AT 41 J in terms of reduced scatter or r2 

value.  

In addition to different energy levels, two other commonly used indices were applied to measure shifts 

of Charpy transition temperature when such data were available for analysis, namely 0.9 mm of lateral 

expansion (TO.9mm) and 50% of shear fracture (T50%). Figures 27 and 28 present correlations between 

shifts of T100 and Charpy lateral expansion and percent shear fracture transition temperatures, 

respectively. As in the case with different energy criteria, neither the lateral expansion nor percent 

shear fracture transition temperatures have improved correlation with the fracture toughness shift 

compared with the Charpy 41 J shift. It should be noted however, that lateral expansion and, 

especially, percent shear fracture data did not always accompany Charpy energy data.  

Thus, the Charpy transition temperature shift measured at 41 J appears to be the best criterion to 

correlate with the fracture toughness shift based on analysis of the current database in comparison
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with other commonly used criteria for measuring transition-temperature shift by the Charpy impact test.  

However, given the scatter exhibited, the selected correlation is far from perfect.  

Among the 89 data points in the database, 21 were generated as a part of the Heavy-Section Steel 

Irradiation (HSSI) Program, of which 18 points were from weld metals and 3 points were from base 

metal (HSST Plate 02 at three different fluences only). All HSSI data are plotted against linear and 

power law fits (with 95% confidence intervals) obtained for all data in the current database in 

Figs. 29(a) and (b), respectively. Of the 21 HSSI data points, about half (10 points) have shifts less 

than 400C. Those are the weld metal data from the HSSI Fourth Irradiation Series [19] as well as the 

Tenth Irradiation Series Midland beltline and nozzle course welds after irradiation and annealing at 
4540C for 168 h [24]. Although each point is used, this low range of shifts is not of the most interest in 

the current comparison study. The rest of the data points exhibit relatively low scatter (except for one 

Midland beltline point) with no difference between weld metals and Plate 02 data. These HSSI data 

tend to give fracture toughness shifts higher than Charpy shifts as the average overall fit predicts.  

From this point of view, the power law fit from the current database is closer to the HSSI data trend 

than the linear fit. Again, the HSSI data are limited to shifts up to about 1000C.  

The current database is, perhaps, the most comprehensive one to date; nevertheless, some caution 

still needs to be exercised in the use of these data. For example, all but five base metal data exhibit 

Charpy shifts below 1000C. The weld metal data are considered to be a better data set because the 

Charpy shifts are distributed more evenly, but there is a significant amount of low-shift data in the 

current correlations. Such considerations call for a closer examination of the data in an attempt to 

search for possible trends in the correlations between Charpy and fracture toughness shifts. Perhaps 

the fact that the data tend to follow the power law better than the linear fit is one of these trends.  

Usually, it is better to observe such trends by plotting residuals (AT100 - AT41J) against various 

parameters of interest.  

Low upper-shelf materials, for example, have for many years been considered as critical materials from 

a radiation-embrittlement point of view. Figure 30 represents a plot of the residuals vs the value of the 

irradiated Charpy USE. These data do not reveal any specific trends in the residuals for low upper

shelf materials (for example, below 100 J) compared with the rest of the materials. In this case, an 

absolute value of the Charpy USE has been used as a critical parameter. Another way to consider the 

effect of USE is to plot the residuals against the ratio of the unirradiated USE to the irradiated one (see 

Fig. 31). This way, degradation of the irradiated USE relative to the unirradiated condition rather than
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an absolute value of USE is used as a measure of the radiation effect on the USE. Figure 31 shows 

that for ratios of (USEuNRR)/(USEIRR) up to about 1.5 there are no trends in the data.  

Figures 32 and 33 are plots of the residuals as a function of the absolute value of the yield strength in 

the irradiated condition and the yield strength increase, respectively. There is a tendency for materials 

with a higher absolute value of the yield strength in the irradiated condition to have smaller fracture 

toughness shifts than Charpy shifts (see Fig. 32), while materials with lower yield strength in the 

irradiated condition tend to exhibit a greater fracture toughness shift than Charpy shift. At the same 

time, the degree of hardening, as expressed in terms of yield strength increase, has little effect on the 

residuals (see Fig. 33).  

Figures 34 and 35 are plots of the residuals as a function of the absolute value of T41, in the irradiated 

and unirradiated conditions, respectively. On average, materials with higher absolute values of Charpy 

transition temperature tend to have a fracture toughness shift greater than the Charpy shift. Two data 

points below -1 00°C on Fig. 35 have a strong effect on the slope of the fit.  

Figure 36 is a plot of the residuals as a function of Charpy shift, AT41j. Figure 37 is a plot of the 

residuals as a function of neutron fluence (in the logarithmic scale). There is a trend in the data for the 

Charpy shift to be smaller than the fracture toughness shift for small Charpy shifts (or low neutron 

fluence), but it becomes slightly higher than the fracture toughness shift with the increasing degree of 

embrittlement as measured by Charpy 41 J shift (or neutron fluence). To some degree such a trend 

supports the use of a power law fit to the correlation between the fracture toughness and Charpy shifts.  

Data generated under the HSSI Program are emphasized by darker color on Fig. 36.  

7. FRACTURE TOUGHNESS, NIL-DUCTILITY TRANSITION-TEMPERATURE 

SHIFTS, AND RADIATION HARDENING; SEARCHING 

FOR A CORRELATION 

In addition to fracture toughness and Charpy data in the unirradiated and irradiated conditions, other 

useful information has been collected and incorporated into the current database.

NUREG/CR-660947



I- _______

ORNL 99-03857/vib

500 600 700

IRRADIATED YIELD STRENGTH (MPa)

800
Fg32 Difrenebtenfatr toghes n Chrp shfsa ucino

Fig. 32. Difference between fracture toughness and Charpy shifts as a function of 
yield strength of materials in the irradiated condition.  

ORNL 99-03858/vib

90 

60 

30 

0 

-30 

-60 

-90

0 50 100 150 200 250

YIELD STRENGTH INCREASE (MPa) 

Fig. 33. Difference between fracture toughness and Charpy shifts as a function of 
yield strength increase.

NUREG/CR-6609

90

601

I-:-

301-

0

-30 -

0 0 0 
0E1300 

o 0eld0 1me0 E3 s0e0 0 0 
0 00 

0 

- Fit 

0 Weid metal 
* Base metal

-60 1-

-90

j 

I-

13

48



ORNL 99-03859/vib

90 

60

E30 0 0 

0 W 0 
ro °00o_ 

0O 0 

Fit 
0 Weld metal 
* Base metal

0

-100

IRRADIATED CHARPY T41J (0C)

0 100 200
Fig. 34. Difference between fracture toughness and Charpy shifts as a function of

Fig. 34. Difference between fracture toughness and Charpy shifts as a function of 
Charpy T41, in the irradiated condition.  

ORNL 99-03860/vib

90

60 I-

30 I-

01-

-30 1-

-60

-90

0

0

03 0
0

0

Fit 
0] Ba 

- oWE

-150

se metal 
ld metal

-100 -50 0 50

UNIRRADIATED CHARPY T4 1J (0C) 

Fig. 35. Difference between fracture toughness and Charpy shifts as a function of 
Charpy T4,, in the unirradiated condition.

NUREG/CR-6609

0

0 

0 

K 

0-

301-

01--

-301-

-60 I-

-90

-j 

I-

I I I

0

49



OR NL 99-03861/vlb

[I

K'

0 0 U] 
U]

Fit 
Base metal 
Weld metal 
HSSI data 
HSSI data

50

U 
lii

CHARPY T41J SHIFT (0c)

Fig. 36. Difference between fracture toughness and Charpy shifts as a function of Charpy T41, shift.

