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FOREWORD

The Appendices presented in Volume IT of "Fracture Toughness Data

' represent the detailed

for Ferritic Nuclear Pressure Vessel Materials,'
analysis of approximately 20,000 experimental test results. Due to the
large quantity of data, Volume I was written to familiarize the reader

with the overall program and objectives, to present the analytical tools

developed for statistically analyzing the data, and to provide specific

examples for the interpretation of the data in Volume II. Volume I also
contains the conclusions and recommendations reached after the data were
analyzed. Note that the objective of the overall program was to gather
the data in a well documented and detailed manner and to perform a cur-

sory statistical analysis.

Appendix 1 (A533B-1 Steel) is written in more detail than the other
appendices to reemphasize the methodology presented in Volume I. Volume II
represents a summary of the test results obtained by Babcock and Wilcox
Co., Combustion Engineering, Inc., and Effects Technology, Inc. The full
value of Volumes I and II can only be achieved if the reader is familiar
with the detailed testing reports from the three laboratories (references

11, 12, and 13).




APPENDIX 1

MATERIAL 1

A533 GRADE B, CLASS 1 STEEL
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MATERTIAL TYPE 1
A533 GRADE B, CLASS 1 STEEL

INTRODUCTION

Thirteen different heats of A533B-1 steel were studied. Eight heats
were tested by Effects Technology, Inc., and five heats were tested by
Combustion Engineering, Inc. (both the Chattanooga and Windsor facilities).
A tabulated description for each heat of A533B-1 is presented in Table
1.1. Note that the eight ETI heats were actually given nine heat numbers;
for the tensile, drop weight-NDTT, and fracture tests which were normally
performed in the transverse (T) orientations, heat D (number 4) was tested
in the longitudinal (L) orientation. This same heat when tested in the
transverse orientation was identified as heat M (number 13). Table 1.1

also lists the measured NDTT and RTNDT values for each heat.

For a further description of the A533B-1 steels and the experimental
techniques, the reader is referred to References 12 and 13. Since two
different CE laboratories were involved in the testing of material 1, the
key word designation for laboratories 3 and 23 is often designated as 0
for access by the computer for all CE data. This same 0 keyword can be

used to obtain both CE and ETI data in appropriate circumstances.

TENSILE TEST RESULTS

The 2-in. gage section tensile test results are summarized in the
extract from the data bank (see the end of this section). For each test,
the yield strength, tensile strength, uniform elongation, total elongation,

and reduction in area are shown in successive columns. Curves of the form

R=A+ BT + CT2 + DT3

were fitted to each set of data, where T is the temperature, R is the test

response, and A, B, C, and D are the regression coefficients.

The ETI tensile results for A533B-1 steel are summarized in Figures
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1.1 to 1.5. The CE results, all for transversely oriented material are
shown in Figures 1.6 to 1.10. All the tensile data generated on A533B-1
(CE and ETI combined) are shown in Figures 1.11 to 1.15.

The curve fit parameters are listed in Table 1.2 together with
the variance (02), degrees of freedom (9), and standard deviation (o)
for each data set. There were some statistically significant differences
between the sets of data. The variance of yield strength and ultimate
tensile strength was more than ten times greater for the ETI heats than
for the CE heats. This difference may be due to the fact that ETI
studied A533B-1 steels that were of various thicknesses and production

ages, and therefore these heats represented a wider range of properties.
CHARPY V-NOTCH RESULTS
Impact Energy

The Charpy impact energy results are summarized in Table 1.3. The
"KEY" is the identification code for the data bank. The "J" column shows
the data word in the data bank record, where J = 2 refers to the impact

energy. A, B, T, and C are the coefficients of the tanh curve fit to

0
the data,

(Response) = A + B tanh

where (Response) is the Charpy impact energy in this case, and T is the
test temperature. PHI is the number of degrees of freedom (¢) and VAR
is the variance (0?) of that data lying in a +50°F range about TO (the
property transition range). The results are shown graphically in Figures

1.16 to 1.41 and are listed in the data bank listing.

The data shown in Table 1.3 were statistically analyzed; Table 1.4
summarizes the statistics for the tanh coefficients. There were no major
differences for coefficient A between the heats except for ETI heat E,

longitudinal orientation (keyword 25511). The normalized deviation was
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2.57. As can be seen in Figure 1.34, this result was due to abnormally
high impact values at the highest test temperatures. The statistics for
coefficient B were analyzed in Table 1l.4; again, the only result which
differed substantially from the remainder was result 25511. Since the
lower shelf was zero, A must equal B, so that it is to be expected that

A and B should both be "out of line." Table 1.4 also shows the statistics
for coefficient T,. CE heat A, key 20112, was high. This result reflects

0
the high RT DT value for this steel, Table 1.1. With respect to the sum-

N
marized statistics for coefficient C, again CE heat A, key 20112, was
higher than the others. 1In other words, the property transition from

lower to upper shelf was less steep than it was for the other heats.

It is interesting to note from Table 1.1 and the discussion above
that the RTNDT for this material is generally fixed by the Charpy V-notch
energy curve and is probably a conservative estimate of a ductile-brittle

transition temperature.

The variability of the test data is also summarized in Table 1.4 for
¢ and 2. The tables for ¢ reveal that the number of data points in the
property transition range varied greatly, between a minimum of 3 and a
maximum of 10. The variance also varied widely, although only heat 20211
was substantially different from .the remainder (greater variance than

expected).
Lateral Expansion

The lateral expansion results are summarized in Table 1.5. The data
are based on fitting tanh curves, as described in the previous section.
The data for each test series are shown graphically in Figures 1.42 - 1.67.
Note that in some cases the upper shelf may tend to drop off at high temp-

eratures and the tanh curve fit merely averages the upper shelf.

Fach curve fit coefficient has been examined in the same manner as
the impact energy test data in the previous section. The results are

summarized in Table 1.6. Few of the results differed outstandingly from
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the others. Data set 20112 again had a high TO value (as for energy), and
data set 25111 had a low TO value. Data set 25111 also had a sharper pro-
perty transition than the other sets. Data set 25612 had an abnormally

low B value, reflecting the fact that the upper shelf lay at about 64 mils,

not the 80 mils characteristic of the other sets.

Percent Shear

Table 1.7 summarizes the curve fit parameters. The curves and data
are shown graphically in Figures 1.68 - 1.93. The tanh curve fit was
restricted from going below 0%, but the upper shelf was not restricted
at 1007 (i.e., A # B # 50%). Therefore, the upper shelf (A + B) may be
slightly greater than 100%Z. This slight error has no noticable effect upon

the values of T0 and C.

The curve fit coefficients were analyzed as in the previous sections.
The results are detailed in Table 1.8. For set 25312, A was significantly
higher, and B significantly lower than the other data sets. The TO value
was greater than the others for set 20112. This high value was expected in

view of the high RT of this material. Set 25612 had a sharper property

NDT
transition than the other data sets. Set 20211 had a higher variance than

the other data sets.

Summary of Charpy Impact Test Data

Table 1.9 shows the parameter T0 - C, the temperature at which the
tangent to the tanh curve at the center of the transition meets the exten-
sion of the lower shelf. This parameter is also shown for percent shear

and lateral expansion. Since TO - C is a measure of the ductile-brittle

NDT
There is close agreement between the percent shear values in the transverse

transition temperature, the RT and NDTT values are shown for comparison.

. . . : o
orientation and RTNDT’ of the 13 heats, 8 are within 10 F of RTND

only one heat lies more than 20°F from the RTNDT' No correlation is

T and

evident with NDTT.




INSTRUMENTED PRECRACKED CHARPY RESULTS

*
Dynamic Fracture Toughness, KId - Kd

The data sets for elastic (KId) and elastic-plastic (Kz) toughness
results are plotted in Figures 1.94 - 1.107. Statistics extracted from
the graphs are summarized in Table 1.10. The curve-fit statistics are
summarized in Table 1.11. None of the quantities differed substantially
from the other members of the population, except for the high variance of
set 30212. Set 35411 had significantly higher A and B values, which
is consistent with the higher Charpy V-notch upper shelf energy observed

for longitudinal specimens.

Normalized Energy

The data sets for A533B-1 are shown graphically in Figures 1.108 -
1.121. The curve-fit statistics are summarized in Table 1.12. Each
column of the table was analyzed separately and the results of the analysis
are shown in Table 1.13. The only notable features brought out in this
analysis are the high value of C (low slope) for ETI heat M, key 351312,
and the abnormally high variability of ETI heat C, key 35312. The high
variability is due to one data point which outlies the remainder in the

transition temperature range.
Summary of Precracked Charpy Results

The quantity, T, - C, is a convenient measure of the experimental

0
ductile-brittle transition (lower knee). For percent shear results from
the Charpy V-notch test, this quantity related closely to RTNDT for trans-
verse specimens. No such relationships can be found for precracked

Charpy data, as shown in Table 1.14.

The instrumented precracked Charpy results have been summarized and

compared to the K curve in Figures 1.122 and 1.123. The figures

IR
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*
1d° Kd results for CE and ETI, respectively. Despite the

limited normalization obtained by using RT

show the K
NDT? discussed previausly, the
K curve is a highly conservative lower bound to these data. The sole

IR

exception is at low temperatures where lower shelf data would be very
close to or below the KIR curve., In other words, the KIR curve is con-
servative in the transition range, but slightly optimistic in the lower
shelf region. The same behavior was noted in the round robin task of

)

this program The T, - C transition temperature from these figures

0
(temperatures corrected for RT )} was 20.60F for CE data, and -1.7°F for

ETI data. Considering the difiziences between T0 - C and RTNDT (shown in
Table 1.14) these are in good agreement with the expected result of 0°F.
The weighted mean of the results (allowing for the different numbers of
CE and ETI heats) was 6.30F, agreeing well with the mean deviation for

the individual heats, 5.1°F.