0) 

(D 90

60

U 
0 

H 

0 

H

30 

0 

-30

(i

111
K'

I 0*

-60 

-90

U 

U

0 100 150



ORNL 99-03862/vib
I I I

90 

60 _ 

0( 30 IM 

30 
I- 0 

F- -30 l" ] <1 [ 

-60 Fit 
0 Weld metal 
0 Base metal 

-90 

0.5 1 2 4 7 10 

z NEUTRON FLUENCE (x1019 neutrons/cm2) 
m 
M Fig. 37. Difference between fracture toughness and Charpy shifts as a function of neutron fluence.  
e 
0, 

0 
CD)



Figure 38 presents a comparison of radiation hardening (Acy) and ATo00 for weld metals and base 

metals. Regression analysis indicates about the same ratio between fracture toughness shift and an 

increase of yield strength for base metals and weld metals. The combined 71 data points (see Fig. 39) 

for weld and base metals gave the following fit: 

AT 100 =0.70Aay , (°C) (r2 =0.66) (16) 

The correlations between fracture toughness data and tensile data obtained in the present analysis are 

in agreement with correlations between Charpy impact data and tensile data published in Refs. [36] 

and [37] for irradiation in test reactors. In general, the data in Fig. 39 show that the radiation-induced 

shift of fracture toughness is very likely associated with radiation-hardening mechanisms, but there is a 

significant scatter in the data for both base metals and weld metals. This scatter is similar to that 

shown earlier for the AT41j and, thus, suggests that the use of radiation hardening is not necessarily 

better than the Charpy shift correlation for estimation of fracture toughness shift. The other interesting 

observation is a comparison of the current correlation to the correlation between Charpy T41j shifts and 

the increase in yield strength from a power reactor surveillance embrittlement database (PR-EDB).  

There were 232 data points of base metals and weld metals available in the PR-EDB [38] for 

comparison. The comparison is made in Fig. 40. The vertical axis is the transition temperature shift, 

AT100, for fracture toughness shift from the present study or AT 41j for the surveillance data. The AT100 

data are, on average, higher than Charpy shifts from the surveillance database at the same level of 

hardening. Charpy data from the PR-EDB provide the following fit: 

AT41J = 0.55Aoy (17) 

The other property of interest is the drop-weight nil-ductility temperature (NDT). The NDT was available 

for a limited number (23) of materials in the unirradiated condition and only for three irradiated steels 

such that the fluence of the irradiated NDT would match that for the T100. A comparison between these 

two transition temperatures is given in Fig. 41 (a). Five more unirradiated data were added from 

Ref. [39] to increase the total number of data points. Perhaps, NDT has the least relationship with T100 

in comparison with Charpy transition temperatures. However, a very limited number of data in 

Fig. 41(b), for which both fracture toughness and NDT shifts were available, suggest that correlation 

between shifts of fracture toughness and NDT transition temperatures might be as good as the 

correlation between fracture toughness and Charpy transition temperatures.
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8. MEASURED FRACTURE TOUGHNESS SHIFT VS PREDICTIONS 

OF EMBRITTLEMENT 

In this chapter fracture toughness shifts from the present study are compared with the predicted 

radiation-induced shift from the currently available procedures. The main data are summarized in 

Appendix B, Tables B.3 and B.4. The major procedure of interest is the Nuclear Regulatory 

Commission (NRC) Regulatory Guide 1.99 procedure. Revision 1 of RG 1.99 was represented by a 

single formula for base metals and weld metal: 

AT (°C) = -5 [40 + 5000(P - 0.008) + 1000(Cu - 0.08)]((pt)0 5 , (18) 
9 

where P and Cu are phosphorus and copper content, respectively, in weight percent; qpt is neutron 

fluence in 10'9 n/cm2 (E > 1 MeV). Predictions based on this formula are in Tables B.3 and B.4 under 

the column designated "RG 1.99.1." 

Revision 2 (which is currently in force) has a more complicated relationship but can be simplified in the 

following: 

AT = (chemistry factor) ((pt)[0.28-0.1log (t)] , (19) 

where log(cpt) is a logarithm to the base 10.  

In Revision 2, the chemistry factor is tabulated and is different for base metals and weld metals.  

Phosphorus was removed from the chemistry factor while nickel became a part of it. Predictions based 

on this formula are in Tables B.3 and B.4 under the column designated "RG 1.99.2." 

Research is currently under way to develop a new revision of RG 1.99. For this study, a potential 

equation for that revision has been taken from Draft NUREG/CR-6551 [40]. It is given as 

AT(-F) = A exp( 1.843 x 104 (1 + 54.3P)f((pt) + B(1 + 2.62Ni 1
.
3

1)h(Cu)g((pt) (20) 
A TC + 460 )
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where

f(qpt) = (cpt)[0.4265÷0.0761og((pt)] 

log Ptta 1019( + 1.77-( 1091 18.3041 
1(Pt + ltanh q) 

2 2 0.584 

0, Cu • 0.074wt% 
h(Cu) = I(Cu - 0.074)0.673, 0.074 < Cu < 0.300wt% (21) 

[0.368, Cu > 0.300 wt% 

2.18 x 10-7 for welds 

A = 12.43 x 10-7 for plates 
L1.82 x 10-7 for forgings 

(203 for welds 
B = 167 for plates 

130 for forgings 

AT and T. are in degrees Fahrenheit. T, is the inlet coolant temperature. The prediction by this 

procedure is given in Tables B.3 and B.4 under the column designated "EWO."1 

In addition to these revisions of RG 1.99, three other national procedures have been considered. One 

of these procedures is accepted in Germany as the KTA 3203 standard [41]. This standard has a very 

restricted validity range relative to chemical composition. For example, copper content is basically 

limited to a maximum of 0.18%, and the prediction is given in a graphical form. Thus, it is not clear how 

to apply it to materials with higher copper content. For this reason, this procedure has not been used to 

predict the transition-temperature shift for materials in the present database.  

The FIM formula is accepted in France for the evaluation of surveillance results [42]: 

AT(°C) = (17.3 + 1537(P - 0.008) + 238(Cu - 0.08) + 191 Ni 2 Cu)(@pt)0 35  (22) 

The prediction by this procedure is given in Tables B.3 and B.4 under the column designated "FIM." 

'Note that the final (published) version of this NUREG [40] contains slightly different fitting 
coefficients.
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The fourth predictive procedure is the one accepted recently in Japan and has the following form for 

base metal: 

AT(°C) = (-16 + 1210 P + 215 Cu + 77 NiCu )((Pt)° 29 -°°4 log(9 t) (23) 

It has the following form for weld metal: 

AT = (26 - 24Si - 61 Ni + 301 v/NiCu )((pt)02 5 - 0.1log,((t) (24) 

where Si is silicon content in weight percent. Predictions of transition-temperature shift based on these 

equations are given in Tables B.3 and B.4 under the column designated "JEPE" [43].  

All of these predictive equations are based on analyses of corresponding surveillance databases.  

However, almost all of these data are Charpy impact energy shifts. Thus, actual fracture toughness 

shifts from the current analysis could be compared with predictions based on Charpy data. Note that 

fracture toughness specimens were irradiated in test reactors. The comparison will be made in terms of 

residuals: 

ATPRED - AT 100 MEASURED (25) 

vs neutron fluence (logarithm scale). In this case, any data point below zero would mean that the 

measured fracture toughness shift is higher than that predicted by an equation or, in other words, the 

predictive equation underestimates the fracture toughness shift. All of these equations, except the RG 

1.99.1, are accompanied by a standard deviation, a. Thus, 2a is added to the predicted value as a 

margin. The comparison is presented in Figs. 42 through 46. A prediction based on an equation only is 

designated as ATpRED(EQ) and is presented by the left axis. A prediction based on an equation and a 

margin (+2a) is designated as ATPRED(EQ+2o) and is presented by the right axis. The first observation is 

that none of these predictions provides enough conservatism for predicting fracture toughness shifts of 

base metals at neutron fluence above 1.5 x 1019 n/cm 2, even with 2a margin. That supports the 

observation that, on average, the fracture toughness shift is higher than the Charpy shift for base metal 

data in this database. For the case of weld metal, where, on average, the fracture toughness shift is 

equal to the Charpy shift, the equation for the new potential revision of RG 1.99 [40] provides the most
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Fig. 42. Comparison of fracture toughness shifts with prediction of embrittlement 

based on Regulatory Guide 1.99 Rev. 2 for (a) weld metals and (b) base 
metals.
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accurate prediction of fracture toughness shift in the whole range of neutron fluence. The other 

equations tend to provide predictions that are conservative with respect to the measured fracture 

toughness shift.  