Figures 1.124 and 1.125 show the CE and ETI results for normalized .
energy. The T0 - C values in this case were -24.2°F for CE heats, and
-36.1°F for ETI heats. The weighted mean deviation was -31.8°F.

STATIC COMPACT AND DYNAMIC ONE-INCH AND FOUR-INCH FRACTURE TOUGHNESS RESULTS

The static fracture toughness tests were performed using one-inch
thick compact fracture specimens (test type 5) at four or five test temp-
eratures. In addition, CE conducted additional tests using either one-
inch or two-inch thick specimens (test type ll1) for their heats. In most
cases, however, there were not enough data points to allow an accurate tanh
curve fit to be made for a given heat. Also, the upper shelf data were

either sparse or nonexistent.

Of the dynamic fracture toughness tests, ETI performed dynamic l-in.
bend (test type 6) and dynamic 3-in. (test type 10 - heat M) compact and
4-in. compact tests (test type 7). CE, on the other hand, did not perform
dynamic bend tests, but did perform dynamic compact fracture tests of type

7 and 8 (four-inch and one-inch thickness, respectively). Again, the number of.




data points in each set was inadequate for an accurate tanh curve fit to

be made to the data. There were sometimes as few as four data points (for

a curve with four coefficients), and there were no upper shelf results.

The compact fracture results obtained by CE are shown in Figures
1.126 - 1.130. The ETI static and dynamic data are presented in Figures
1.131 - 1.139.

Conglomerate plots of the data normalized in temperature by the

RT are compared to the Code K__ curve in Figures 1.140 - 1.144. The

NDT IR
static data are shown in Figures 1.140 and 1.141, the CE dynamic compact
data are shown in Figure 1.142, and the dynamic compact and bend data

for ETI are shown in Figures 1.143 and 1.144.

EFFECT OF ERROR CODES

The effect of error codes (minor deviations in test procedure from the
standard techniques) has been examined in the control material report(z)
for test type 3 (instrumented precracked Charpy test). The procedure used
was to analyze the full set of data, including the tests with error codes,
and then reanalyze, excluding the error code tests. Taking the null hypo-
thesis, that the error code tests were not significantly different from
other tests, the variance of the data about the curve should not differ
significantly between the two data sets. On the other hand, if the error
codes do make a3 difference, their inclusion with the standard test results
should result in a significantly larger variance. This section will cover
the influence of error codes on the data from all of the fracture toughness

tests.
Static Fracture Toughness

Test types 5 and 1l are shown in Figure 1.145. Seventy-five data sets
were available, with fifty-eight free of error codes. The tests which had
error codes were marked with an X symbol and flagged with the pertinent

acceptance criteria which they did not meet (see Table 3, Volume 1). Most of

the
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"unacceptable" tests were in the low temperature, lower shelf region.
Figure 1.146 shows the same family of data with the unacceptable tests
excluded. A tanh curve was fit to the data (even though the upper shelf
was not defined) to allow an estimate of the overall variance. Other
types of curves could have been fit to the data, but the variance results
would have been similar(z). The overall variance for the data in Figure
1.145 was 1558, whereas that for Figure 1.146 was 1835. There is no
significant difference between these two values. A similar result was
found for the variance in the transition temperature region. For the

"no error codes" data, this variance was 2374, compared to 2113 for the

"including error codes'" analysis (see Table 1.15).

There were minor changes in the curve fit coefficients which were
not believed to be significant (detailed significance tests are being
developed but they are not yet available). As expected, the main change
was in the position of the lower shelf. For the "no error code" case
(Figure 1.146), the shelf was at 51, whereas the "error code" case (Fig-
ure 1.145) gave 61. To provide a rough impression of the uncertainty in
these quantities, the curve fit analysis was reperformed from a different
set of starting T0 and C values, Figure 1.147. Although this curve
appears to be a poorer fit than Figure 1.146, it was statistically
equivalent with a variance about the curve of 1858 compared to 1835 for
Figure 1.146. The possibility of slight differences in fit arises from
the determination of TO and C by numerical methods, which determine the (19)
values to a level of accuracy appropriate for the scatter about the curve .
This alternate fit, Figure 1.147, showed a lower shelf estimate of 64 for

the "no error code" case.
Dynamic Fracture Toughness

Test types 6, 7, 8, and 10 were analyzed in the same fashion as the
static fracture toughness results. The results are summarized in Table
1.15 along with the previous static fracture toughness error code analysis.
Note that the approach of combining different K's is not expected to be .

entirely appropriate for this analysis. The "error code" data are shown



in Figure 1.148, while the data excluding unacceptable points are shown in
Figure 1.149. The two sets of data show no significant difference in

variance either overall or in the transition temperature range.