9. SUMMARY AND CONCLUSIONS 

A database was assembled from information reported in the literature regarding radiation-induced 

shifts of static fracture toughness and Charpy impact toughness. Application of the master curve 

concept was used to determine shifts of fracture toughness curves; the hyperbolic tangent function was 

used to fit Charpy data.  

Analysis shows that the master curve methodology models very well both the scatter of fracture 

toughness data and the temperature dependence of fracture toughness in both unirradiated and 

irradiated conditions. Moreover, it was shown that the master curve concept can easily work on the 

ASME K,, database, which has for many years been used as the basis for the deterministic lower

bound approach. The present analysis shows that the same ASME K,, database can be modeled with 

the statistical approach of the master curve methodology. T 100 values for all materials in the ASME K1c 

database were determined and reported. No correlation has been found between T100 and RTNDT for the 

materials in the ASME K,0 database. Need for a systematic experimental study of the master curve 

shape for highly embrittled materials is recognized, especially in light of the absence of any data 

generated by the HSSI Program at such embrittlement levels.  

1. No change in the slope of the master curve was observed for the overall irradiated data. However, 

separate analysis of a limited number of irradiated materials with a high postirradiation Charpy 

transition temperature raised a concern that caution needs to be used in applying (extrapolating) 

the results of this analysis of the current database to end-of-life conditions.  

2. Fracture toughness shifts were compared with Charpy impact toughness shifts at various levels of 

energy, lateral expansion, and percent shear fracture. The following six observations are based on 

regression analysis.  

a. For weld metals, on average, the Charpy transition temperature shift at 41 J is the same as the 

shift of fracture toughness, with 95 % confidence intervals of about +_26°C.
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b. For base metals, on average, the fracture toughness shift is 16% greater than the Charpy 41 -J 

temperature shift, with 95% confidence intervals of about ±360C. Using other indices for Charpy 

transition temperature does not significantly improve the correlation.  

c. A power law function tends to provide a better fit than a linear fit to the shift data, 

acknowledging that, on average, fracture toughness shifts tend to be higher than Charpy shifts 

at low and intermediate shifts, but become less than Charpy shifts with greater embrittlement.  

Out of the total 89 data points with both fracture toughness and Charpy shifts, only 16 points 

are for Charpy shifts above 1100C; most are in the range of Charpy shifts from 40 to 1 100C.  

d. Regression analysis indicates about the same correlation of fracture toughness shift with 

increase of yield strength for both base metals and weld metals, with substantial scatter (about 

_400C): 

AT 100 = 0.70Aay (26) 

e. The following relationship was established between absolute values of fracture toughness T, 00 

and Charpy T41J transition temperatures: 

T100 =T41J - 24 0 C , =20°C , (27) 

which can be recommended as a first estimation for positioning of the fracture toughness 

master curve based on available Charpy T41j data.  

f. Nil-ductility temperature (NDT) did not reveal a clear correlation with T100. However, very limited 

data, for which both fracture toughness and NDT shifts were available, suggest that a 

correlation between shifts of fracture toughness and NDT temperatures might be about the 

same as the correlation between fracture toughness and Charpy transition temperatures.  
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APPENDIX A 

WEIBULL STATISTICS AND THE MASTER CURVE 

K. Bowman 

This section presents a comparison of and discussion regarding the two methods used to estimate the 

mean value of a data set. In comparison of the method of moment and the method of maximum 

likelihood, one may conclude that the moment estimator is better because it is unbiased and the 

variance is exact. However, for a censored sample it is difficult to estimate Ko. The maximum likelihood 

estimate, on the other hand, is biased, but, for a censored sample, Ko is estimated easily. To find out 

properties of the maximum likelihood estimator, one can conduct an extensive Monte Carlo experiment 

with specified sample size and find its bias and variance of the estimators.  

Weibull Distribution 

Let's define X = Kjc and consider that a random variable X has a Weibull distribution with parameter 

b(>O), a = Ko - Kmin (>0), and ýo = Kmin. Then

(A.1)

Py(y) = e -y (y > 0), (A.2)

Px(x) = b( ýO e -[(x - ýo)a]`

The cumulative probability function is 

Fx(x) = 1 - e-[(x-ý,)/a]b
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The mode will be

If b-.c, then x = a + •.  

The median will be 

median = a(log2) Ib + 

Then, for all values of b, 

Fx(ýo + a) = 1 - e- 1 - 0.63 

The rth moments of Weibull distribution are

Pr = E[X' - ý,]r = arF(
r 
b

+ 1) (r = 1, 2, 3, 4) ,

from which we get 

E[X] = aF( 1 + 1 + 
b 

where E[X] is the mean value at the variate X. For the variance,

Var(X) = a2{F(2b+ 1 ) F + 
b 1)12}
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If b = 4, the mean is 0.9064, the standard deviation is 0.2543, the skewness is -0.09, and the kurtosis 

is 2.75 for a standardized Weibull distribution ( = 0, a = 1).  

The population skewness and kurtosis are defined as P3 /P 2 , andP 4/P2, where P2, P3, and P4 are 

central moments and assumed to exist. Skewness and kurtosis are shape parameters; the normal 

distribution is symmetric and "bell" shaped with P3 = 0 and p4/p 2 = 3. All normal distributions have this 

characteristic so that shape parameters are independent of location and scale parameters. The 

exponential density e-x, x >0, has positive skewness and is sometimes described as having a long "tail" 

to the right. Positive skewness, roughly speaking, has high density to the left and low density to the 

right for positive valued random variables; for example, the density x3 e-/6, x > 0 has skewness P3/P2 

= 2 with a long "tail" to the right (x >> 0). Negative skewness, similarly, has more densities to the right 

and a long "tail" to the left.  

There are other measures of shape, some of which refer to the range. Care must be taken in 

interpreting zero skewness; it does not in general imply symmetry.  

The kurtosis measure shows whether density itself is platikurtic or leptokurtic. The first four 

standardized moments of the distribution may describe the properties of the model assumed. First 

moment (mean) shows location, and second moment (variance) represents the scale; the third moment 

(skewness) and fourth moment (peakedness) complete the picture of the distribution.  

The skewness and kurtosis are often used in comparison to the normal density. Standard Weibull 

distribution with values (-0.09, 2.75) is not so distinctively different from normal value of (0, 3).  

Estimation Method 

For the maximum likelihood estimator, when b and o are known, the likelihood function of sample n is 

L(x 1 ,...xr;a) = -b X e- (A.11) 

= E(x- b , (A.12)
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nVar(d) 1 , [tp(2 a )2 - 1.109( ( a)2

In Eq. (A.13) 4j(x) is the Psi function and belongs to the class of polygamma functions, these referring 

to derivatives. Thus, as is well-known in terms of the gamma function,

qJ(x) = tpo(X) - dIn F(x) 
dx 

q4j(x) - dLp(x) - d2 1nF(x) 
dx dx 2

(A.14) 

(A. 15)

N ~xd dSin F(x) 
dx S

(s = 0, 1, ..-)

Asymptotic series and definite integrals are available for the polygamma functions (see Handbook of 

Mathematical Functions, N.B.S. 55, 1964).  

The maximum likelihood estimator is biased, and its variance is valid only for the asymptotic situation 

(n - - ). To determine what sample size is necessary to use this formula requires considerable study.  

Note that it is slightly different from the estimator of Wallin [31]; he uses n - [1 - In(2)] for n. The origin 

of "1 - In(2)" in his formulation is used as a bias correction with respect to the median [39].  

If n - k observations are censored and their values are replaced by Xk, then n- 1 is replaced by k-, and 
n k 

(X - &.))b is replaced by b (Xi - + (n - k) (X; 
i-1 i=1
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For the moment estimator, when b and Z are known,

n i + (A.17) 

F+ 
- 1 12 

+2 

nVar=a-) b (A. 18) 

When b and • are known, the moment estimator of a is unbiased and the variance is exact. In this 

case if n - k observations are censored, the statistics become order statistics and will be much more 

complicated.  

Discussion of an Example Problem 

When b, •, and a, or b and a are unknown, the problem becomes very difficult in that no properties of 

these estimators are known except the asymptotic properties, which leads to a question of sample size 

without answer.  

In the present case, however, b and • are known and the problem is the sample size. If the sample 

size is less than 10, it is impossible to say which method is better than the other (note the shape 

parameter b is set to be 4 arbitrarily).  