Table 1.1. Summary of A533B-1 Heats (Material 1)
Test Heat Plate
Laboratory Code Thickness (in.) NDTT (OF) NDT Comments
A (1) 8 -20 0 Lukens ~ ASME Code Section II
and III through Winter 1972 Addenda
ETT (5) B (2) 8 -10 10 Same as heat A above
c (3 8 0 0 Same as heat A above
D (4) 8 0 20 Same as heat A above (formed heat C)-
Longitudinal orientation
E (5) 5 -30 0 Lukens ~ ASME Code Section III, 1968 edition
- through Summer 1970 Addenda
F (6) 5 =20 -10 Same as heat E above
G (7) 9.5 10 10 Lukens ~ ASME Code Sections II and III,
1971 Edition
H (8) 5 0 0 Same as heats E and F above
M (13) 8 0 20 Same as heat D above, but transverse orientation
A (1) 11.5 -10 60 Lukens
B (2) 11.5 -50 16 Merrel Freres
CE (3 & 23) Cc (3) 11.5 10 10 Lukens
D (4) 10.5 0 30 Lukens
E (5) 11 -20 15 Lukens




Table 1.2 Summary of the Regression Analysis of the Tensile Test Data (A533B-1)

Varignce Degrees of Staqda(d

Property Laboratory A B C D o Fre$d°m Dev%at1on
Yield ETI 63.74 -5.404X10" 2 1.178X10° 4 -9.013X10° 7 28.31 50 5.32
Stress CE 67.21 -5.790X10_, 1.462X10_s -1.387X10_ _8 2.33 26 1.53
ETI & CE 65.57 -4.951X10° 7.794X10° -4.017X10° 20.67 80 4,55

_2
Ultimate ETI 88.91 -7.333X10_, 1.194X10° q -8.715X10° 8 25.04 50 5.00
Tensile CE 91.00 -7.759X10_, 1.386X10_5 -4.126X10 ¢ 1.05 26 1.02
Stress ETI & CE 89.95 -7.104X10° 9.751X10° 1.740X10° 16.66 80 4.08
10

Uniform ETI 13.24  -9.516X10° 3 1.333X10° 5 -6.387X10_ 7 1.76 50 1.33
Elongation CE 11.20 2.315X10, -7. 233X10"s  1.167X10 g 1.17 24 1.08
ETI & CE 12.18  -1.153X10" 3.229X10° -2.518X10° 2.67 78 1.63
Total ETI 30.48 -1.839X10° 2 -1.080X10° 7 4,490X10° 8 5.76 50 2.40
Elongation CE 26.85 -1.669X10", -4.853X10_¢ 2.563X10 g 2.12 26 1.46
ETI & CE 30.21  -1.881X10° -8.933X10” 4,383X10° 5.35 92 2.31
Reduction ETI 63.39 1.926X10° 2 -4, 994X10 -8.205X10" 7 14.08 50 3.75
In Area CE 62.92 1.788X10°, -1.169X10_5 1.112X10 4 14.76 26 3.84
ETI & CE 62.88 1.628X10° -4.292X10"  -1.027X10° 14.86 80 3.85

11-1
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Table 1.3. Tanh Fit Parameters for Charpy Impact Energy Data (A533B-1)




Table 1.4.

1-13

Deviation of Charpy Impact Energy Curve Fit Parameters from

Mean Value (A533B-1)

A




Table 1.4. (continued)

B
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Table 1.4. (continued)
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Table 1.4. (continued)

¢
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Table 1.4. (continued)
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Table 1.4. (continued)

VARIANCE




Table 1.5.

Tanh Fit Parameters for

1-19

Charpy Impact Lateral Expansion Data

(A533B-1)
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Table 1.6. Deviation of Charpy Impact Lateral Expansion Curve Fit Parameters ‘
from Mean Value (A533B-1)

A




Table 1.6. (continued)

1-21

B




Table 1.6. (continued)

1-22
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¢

Table 1.6. (continued)
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Table 1.6. (continued)




Table 1.6. (continued)

1-25

VARTANCE
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Table 1.7. Tanh Fit Parameters for Charpy Impact Percent Shear Data (A533B-1)
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. Table 1.8. Deviation of Charpy Impact Percent Shear Curve Fit Parameters
from Mean Value (A533B-1)

A




Table 1.8.

(continued)

1-28

B
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Table 1.8.(continued)
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Table 1.8. (continued)

<




Table 1.8. (continued)

1-31




Table 1.8.