For example, take the case in Table Al of Appendix A of ASTM E 1921-98 [28]. Six 4T compact 

specimens of A533 grade B (-750C) are given: 
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Rank K1c 

1 59.1 
2 68.3 
3 77.9 
4 97.9 

5 100.9 
6 112.4 

Then: 

Parameter Maximum likelihood Moment estimate 
estimate 

K. 93.1 92.9 (unbiased) 

a 8.25 (asymptotic) 8.4 (exact) 

KJc (med) 86.7 86.5 

Statistical Analysis of a Data Set with Invalid Data 

In this case an appeal could be made to pure scientific method. Censoring is defined as "a data sample 

is said to be censored when, either by accident or design, the value of the random variable under 

investigation is unobserved for some of the items in the sample." A censored observation is distinct 

from a "missing" observation in that the order of the censored observation relative to some of the 

uncensored observations is known and conveys information regarding the distribution being sampled.  

There are two types of censoring, for example, for life or survival. In type I censoring on the right, 

testing is suspended when a preestablished life is reached. In type II censoring on the right, testing 

ceases at the occurrence of the r' order failure time in a sample of n items.  

The maximum likelihood method is the most widely used method for censored samples. Therefore, the 

reason for censoring is valid and one can then use the statistical method accordingly.
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APPENDIX B 

GLOSSARY

CH 

CONDIT 

ENERGY 

EWO 

FIM 

FT 

JEPE 

NDT 

ORIENT 

REF 

RG 1.99.1 

RG 1.99.2 

SLOPE 

SLOPEXP 

m0.9mm 

T100 

T20J 

T 2 8 *J 

T28J 

T41j

NUREG/CR-6609

Average fluence of Charpy specimens in 1019 n/cm2 (E > 1 MeV) 

"Condition," either unirradiated (UNIRR) or, if a value is given, the average value of 
fluence for Charpy specimens in 1019 n/cm 2 (E > 1 MeV) 

Value of the Charpy absorbed energy at temperature T = T10o 

Transition temperature shift predicted from Eq. (21) 

Transition temperature shift predicted from Eq. (22) 

Average fluence of fracture-toughness specimens in 10'9 n/cm 2 (E > 1 MeV) 

Transition temperature shift predicted from Eq. (23) for base metal and/or Eq. (24) 
for weld metal 

Nil-ductility temperature 

Specimen orientation: CL, LT, or TL 

Reference 

Transition temperature shift predicted from Nuclear Regulatory Commission (NRC) 
Regulatory Guide 1.99, rev. 1 

Transition temperature shift predicted from Nuclear Regulatory Commission (NRC) 
Regulatory Guide 1.99, rev. 2 

Fitting coefficient C in Eq. (6) when E is the absorbed energy and is one-half of the 
transition zone temperature width 

Fitting coefficient C in Eq. (6) when E is the lateral expansion and is one-half of the 
transition zone temperature width 

Charpy transition temperature at the lateral expansion = 0.9 mm 

Reference fracture-toughness temperature at KJc(med) = 100 MPa'm 

Charpy transition temperature at absorbed energy = 20 J 

Charpy transition temperature at absorbed energy = 28 J times the ratio of 

unirradiated to irradiated upper-shelf energies 

Charpy transition temperature at absorbed energy = 28 J 

Charpy transition temperature at absorbed energy = 41 J
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Charpy transition temperature at shear fracture = 50% 

Charpy transition temperature at absorbed energy = 68 J 

Charpy transition temperature at the middle of the transition range. Fitting coefficient 
in Eq. (6) when E is the absorbed energy 

Charpy transition temperature at the middle of the transition range. Fitting coefficient 
in Eq. 6 when E is the lateral expansion 

Unirradiated condition 

Upper-shelf energy 

Ratio of the unirradiated to irradiated upper-shelf energies 

Upper-shelf energy in the irradiated condition 

Upper-shelf lateral expansion 

Ultimate tensile strength 

Ratio of ultimate tensile strength to yield strength 

Yield strength 

Change in yield strength

NUREG/CR-6609

TMTXP 

UNIRR 

USE 

USEDRP 

USEIRR 

USEXP 

UTS 

UTS/YIEL 

YIELD 

AYIELD
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Table B.1. Summary of analysis for base metal dataa
CODE CONDIT To00  ENERGY USE SLOPE TmT T68 T41J T2 • T28 - "12o YIELD UTS USEXP SLOPEXP TMTXP To.,,m To50% NDT Cu Ni P Si Mn Cr ORIE 

(CC) W) W) (0 () ( (C) ()0) (00) (I0) (M() (M() (mm) (10) (CC) ()C) ((C) ( (wt %) (wt %) (wt %) (Wt O N 
3P UNIRR -16 27 150 58 31 25 1 -15 N/A -28 454 641 2.15 68.1 17 6 - -12 0.12 0.56 0.011 0.25 1.26 0.1 TL [7] 

3P-SSC1 2.7 60 30 122 42 85 89 70 58 64 48 570 713 1.77 46.7 85 85 -

3P-SSC2 5.2 77 37 110 52 97 108 82 66 79 54 601 732 1.829 53 96 96 -

3P-W1 5.2 60 33 112 57 88 99 70 54 66 40 581 730 1.67 51.1 85 89 -

3P-W2 2.7 51 30 112 55 81 92 64 48 60 35 559 710 1.73 53.8 76 78 -

3P-W3 1.5 38 29 128 53 73 76 52 37 43 25 539 689 1.98 51.4 67 62 -

F23-1/4 UNIRR -46 10 109 42 9 19 -3 -16 N/A -26 482 660 1.62 40.4 3 7 - - 0.2 0.18 0.011 0.23 1.34 0.11 LT [9] 

F23-SSC1 2.9 65 35 86 34 73 94 70 59 66 50 596 733 1.34 36 73 86 - - [17] 

F23-SSC2 5.6 86 39 75 22 86 110 87 79 87 73 615 741 1.27 29 82 95 -

F23-WI 5.6 56 28 84 42 73 102 70 56 65 46 595 737 1.35 46.7 68 84 -

F23-W2 2.9 45 35 79 47 53 94 53 36 50 24 580 720 1.38 49 56 72 -

F23-W3 1.5 30 27 82 42 47 79 46 31 42 20 567 714 1.42 48.6 49 63 -

F23-UBR 3.6 58 10 82 25 88 107 87 78 84 72 - - - - -

F23-1/2 UNIRR -35 21 127 43 2 5 -15 -27 N/A -36 447 589 1.93 47.6 -5 -8 -

F23-1P1 0.55 27 29 117 39 50 56 37 26 28 17 529 661 1.91 50 49 46 -

F23-CE1 0.8 25 25 110 50 59 70 44 29 34 17 550 680 2.14 71 69 58 -

F23-CE2 1.5 50 43 108 51 62 75 48 33 39 21 554 683 1.67 55.7 55 60 -

F23-CE3 3.9 48 32 99 40 64 79 56 44 51 34 566 696 1.7 51.8 60 63 -

F23-ICI 0.5 11 22 110 40 41 50 30 18 22 9 517 647 1.85 49.5 34 33 -

F23-1C2 1.1 28 27 110 47 57 67 43 29 34 18 538 668 1.86 53 53 51 -

F23-1C3 2 53 39 102 39 64 76 55 43 49 34 564 691 1.98 55.6 68 63 -

23G UNIRR -62 12 149 40 -8 -12 -29 -39 N/A -48 431 581 1.84 40 -17 -18 - - 0.2 0.63 0.017 0.19 1.4 0.19 TL [9] 

23G-IP1 0.5 14 35 145 75 60 54 22 2 4 -14 550 699 2.16 83 57 43 -

23G-IP4 0.5 -31 13 134 44 25 25 5 -7 -5 -17 493 641 2.17 51 22 13 -

CAB UNIRR -33 16 133 57 30 29 4 -11 N/A -25 443 599 2.06 - - 10 - -23 0.12 0.46 0.008 0.26 1.41 0.11 TL [6] 

CAB-1.2 1.2 20 29 127 72 68 71 39 19 21 3 513 651 1.52 - - 74 -

CAB-1.6 1.6 44 27 134 62 90 90 63 46 46 32 526 655 1.55 - - 102 -

CAB-2.1 2.1 44 27 138 58 88 86 61 45 43 32 536 670 1.63 - - 81 -

0BB UNIRR -52 8 139 42 17 15 -3 -14 N/A -24 450 594 2.13 - - 4 - -46 0.13 0.55 0.006 0.23 1.45 0.05 TL [6] 

0BB-4.4 4.4 45 4 124 22 99 100 90 84 86 79 607 724 1.65 - - 104 -

SP UNIRR -75 13 235 39 -15 -33 -47 -56 N/A 64 478 608 2.3 - - -36 - -35 0.01 0.66 0.007 0.22 1.48 0.2 TL [11] 

JP-7 6.7 -16 24 181 45 29 16 -1 -12 -4 -22 570 673 2.35 - - 6 -

68C UNIRR -19 33 147 61 21 15 -10 -26 N/A -39 463 625 2.17 70 21 9 - -18 0.3 0.7 0.028 0.22 1.31 0.003 LT [8] 

68C-1.6 1.6 145 51 86 52 136 170 132 115 141 101 670 790 1.3 55 130 153 - - I I 

68A UNIRR -25 33 154 72 25 15 -14 -33 N/A -48 459 628 2.26 73.8 19 3 - -23 0.3 0.7 0.003 0.22 1.31 0.003 LT [8] 

68A-1.6 1.6 121 41 103 63 136 155 121 102 122 87 670 789 1.33 60 117 139 -

67C UNIRR -23 32 154 58 18 10 -13 -28 N/A -41 437 607 2.13 54.7 10 2 - -18 0.002 0.7 0.023 0.2 1.31 0.003 LT [8] 

67C-1.6 1.6 48 37 121 63 76 83 53 36 46 21 526 674 1.89 55.3 65 62 -

6A UNIRR -14 18 147 52 41 36 14 1 N/A -11 542 679 1.95 49.8 31.7 28 - - 0.28 0,045 0.002 0.22 1.29 - LT [8] 

6A-1.6 1.6 79 32 118 61 112 120 91 73 83 59 668 779 1.59 55 100 107 -

JRQV-70 UNIRR -54 7 212 32 8 -4 -15 -23 N/A -30 482 610 2.35 30.1 -3 -10 14 -15 0.14 0.83 0.019 0.25 1.4 0.12 LT [12] 

JRQV-70 2 105 31 129 42 130 132 113 102 117 92 696 820 1.9 49.5 132 126 119 

JRQV-45 UNIRR -74 3 212 19 -8 -15 -22 -27_ N/A -31 482 610 2.3 14.4 -14 -17 13 -15 LT [12] 

JRQV-45 2 94 23 129 33 121 122 107 98 110 91 696 820 1.9 49.5 132 126 122 

JRQA UNIRR -55 10 200 35 2 -10 -22 -31 N/A -39 482 625 2.04 30 -10 -14 -1 -15 TL [10] 
;.- I 

PRCA 1 30. __64 ________ 60 49 - 24117 -7 51-7r-' 97 __5_ 1.7 512A ; .740-
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Table B.1 (continued) 
CODE CONDIT T1 0 ENERGY USE SLOPE Tm T6sj T41J T28 T28 .j T2, YIELD UTS USEXP SLOPEXP TmTXP Tgm, Tso% NDT Cu Ni P Si Mn Cr (°C) (J) (J) (°C) (°C) (°C) (°C) (IC) (°C) (°C) (MPa) (MPa) (mm) (°C) (°C) (°C) (°C) (°C) (wt %) ()t %) (Wt %) ( wt %) ORIENT REF.  

02G UNIRR -26 17 141 49 27 24 3 -10 N/A -21 467 622 1.892 49.3 25 20 29 -18 0.14 0.67 0.009 0.2 1.55 0.04 TL [19] 
02G-1.1 1.1 43 30 128 63 83 86 57 40 44 25 - - 1.361 22.7 86 92 77 - [23] 
02G-1.5 1.5 57 26 119 38 83 87 69 59 63 50 609 749 1.345 20.6 82 88 90 
02G-2.1 2.1 65 28 121 46 96 101 79 66 71 55 617 753 1.423 34.2 •108 116 93 
JPJ-RG UNIRR -27 41 203 51 10 -9 -27 -39 N/A -50 438 578 2.4 35.4 -9 -17 10 -30 0.05 0.63 0.005 - - TL [18] 
JPJ-RG 2 9 67 225 34 34 9 -2 -10 -13 -17 484 614 2 35.9 12 7 22 
JPI-JA UNIRR -154 8 220 63 -37 -64 -86 -101 N/A -114 485 628 2.6 41.8 -49 -60 -41 -40 0.01 0.69 0.006 - - - TL [18] 
JPI-JA 1.6 -135 6 220 54 -18 -41 -60 -73 -73 -84 527 638 - - - - -21 
03 UNIRR -34 - 129 - - - 0 - N/A - - - 2.03 - - 17 26 -15 0.12 0.56 0.011 0.25 1.26 0.45 TL [15] 
03-2.5 2.5 34 - 127 - - - 52 .- - 2 - - 74 73 25 

03-6.3 6.3 64 - 102 - - - 93 - - - - 1.6 - - 134 121 60 
JF UNIRR -67 13 219 46 0 -19 -35 -46 N/A -55 483 618 2.3 - - -26 - -52 0.04 0.76 0.007 0.27 1.35 0.11 TL [11] 
JF-5 5.1 -15 8 171 30 36 29 18 10 15 4 572 691 2.4 - - 16 -
FFA UNIRR -106 4 204 29 -38 -49 -59 -66 N/A -72 427 569 2.4 22.6 -44 -50 -28 - 0.061 0.713 0.0053 0.194 1.33 0.169 LT [13] 
FFA 1.8 -34 17 200 40 17 3 -12 -22 -21 -30 510 635 2.45 42.7 6 -6 27 
5B UNIRR -73 21 144 69 -9 -14 -42 -61 N/A -76 - - - - - -10 5 -25 0.23 0.61 0.018 0.26 - - - [14] 
5B-5.6 5.6 74 21 96 77 127 160 114 90 116 71 - - - - 143 134 
1B UNIRR -95 13 145 58 -20 -25 -49 -64 N/A -77 - - - -23 -8 -30 0.06 0.58 0.008 0.21 - - - [14] 
1B-6.7 6.7 -41 13 133 59 31 31 5 -11 -7 -24 - - - 26 33 
GFB-LT UNIRR -122 4 183 36 -39 -49 -62 -71 N/A -79 497 632 2.2 29.5 -47 -51 -25 - 0.05 0.85 0.006 - - - LT [18] 
GFB-LT 2 -43 40 204 33 -19 -31 -43 -51 -53 -58 539 658 2.1 32.6 -29 -35 -17 
JFL UNIRR -97 7 210 42 -17 -34 -49 -59 N/A -68 451 593 2.4 38.9 -29 -38 -10 -30 0.01 0.74 0.004 0.25 1.4 0.15 LT [18] 
JFL 1.9 -68 4 210 30 6 -5 -16 -23 -23 -30 510 642 2.4 29 1 -7 6 
V-1000A UNIRR -152 16 221 59 -72 -97 -118 -132 N/A -144 632 744 2.34 54.8 -75 -88 -71 - 0.06 1.27 0.009 0.29 0.41 2.05 CL [17] 
V-1000A 4.4 -91 3 201 24 -17 -25 -34 -40 -39 -45 794 852 2.29 21.8 -17 -22 -2 
V-1000B UNIRR -147 5 221 27 -85 -97 -107 -113 N/A -119 528 641 2.27 24 -91 -96 -67 - 0.03 1.25 0.009 0.27 0.51 2.1 CL [17] 
V-1000B 4.6 -100 3 193 15 -13 -18 -23 -27 -26 -30 726 779 2.16 13 -14 -16 -11 

AN/A = not applicable. - = Not available. '_'_'



Table B.2. Summary of analysis for weld metal data8

CODE CT 10 ENERGY USE SLOPE TMT T6a T41J T28T YIELD UTS USEXP SLOPEXP TMTXP TC.9-I To0% NDT Cu Ni P Si Mn Cr 
CODE CONDIT (°c) (J) (J) (1C) (°C) (1C) (°C) (0C) (°C) (IC) (MPa) (MPa) (mm) (°C) (°C) ('C) (°C) (°C) (w %t) (wt %) (wt %) (wt %) (wt %) (wt %) REF.  