(continued)

1-32

VARIANCE




. Table 1.9. Comparison of T0 - C from Impact Test Measurements with RT
and NDTT (A533B-1)

20111
20112
20211
20212
20311
20312
20411
20412
20511
20512
25111
25112
25211
25212
25311
25312
25411
25412
25511
25512
25611
25612
25711
25712
25811

.25812

(o}

1-33

Iy = C (’F)

IMPACT LATERAL PERCENT
ENERGY EXPANSION SHEAR
48 21 65
29 30 74
-24 -40 6
-18 -21 16
-10 -3 5
-27 -15 12
28 -6 30
-12 -6 24
-29 =31 -32
=24 =27 14
-81 -80 -65
=54 -43 -8
-37 -42 -27
-32 -37 15
-42 =54 -21
-57 -64 13
-11 =17 9
-2 =20 19
-51 -72 =47
-57 -52 ~16
-67 -70 -55
-50 -81 24
-48 ~63 -48
=52 -29 26
=37 =55 -17
=47 -52 -9

RTNDT

60

16

10

30

15

10

20

~10

10

(°F)

NDT

NDTT (°F)

-10

-50

10

-20

-20

-10

-30

-20

10
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ss Data (A533B-1)
h Fit Parameters for Precracked Charpy Toughne
Table 1.10. Tanh Fi




Table 1.11.

1-35

Deviation of Precracked Charpy Fracture Toughness Curve Fit

Parameters from Mean Values (A533B-1)
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Table 1.11. (continued)

|




Table 1.11. (continued)

1-37
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¢

Table 1.11. (continued)
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Table 1.11. (continued)

PHI
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Table 1.11. (continued)

VARIANCE
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Table 1.12. Tanh Fit Parameters for Precracked Charpy W/A Data (A533B-1)



Table 1.13.

1-42

Deviation of Precracked Charpy W/A Curve Fit Parameters

from Mean Values (A533B-1)

A




Table 1.13. {continued)

1-43

B



Table 1.13. (continued)

1-44

0



Table 1.13. (continued)

1-45

¢
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Table 1.13. (continued)




Table 1.13. (continued)

VARIANCE
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Table 1.14. Comparison of Precracked Charpy Transition Behavior with NDTT ‘
and RTNDT (A533B-1)

T.-C (°F)

0
KEY K., K. W/A RT °r NDIT (°F)
e 1d’> “d e NDT
30112 59 15 60 -10
30212 44 -14 16 -50
30312 56 10 10 10
30412 53 15 30 0
30512 28 -34 15 -20
| 35112 19 -57 0 -20
35212 15 -16 10 -10
35312 26 -7 0 0
| 35411 46 -4 20 0
‘ 35512 -16 -42 0 -30
35612 13 -61 -10 -20
35712 12 -41 10 10
? 35812 14 -49 0
351312 30 -16 30



Table 1.15.  Summary of Error Code Analysis For Material 1 (A533B-1)

INCLUDES NO. OF  SHELF (Ft-Lb) VARIANCE . VARIANCE RATIO F
TEST TYPE ERROR CODES POINTS ~ LOWER UPPER  OVERALL TRANSITION REGION OVERALL TRANSITION REGION
Static (5,11) Yest 75 61 -- 1558 2113
0.849 0.890
No' Y 58 51 -- 1835 2374
Dynamic (6,7,8,10) Yes 93 56 -- 1427 2622
1.084 1.110
No 78 54 -- 1367 2362

* Ly + .0
Transition Range - To — 50°F

6%7-1

*%
The variance ratio F equals the ratio of the variance for all points including the error codes

(unacceptable points) over the variance for the points with no error codes (acceptable points).
Yes - Analysis included all data.

* No - Analysis only included data which met the EPRI procedures.




Figure 1.1 Tensile Static Yield Strength for ETI Heats
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Figure 1.2 Tensile Ultimate Strength for ETI Heats
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Figure 1.19 Charpy V-Notch Dial Energy for CE Heat B (T)
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Figure 1.29 Charpy V-Notch Dial Energy for
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‘gure 1.31. Charpy V-Notch Dial Energy for ETI Heat C (T)
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Figure 1.34 Charpy V-Notch Dial Energy for ETI Heat E (L)
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Figure 1.67 Charpy V-Notch Lateral Expansion for ETI Heat H (T)
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Figure 1.86. Charpy V-Notch
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MATERIAL 1 DATA BANK (A533B-1)




1-200







1-202




1-203




1-204




1-205




1-206




1-207




1-208







1-210







1-212




1-213




1-214

i

15

] -
B i
. l:, ”

IR
st







1-216




1-217




8T1¢~1




1-219

;-
Iy
B R RTER
0% B )

e T
o I o 8 )

P

i

—5 T
RN I

—
R Ik N

2 T T
)

&5

3 00 5 o

N




APPENDIX 2

MATERIAL 2

A508 CLASS 2 FORGING STEEL




MATERIAL TYPE 2
A508, CLASS 2 FORGING STEEL

INTRODUCTION

Five different heats of A508-2 forging material were studied by
Babcock and Wilcox. A description of each heat is given in Table 2.1.
This table also lists the NDTT and RT values for each heat. It is

NDT

interesting to note the RT was always determined by the NDTT. The

NDT
test results for the A508-2 material are summarized in the extract from
the data bank included at the end of this section. More details on the
materials and the test program on the A508-2 material can be found in

reference 11.
TENSILE TESTS RESULTS

For each 2-in. gage section tensile test the yield strength, ultimate
tensile strength, uniform elongation, total elongation, and reduction in
area data as a function of temperature were fitted using a third order
polynomial regression curve. The curve fit coefficients for each of the
five heats are listed in Table 2.2, along with the variance, degrees of
freedom and standard deviation. The curve fits for the various tensile

data are shown in Figures 2.1 - 2.5.