W8A UNIRR -47 26 81 84 -12 58 -13 -42 N/A -64 490 611 1.645 86.1 6 14 - - 0.39 0.59 0.011 0.77 1.33 0.12 [9] 

W8A-2 2 86 22 52 43 96 N/A 123 97 129 83 668 750 0.872 45.1 97 N/A -

W8A-IAR 2.2 49 10 59 37 85 N/A 99 82 95 70 642 734 0.988 35.11 82.5 123 -

/8A-1.5 1.5 31 29 80 49 48 89 47 30 30 17 657 744 1.09 37.87 32 61 -

W8A-CE1 0.79 83 28 53 35 83 N/A 102 83 105 71 650 741 0.927 36.7 83 147 -

W8A-CE3 3.85 76 14 46 37 95 N/A 139 102 N/A 88 684 767 0.804 44.2 92 N/A -

W8A-CE2 1.5 80 24 49 38 84 N/A 112 87 129 73 659 751 1.133 57.8 94 133 -

W8A-IC1 0.56 39 24 61 61 55 N/A 75 47 67 29 592 699 1.22 74.5 51 90 -

W8A-IC2 1.22 67 29.5 56 69 66 N/A 99 63 97 41 624 726 1.096 85.3 69 134 -

W8A-IC3 2.2 89 32 53 58 79 N/A 112 79 116 60 659 747 0.98 61.7 144 N/A -

W9A UNIRR -75 34 167 64 -29 -42 -67 -83 N/A -97 565 638 2.19 62.3 -41 -52 - - 0.39 0.7 0.01 0.23 1.24 0.1 [9] 

W9A-2 2 45 40 107 59 62 77 46 29 50 15 726 799 1.7 75.7 70 74 -

W9A-IAR 2.2 20 35 112 56 44 55 27 11 28 -2 686 771 1.61 56.7 40 47 -

W9A-1.5 1.5 13 27 117 69 58 68 34 14 33 -2 709 785 1.58 63 54 63 -

W9A-IC4 0.5 13 51 124 52 24 28 4 -11 0 -23 667 740 1.96 57.8 20 15 -

E23 UNIRR -52 20 93 61 -9 20 -18 -37 N/A -53 456 583 1.75 - - -9 - -46 0.24 0.6 0.008 0.52 1.36 0.04 

F=23-7 0.69 25 21 76 69 62 135 65 40 52 22 - - 0.99 -- 99 -

E19 UNIRR -55 24 89 86 -8 41 -18 -46 N/A -67 492 614 1.32 - 27 - -40 0.43 0.59 0.007 0.53 1.37 0.04 [6] 
E19-0.1 0.1 -7 18 82 67 41 92 38 15 20 -2 538 632 1.12 -- 71 -

E 19-0.7 0.7 56 32 64 71 59 N/A 78 47 73 26 603 698 - - - -

E19-2.5 2.5 63 23 60 78 86 N/A 113 77 116 53 622 670 - - - - -

5W UNIRR -39 52 220 56 -5 -28 -48 -62 N/A -73 - - - - -25 -18 -50 0.25 1.06 0.019 0.3 - - [14] 

5W-5 4.6 117 42 127 68 143 146 115 96 124 81 - - - 155 133 

lW UNIRR -60 57 213 62 -27 -52 -74 -89 N/A -102 - - - - -49 -38 -60 0.06 0.98 0.007 0.31 - - [14] 

1W-8 8.8 18 48 168 45 40 30 13 1 8 -8 - - - - - 40 29 

68W UNIRR -92 18 205 40 -43 -57 -71 -81 N/A -89 554 647 - - - - - 0.04 0.13 0.008 0.16 1.38 0.04 [19] 

68W-1 1 -87 14 219 45 -21 -40 -56 -67 -69 -76 554 634 -- - - [23] 

68W-1.6 1.6 -66 12 203 28 -23 -33 -43 -50 -50 -57 573 656 - - - -

69W UNIRR -15 49 148 35 -2 -6 -20 -30 N/A -37 639 722 1.769 32.7 -2 -3 -12 - 0.12 0.1 0.01 0.19 1.19 0.09 [19] 

69W- 1.2 1.2 23 68 146 40 27 23 6 -4 -4 -13 704 776 1.366 29.8 33.1 41 18 - [23] 

69W-1.5 1.5 15 50 148 74 42 35 4 -15 -15 -32 717 792 1.309 38.7 43.6 57 13 -
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Table B.2 (continued) 

CODE CONDIT T1° ENERGY USE SLOPE TT T T41 T T2  T28.J T2o YIELD UTS USEXP SLOPEXP TTXP T0.9 mm T50% NDT Cu Ni P Si Mn Cr 
(0C) (J) (J) (0C) (00) (°C) (°C) (IC) (°C) (°C) (MPa) (MPa) (mm) (°C) (C0) (°C) (°C) (-C) (Wt %) (wt %) (wt %) (wt %) (wt %) (W RE 

70W UNIRR -61 22 135 42 -23 -24 -42 -54 N/A -63 478 593 1.998 44 -17 -23 -31 - 0.056 0.63 0.011 0.44 1.48 0.13 [19] 
70W-1.6 1.6 -42 22 132 45 -3 -3 -23 -35 -34 -46 534 649 1.433 49.2 13.2 24 -11 - [23] 
70W-2 2 -31 25 132 63 17 18 -10 -27 -26 -41 - - 1.347 34.7 25.5 36 17 
71W UNIRR -40 14 105 43 4 16 -7 -20 N/A -30 469 599 1.65 35.2 8.5 10 3 - 0.046 0.63 0.011 0.54 1.58 0.12 [19] 
71W-1.6 1.6 -18 23 123 82 48 54 16 -7 -17 -26 539 649 1.224 19.6 35.4 44 38 - [23] 
71W-2 2 -15 17 114 51 33 42 17 2 -1 -10 - - 1.262 28.9 39.6 51 26 

72W UNIRR -57 18 136 52 -4 -5 -28 -42 N/A -53 500 609 2.12 49.2 -6 -15 -1 -23 0.23 0.6 0.006 0.44 1.6 0.27 [20] 
72W-1 1 34 30 109 62 66 81 49 30 40 16 - - 1.24 63 53 84 80 38 [23] 
72W-1.6 1.6 34 33 96 55 54 77 44 27 42 13 613 715 1.25 52.7 70 92 61 49__ _ 

73W UNIRR -61 22 135 50 -17 -18 -40 -53 N/A -65 494 604 2.08 48.6 -18 -27 -15 -34 0.31 0.6 0.005 0.45 1.56 0.25 [20] 
73W-1 1 33 34 99 42 48 64 40 26 37 16 - - 1.313 42.3 46 60 57 38 [23] 
73W-1.6 1.6 40 40 91 68 51 86 42 20 43 3 655 743 1.29 74.6 79 106 57 60 
NOZ UNIRR -47 17 88 65 5 44 -1 -23 N/A -39 545 645 1.483 56.4 9 18 19 -55 0.4 0.57 0.015 0.55 1.59 -[21 

NOZ-1 1 56 26 68 71 78 N/A 90 61 79 41 702 792 0.892 58 80 N/A 73 - [22] 
NOZ-IA 1- 4 5 4 b -11 17 105 62 47 64 31 12 4 -3 - - 1.227 50.4 40 63 37 - [23] 

MW UNIRR -61 12 89 55 -3 28 -9 -27 N/A -41 512 613 1.69 63.1 1 2 -2 -60 0.26 0.57 0.017 0.622 1.61 [213 
MW-0.5 0.5 5 23 81 62 37 88 36 14 19 -2 634 718 1.152 55.2 38 73 55 - [22] 
MW-i 1 26 16 80 90 96 171 95 64 71 40 646 747 0.977 91.5 102 N/A 93 - [23] 
MW-454 1- 4 5 4 b -48 9 106 58 30 46 15 -2 -10 -16 - - 1.226 65.8 33 62 20 - [24] 
MW-343 1-343b 10 18 92 53 51 79 44 27 26 14 - - 0.885 44.3 79.4 N/A 63 
GWA UNIRR -69 40 185 38 -43 -54 -68 -78 N/A 86 617 693 2.1 24.3 -42 -49 -37 - 0.035 0.93 0.013 0.17 1.45 0.02 [18] 
GWA-2 2 -49 13 209 30 -4 -16 -27 -34 -36 -41 669 747 1.9 25.5 -13 -15 -14 
E4 UNIRR -68 8 132 33 -17 -16 -31 -40 N/A -47 - - 2.06 40.1 -22 -27 - - 0.16 0.65 0.013 0.49 1.38 0.1 [6] 
E4-2 2.3 15 15 104 60 75 93 60 42 53 28 - - 1.58 64 71 80 -

JW UNIRR -64 33 217 35 -32 -47 -59 -67 N/A -75 540 634 - - - - -58 -50 0.084 0.71 0.009 0.36 1.24 0.07 [11] 
JW 3 -16 61 186 33 -4 -13 -25 -33 -30 -40 644 703 - - - - -

E24 UNIRR -101 13 180 44 -40 -51 -68 -79 N/A -89 549 638 2.21 - - -54 -68 0.37 0.59 0.005 0.17 1.25 0.04 [6] 
E24-.75 0.75 -7 33 144 73 40 34 4 -16 -5 -32 - - 1.5 - - 32 -
BW UNIRR -67 16 162 61 5 -6 -30 -45 N/A -59 405 - 2.4 60 -2 -17 3 - 0.22 1.58 0.012 0.55 1.33 0.06 [10] 
BW-1 1 16 10 99 42 82 98 73 60 77 50 548 - 1.67 51 80 84 83 

'N/A = not applicable. - = Not available.  "•1-454 means annealing at 4540C for 168 h after irradiation to 1.10"9 n/cm 2, and 1-343 means annealing at 343'C for 168 h after irradiation to 1.1019 n/cm 2.
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Table B.3. Summary of fracture toughness and Charpy shifts for base metal data, 
Shift at Shift at Shift at Shift at Shift at Shift at Shift at Shift at Shift at 

CODE OH FT 100 MPalm 68J 41 J 28 J 28*J 20J T 0.9 mm 50% A YIELD YIELD UTS/YIEL USE DRP USEIRR AT1 o-AT41  RG 1.99.1 AG 1.99.2 EWO FIM JEPE (°C) (°C) (°C) () (10) (10) (0) 1( 0C) (10) (1C) (MPa) (MPa) (J_°)_C__)(C)°)(C 

3P-SSC1 2.66 2.66 76 64 69 73 79 76 54 79 - 116 570 1.25 1.23 122 7 86 57 53 54 56 
3P-SSC2 5.2 5.2 93 83 81 81 94 82 66 90 - 147 601 1.22 1.36 110 12 1ý0 64 65 69 66 
3P-W1 5.2 5.2 76 74 69 69 81 68 57 83 - 127 581 1.26 1.34 112 7 120 64 65 69 66 
3P-W2 2.7 2.7 67 67 63 63 75 63 50 72 - 105 559 1.27 1.34 112 4 87 58 54 55 56 
3P-W3 1.5 1.5 54 51 51 52 58 53 42 56 - 85 539 1.28 1.17 128 3 •5 51 46 45 48 
F23-SSC1 2.87 2.87 111 75 73 74 81 76 64 79 - 114 596 1.23 1.27 86 38 165 71 58 75 73 
F23-SSC2 5.6 5.6 132 91 90 94 102 99 77 88 - 133 615 1.20 1.45 75 42 230 79 70 94 86 
F23-Wl 5.6 5.6 102 83 73 71 80 72 64 77 - 113 595 1.24 1.3 84 29 230 79 70 94 86 
F23-W2 2.9 2.9 91 75 56 51 65 50 44 65 - 98 580 1.24 1.38 79 35 166 71 58 75 73 
F23-W3 1.5 1.5 76 60 49 46 57 46 38 56 - 85 567 1.26 1.33 82 27 119 62 49 60 62 
F23-UBR 3.6 3.6 104 88 90 93 99 98 79 N/A - - - - 1.33 82 14 184 74 62 81 77 
F23-!P1 0.54 0.57 62 51 52 53 55 53 48 54 - 82 529 1.25 1.09 117 10 "3 47 38 42 46 
F23-CE1 0.79 0.88 60 65 59 56 61 53 57 66 - 103 550 1.24 1.15 110 1 91 54 43 49 53 
F23-CE2 1.5 1.64 85 70 63 60 66 57 60 68 - 107 554 1.23 1.18 108 22 125 63 50 61 63 
F23-CE3 3.85 4.01 83 74 71 71 78 70 62 71 - 119 566 1.23 1.28 99 12 195 75 64 84 79 
F23-IC1 0.56 0.53 46 45 45 45 49 45 39 41 - 70 517 1.25 1.15 110 1 71 46 37 41 45 
F23-1C2 1.22 1.02 63 62 58 56 61 54 55 59 - 91 538 1.24 1.15 110 5 98 56 45 52 55 
723-1C3 2.23 1.95 88 71 70 70 76 70 62 71 - 117 564 1.23 1.25 102 18 136 66 52 65 66 
23G-IP1 0.54 0.54 76 66 51 41 43 33 68 61 - 119 550 1.27 1.03 145 25 84 69 62 60 62 
23G-iC4 0.45 0.45 31 37 34 32 34 31 33 31 - 62 493 1.3 1.11 134 -3 76 65 58 57 59 
CAB-1.2 1.2 1.2 53 42 35 30 32 28 38 64 - 70 513 1.27 1.05 127 18 49 47 45 34 40 
CAB-1.6 1.6 1.7 77 61 59 57 57 57 60 92 - 83 526 1.25 0.99 134 18 - -8 51 49 38 44 
CAB-2.1 2.1 2.2 77 57 57 56 54 57 58 71 - 93 536 1.25 0.96 138 20 66 54 52 42 47 
CBB-4.4 4.4 4.8 97 85 93 97 100 103 82 100 - 157 607 1.19 1.12 124 4 110 69 60 64 60 
JP-6.7 6.7 7 59 49 46 44 52 42 44 42 - 92 570 1.18 1.3 181 13 59 53 41 36 1 
68C-1.6 1.6 1.6 164 155 142 141 167 140 115 144 - 207 670 1.18 1.71 86 22 253 131 120 151 134 
68A-1.6 1.6 1.6 146 140 135 135 155 135 111 136 - 211 670 1.18 1.5 103 11 183 131 101 115 100 
67C-1.6 1.6 1.6 71 73 66 64 74 62 58 60 - 89 526 1.28 1.27 121 5 81 13 31 48 17 
6A-1.6 1.6 1.6 93 84 77 72 82 70 71 79 - 126 668 1.17 1.25 118 16 169 78 47 77 63 
JRQV-40 2 2 168 137 129 125 137 122 129 136 105 214 696 1.18 1.64 129 39 N/A N/A 111 N/A N/A 
JRQV-70 2 2 159 136 128 125 140 122 122 143 109 214 696 1.18 1.64 129 31 N/A N/A 111 N/A N/A 
JRQA-1 1 1 85 59 46 38 48 32 58 56 75 77 559 1.25 1.25 160 39 86 58 64 67 63 
02G-1.1 1.1 1.2 69 62 54 50 54 46 56 72 48 - - - 1.1 128 15 64 60 53 48 51 
02G-1.5 1.5 1.8 83 63 66 69 73 71 56 68 61 142 609 1.23 1.18 119 17 78 66 58 55 57 
02G-2.1 2.1 2.4 91 77 76 76 81 76 69 96 64 150 617 1.22 1.17 121 15 90 70 62 61 62 
JPJ-2 2 2 36 18 25 29 26 33 14 24 12 46 484 1.27 0.9 225 11 31 20 20 27 18 
JPI-1.6 1.6 1.6 19 23 26 28 28 30 19 - 20 42 527 1.21 1 220 -7 28 13 18 21 0 
03-2 2.5 2.5 68 - 52 - - - - 57 47 - - - 1.02 127 16 83 57 53 53 55 
03-5.1 6.3 6.3 98 - 93 - - - - 117 95 - - - 1.26 102 5 132 66 70 74 69 
JF-5.1 5.1 5.4 52 48 53 56 61 59 36 42 - 89 572 1.21 1.28 171 -1 52 20 26 39 22 
FFA-1.8 1.8 1.9 72 52 47 44 45 42 55 44 55 83 510 1.25 1.02 200 25 31 24 31 29 23 
5B-5.6 5.6 6.7 147 174 156 151 177 147 136 153 129 - - - 1.5 96 -9 345 136 91 165 137 
1 B-6.7 6.7 8.4 54 56 54 53 57 53 51 49 41 - - - 1.09 133 0 64 31 35 45 3 
GFB-2 2 2 79 18 19 20 18 21 20 16 8 42 539 1.22 0.9 204 60 31 20 15 31 22 
JFL-1.9 1.9 1.9 29 29 33 36 36 38 23 31 16 59 510 1.26 1 210 -4 31 13 29 23 -3 
V-1000A 4.4 4.6 61 72 84 92 93 99 55 66 69 162 794 1.07 1.1 201 -23 54 28 26 64 43 
V-IO00B 1 .3- 4.t 47 7 84 86 87 89 j 728056" 17 2619 1.'j7 , 1.15 i 193 -37 i 15 L 2 I 47 24 "N/A= Not applicable. - = Not available.
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Table B.4. Summary of fracture toughness and Charpy shifts for weld metal data, 
CODE OH Shift at Shift at Shift at Shift at Shift at Shift at Shift at Shift at Shift at A YIELD YIELDUUSERR AT100-AT41  RG 1.99.1 RG 1.992 EWO FIM 