CHARPY V-NOTCH RESULTS
Impact Energy

The impact energy results for A508-2 using the tanh regression analysis
are summarized in Table 2.3, which shows the coefficients of the tanh
equation for each set of data. The curves fit to the Charpy impact energy
data are shown in Figures 2.6 through 2.15. Table 2.4 shows the deviation

and the normalized deviation for the various parameters listed in Table

2.3. Heat A exhibited a significantly higher upper shelf (particularly
longitudinal), and the variance value for set 22421 (heat D) was high.
The deviation from the mean value for the other heats did not reach the

95% confidence level.




Lateral Expansion

The lateral expansion results are summarized in Table 2.5, which
shows the curve fit coefficients for tanh curves fitted to the test data.
The curves are shown in Figures 2.16 - 2.25. Each coefficient was examined
as for the impact energy results in the previous section. The results are
summarized in Table 2.6. The variance estimate for the set 22421 (heat D)
had an exceptionally high variance. This resulted from unduly high scatter

of two data values at the upper shelf end of the transition range (Figure

2.22).
Percent Shear

The tanh coefficients for the percent shear data are summarized in
Table 2.7 and the data are shown graphically in Figures 2.26 - 2.35. Each
column of Table 2.7 has been analyzed for deviation from the mean, and the

results are shown in Table 2.8. Again, the variance of set 22421 was high,.
Summary of Charpy Impact Test Data

Table 2.9 shows the quantity T. - C, a measure of the ductile-brittle

0
transition temperature, for all the impact test quantities compared to
RTNDT and NDTT. There seems little correlation between these various

measures of the ductile-brittle transition temperature.

The good agreement between the ductile-brittle transition for the

percent shear of the A533B-1 heats and the RTNDT was notably absent for
the A508-2 heats. Two heats showed deviations of more than 100°F

between the TO - C value and the RTNDT‘
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} INSTRUMENTED PRECRACKED CHARPY RESULTS

Lo
w

K

Dynamic Fracture Toughness, KId’ d

The tanh curve fit coefficients for the A508-2 heats are summarized
in Table 2.10. The deviation from the mean values for the various para-
meters in Table 2.10 are given in Table 2.11. No statistically significant
differences were observed between the various parameters. From the mean
estimates of A and B, the lower and upper shelves were estimated as 38

L
and 293 ksi-in’. The curves fitted to the data are shown in Figures

2.36 - 2.40.
Normalized Energy, W/A

Table 2.12 summarizes the statistics for curves fitted to the test

data. There were again no important deviations for any of the parameters
from the mean value (Table 2.13). The curves fitted to the test data are

shown in Figures 2.41 - 2.45.
Summary of Precracked Charpy Results

Table 2.14 shows the ductile-brittle transition for the K wvalues

and the W/A values, as estimated by TO - C. There was reasonable agree-
ment between the W/A data and RTNDT' (Note again that RTNDT = NDTT for
all heats of A508-2).

After normalizing the temperatures by subtracting RTNDT from the

test temperature, the data were combined into single plots for K and
W/A data. The K values are shown in Figure 2.46. The K ., curve lies
between the 95 and 97.5% confidence lines. The upper and lower shelves

1
-C,

were at 282 and 45 ksi—iné, while the ductile-brittle transition, TO

was at 14°F compared to the expected value of 0°F.

The normalized energy values, W/A, are summarized in Figure 2.47.

There was much less scatter on this figure than there was for the K data.

- . o}
' The overall transition estimate was -9.6 F compared to the expected value
0
of OF.




STATIC AND DYNAMIC COMPACT FRACTURE TOUGHNESS RESULTS

For the A508-2 forging material, 1-in. compact fracture specimens
(test type 5) were used to measure static fracture toughness. However,
as in other materials, there were only a few (4 or 5) data points for
each heat, so that a tanh curve would have little meaning. As for the
static compact fracture test, there were few data points for the dynamic
compact specimen tests (test types 7 and 8) for each heat. These fracture
toughness results for each heat are shown in Figures 2.48 - 2.52. Group
plots by test type are shown in Figures 2.53 - 2.54 referenced by the

RTNDT and compared to the KIR curve.