E CH F 100 MP 68 J 41 J 28 J 28* J 20 J TMT 0.9 mm 50% (MPa) (MPa) YE)LUTS/YIEL(USE0DRP0) USE) ()0•0) ()I) (1C)(____1(00) (0C) () () (°) (°C) (00) (0) (CC)) ( (Ma) (J) (°C) (C) (°C) (°C) (°C) (°C) 

W8-2 2.03 2.1 133 N/A 136 139 171 147 108 N/A - 178 668 1.12 1.56 52 -3 294 151 115 158 136 
W8-IAR 2.19 2.2 96 N/A 112 124 137 134 97 109 - 152 642 1.14 1.37 59 -16 N/A N/A N/A N/A N/A 
W8-1.3 1.34 1.5 78 N/A 60 72 72 81 60 47 - 167 657 1.13 1.01 80 18 248 140 110 140 127 
W8-CE1 0.79 0.88 130 N/A 115 125 147 135 95 133 - 160 650 1.14 1.53 53 15 190 121 101 116 112 
W8-CE3 3.85 4.01 123 N/A 152 144 N/A 152 107 N/A - 194 684 1.12 1.76 46 -29 406 170 125 198 151 
W8-CE2 1.5 1.64 127 N/A 125 129 171 137 96 119 - 169 659 1.14 1.65 49 2 260 143 111 145 130 
W8-01C 0.56 0.53 86 N/A 88 89 109 93 67 76 - 102 592 1.18 1.33 61 -2 148 103 89 97 97 
W8-1C2 1.22 1.02 114 N/A 112 105 139 105 78 120 - 134 624 1.16 1.45 56 2 205 126 103 122 116 
W8-1C3 2.23 1.95 136 N/A 125 121 158 124 91 N/A - 169 659 1.13 1.53 53 11 283 148 113 154 134 
W9-2 2.03 2.1 120 119 113 112 133 112 91 126 - 161 726 1.10 1.56 107 7 290 161 127 169 159 
W9-IAR 2.19 2.2 95 97 94 94 111 95 73 99 - 121 686 1.12 1.49 112 1 N/A N/A N/A N/A N/A 
W9-1.3 1.34 1.5 88 110 101 97 116 95 87 115 - 144 709 1.11 1.43 117 -13 245 149 122 151 148 
W9-1C4 0.45 0.47 88 70 71 72 83 74 53 67 - 102 667 1.11 1.35 124 17 137 106 96 100 109 
E23-0.7 0.69 0.68 77 115 83 78 90 75 71 108 - - - 1.22 76 -6 92 86 79 63 82 
E19-0.1 0.1 0.1 48 51 56 86 66 87 46 44 - 46 538 1.17 1.09 82 -8 69 56 31 58 58 
E19-0.7 0.73 0.75 111 N/A 96 93 119 93 67 N/A - 111 603 1.16 1.39 64 15 188 123 98 117 120 
E19-2.5 2.5 2.63 118 N/A 131 123 162 120 94 N/A - 130 622 1.08 1.48 60 -13 351 168 119 181 158 
5W-4.6 4.6 6.1 156 174 163 158 186 154 148 180 151 - - - 1.73 127 -7 364 202 183 242 149 
lW-8.8 8.8 8.7 78 82 87 90 97 94 67 89 67 - - - 1.27 168 -9 66 68 41 60 45 
68W-1 1 1.1 5 17 15 14 14 13 22 - - 1 554 1.14 0.94 219 -10 23 21 15 18 37 
68W-1.6 1.6 1.6 26 24 28 31 31 32 20 - - 19 573 1.14 1.01 203 -2 28 23 18 21 40 
69W-1.2 1.2 1.1 38 29 26 26 26 24 29 44 30 65 704 1.10 1.01 146 12 52 35 31 31 49 
69W-1.5 1.5 1.6 30 46 24 56 56 58 44 60 25 78 717 1.10 1 148 6 63 39 34 36 54 
70W-1.6 1.6 1.4 19 21 19 19 20 17 20 47 20 56 534 1.22 1.02 132 0 36 46 19 29 36 
70W-2 2 2.1 30 42 32 27 28 22 40 59 48 - - - 1.02 132 -2 44 51 23 34 39 
71W-2 2 2.1 25 26 24 22 19 20 29 34 35 - - - 0.92 123 1 44 41 23 33 30 
71W-1.6 1.6 1.4 22 38 23 13 3 4 44 41 23 70 539 1.20 0.85 114 -1 36 38 19 29 28 
72W-1 1 1 91 86 77 72 82 69 70 99 81 - - - 1.25 109 14 106 94 82 69 91 
72W-1.6 1.5 1.6 91 82 72 69 84 66 58 107 62 113 613 1.17 1.42 96 19 134 106 88 81 101 
73W-1 1 1 94 82 80 79 90 81 65 87 72 - - - 1.36 99 14 150 110 101 93 108 
73W-1.6 1.5 1.6 101 104 82 73 96 68 68 133 72 161 655 1.13 1.48 91 19 190 124 108 110 121 
NOZ-1 1.3 1.3 103 N/A 91 84 102 80 72 N/A 54 157 702 1.13 1.29 68 12 250 135 107 141 130 
NOZ-1A 1 1.3 36 20 32 35 27 36 42 45 18 - - - 0.84 105 4 N/A N/A N/A N/A N/A 
BL-0.5 0.5 0.5 66 60 45 41 46 39 40 71 57 122 634 1.13 1.1 81 21 104 79 79 71 76 
BL-1 1.3 1.3 87 143 104 91 98 81 99 N/A 95 134 646 1.16 1.11 80 -17 168 105 98 99 98 
BL-1/454 1 1.3 13 18 24 25 17 25 33 60 22 - - - 0.84 106 -11 N/A N/A N/A N/A N/A 
BL-1/343 1 1 71 51 53 41 53 55 54 N/A 65 - - - 0.97 92 18 N/A N/A N/A N/A N/A 
GWA-2 2 2 20 38 41 44 42 45 39 34 23 52 669 1.12 0.89 209 -21 51' 32 24 39 12 
E4 2.3 2.3 83 109 91 82 93 75 92 107 - - - - 1.27 104 -8 122 106 77 76 86 
JW-2.9 2.9 3.5 48 34 34 34 37 35 29 - - 46 644 1.09 1.17 186 14 51f 83 41 43 61 
E24 0.72 0.72 94 86 72 63 74 57 80 86 - - - - 1.25 144 22 156 110 94 99 116 
BW- 1 1 1 83 104 103 105 122 109 77 101 80 143 548 1.64 99 -20 111 167 183 156 94 

1 N/A = Not applicable. - = Not available. 
_ _'
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