EFFECT OF ERROR CODES

The static and dynamic fracture toughness results for material 2 were
statistically analyzed with and without the data points which did not meet
the EPRI procedures. Tanh curve fits to the total data and acceptable data
only are shown in Figures 2.55 to 2.58. The influence of the error code
data on shelf properties and variance was determined. Both the overall

. o
variance and the variance in the transition temperature region (T0 * 50°F)

were compared. A summary of the error code analysis is given in Table 2.15.

The variance ratio (F) was calculated for the static and dynamic fracture
toughness results. The ratios shown in Table 2.15 had a high probability
of occurring by chance, and it is concluded that the effect of the error

codes on the data was not significant.



Table 2.1. Summary of A508-2 Heats (Material 2)

FORGING
TEST LABORATORY HEAT CODE THICKNESS (in.)
A(1)
B(2)
B &W c(3) (Ref. 11)
D(4)
K(11)

NDTT (°F)

20
20
30
40
20

RT

NDT

20
20
30
40
20

(°F)

$-¢




Table 2.2 Summary of the Regression Analysis of the Tensile Test Data (A508-2)

Varignce, Degrees of Staqdard
Property A B C D o Frgedom Devgat1on
-2 b -7
Yield Stress 68.58 -8.653X10 2.769X10 -2.846X10 14.17 26.00 3.76
Ultimate _2 b _8
Tensile Stress 91.46 -7.710X10 1.474X10 -5.312X10
Uniform 2 5 8
Elongation 11.34 -1.078X10 2.184X10 -1.103X10
Total _2 _5 _8
-Elongation 28.82 -1.226X10 -4.491X10 9.462X10
Reduction 2 _5 _8
In Area 69.32 1.571X10 -8.284X10 8.238X10
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Table 2.3. Tanh Fit Parameters for Charpy Impact Energy Data (A508-2)




Table 2.4. Deviation of Charpy Impact Energy Curve Fit Parameters from
Mean Value (A508-2)

A




Table 2.4. {continued)
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Table 2.4. (continued)

VARIANCE
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Table 2.5. Tanh Fit Parameters for Charpy Impact Lateral Expansion
Data (A508-2)




Table 2.6.

2-12

Deviation of Charpy Impact Lateral Expansion Curve Fit Parameters
from Mean Value (A508-2)

A




Table 2.6. (continued)
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Table 2.6. (continued)

VARTANCE
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Table 2.7. Tanh Fit Parameters for Charpy Impact Percent Shear Data (A508-2)




Table 2.8.

2-16

Deviation of Charpy Impact Percent Shear Curve Fit

Parameters from Mean Value (A508-2)

A




Table 2.8. {(continued)

2-17
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Table 2.8. {(continued)

VARIANCE




Table 2.9. Comparison of To - C from Impact Test Measurements with
RT and NDTT (A508-2).

NDT
To - C (°F)
IMPACT LATERAL PERCENT RTyoT (°F) o
KEY ENERGY EXPANSION SHEAR NDTT (°F)

22121 -47 -52 7 20 20
22122 -54 -84 0

22221 -33 -27 19 20 20
22222 -22 -57 58

22321 -57 -48 -75 30 30
22322 -29 -23 -34

22421 -76 -13 38 40 40
22422 -54 -74 -5

221121 -60 -36 -63 20 20
221122 -31 -46 -85

Table 2.10. Tanh Fit Parameters for Precracked Charpy Toughness Data (A508-2)
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Table 2.11. Deviation of Precracked Charpy Fracture Toughness Curve
Fit Parameters from Mean Value (A508-2)

A
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Table 2.11. (continued)




Table 2.11. (continued)

VARIANCE
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Table 2.12. Tanh Fit Parameters for Precracked Charpy W/A Data (A508-2)
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Table 2.13. Deviation of Precracked Charpy W/A Curve Fit Parameters ‘
from Mean Values (A508-2)

A
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Table 2.13. (continued)



Table 2.13. {continued)

2-26

VARIANCE



2-27

Table 2.14. Comparison of Precracked Charpy Transition Behavior with
NDTT and RT (A508-2)

NDT

Ty - ¢ (°F)

* 0

KEY K1a> *a W/A RTaprCF) npTT(%F)

32122 10 _5 20 20
32222 34 32 20 20
32322 -27 21 30 30
32422 74 40 40 40

321122 74 44 20 20




Table 2.15.  Summary of Error Code Analysis for Material 2 (A508-2)

INCLUDES NO. OF SHELF(Ft-Lb) VARIANCE VARIANCE RATIO F
TEST TYPE ERROR CODES  POINTS LOWER UPPER  OVERALL TRANSITION REGION  OVERALL TRANSITION REGION

Static (5) Yes 25 97 -- 2626 3098
0.814 1.230

No 19 8 -- 3228 2519

Dynamic (7,8) Yes 30 31 - 2031 3392
1.098 1.051

No 26 28 -- 1850 3226

8¢-¢
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Figure 2.25 Charpy V-Notch Lateral Expansion for B&W Heat K (T)
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Figure 2.27 Charpy V-Notch Percent Shear for B&W Heat A (T)
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Figure 2.37 Precracked Charpy Fracture Toughness for B&W Heat B
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Figure 2.43 Precracked Charpy Normalized Enerqgy for B&W Heat C
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APPENDIX 3

MATERIAL 3

A540 GRADE B-23 AND B-24 BOLTING STEELS
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MATERIAL TYPE 3
A540 BOLTING STEEL

INTRODUCTION

Babcock and Wilcox performed a special test matrix on five heats of
A540 bolting material. Differences in the test matrix included: (1) all
specimens were machined in the longitudinal orientation,and (2) the testing

temperature matrix was altered due to the low NDTT values(ll).

The high
yield strength of A540 (approximately 140,000 psi) makes this material
substantially different from the other materials studied in this program

and excludes this material from meeting the K R Code requirements. The

Charpy V-notch upper shelf energy of A540 is iow, sometimes falling below
50 ft-1b. Table 3.1 provides a brief description of the various heats of
material 3. More detailed information on the material and test results can
be obtained from reference 11. The test results contained in the data bank

are given in the extract at the end of this section.

TENSILE TESTS RESULTS

The 2-in. gage section tensile properties of A540 bolting material were
determined over a range of temperatures as specified by the Program Office.
Third order polynomial curve fits to the data for each heat are shown in
Figures 3.1 - 3,5. The curve fit coefficients and the statistical data for

each curve are summarized in Table 3.2.
CHARPY V-NOTCH RESULTS
Impact Energy

The impact energy results for A540 steel are shown graphically in
Figures 3.6 - 3.10 and summarized in Table 3.3. The columns in Table
3.3 show the keywords, the column of the data bank record in which the
data is filed (J value), the tanh coefficients (A, B, TO and C) of the

tanh curve, PHI (the number of degrees of freedom), and VAR (the variance
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of data in a *50°F temperature range about TO). Table 3.4 provides a
comparison of each quantity to the mean. Although the variance of data
set 22631 (heat F) was high, it did not deviate significantly from the
results for the other sets. Both A and B values for data set 22531

(heat E) were high, indicating a high upper shelf.
Lateral Expansion

The curve fit results for the Charpy lateral expansion data are
summarized in Table 3.5. The individual curve fit parameters are analyzed
in Table 3.6. The data are shown graphically in Figures 3.11 - 3.15.
Table 3.6 again shows high A and B values for data set 22531 (heat E)

indicating a high upper shelf value.

Percent Shear

The statistics for the curves fitted to the percent shear results for
A540 are summarized in Table 3.7 and the statistical parameters are compared

in Table 3.8. The curves are shown in Figures 3.16 to 3.20.

Summary of Charpy Impact Data

Table 3.9 compares the T, - C estimate of a transition temperature

0

from the three impact test quantities to NDTT. T0 - C from the impact

energy curves appears to give the best correlation with NDTT.

INSTRUMENTED PRECRACKED CHARPY RESULTS

*

Dynamic Fracture Toughness KId’ Kd

The elastic and elastic-plastic fracture toughness results for A540
are shown in Figures 3.21 - 3.25. The curve statistics are summarized
in Table 3.10. The various statistical parameters are analyzed in Table
3.11. The mean upper shelf was 156 ksi—in%. The mean lower shelf was
41 ksi—in%. Material from heat E (data set 32531) had a higher

than average upper shelf.
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Normalized Energy, W/A

The normalized energy results for the precracked Charpy tests on
A540 are shown fitted to tanh curves in Figures 3.26 - 3.30. The para-
meters of the curve are summarized in Table 3.12. Each parameter is
analyzed separately in Table 3.13. For W/A measurements, data set 321231

(heat L) exhibited the largest deviation from the mean for upper shelf values.

Summary of Precracked Charpy Results

TO - C data from both the fracture toughness and W/A curves are
compared to NDTT in Table 3.14. The normalized energy results show
the best agreement with NDTT. None the less, heats ‘H (32831) and L

(321231) differ by 41°F and 54°F, respectively.

The toughness and W/A data are summarized in Figures 3.31 and 3.32.

These figures use NDTT to normalize the test temperature.
STATIC AND DYNAMIC COMPACT FRACTURE RESULTS

Although there were upper shelf data for the compact fracture tough-
ness tests enabling tanh curve fits, there were too few data points to make
statistical comparisons. The l-in. static tesf results (test type 5) for
A540 are shown in Figures 3.33 - 3.37. Table 3.15 gives estimates of the
upper shelf toughnesses (A + B), TO, and TO - C based on the tanh fit
curves, and compares the tanh transition temperature parameters to the
NDTT. Static toughness results for all five heats of A540 are summarized
in Figure 3.38. The shelves were at 54 ksi’-—inl/2 and 220 ksi—in%. The ductile-

brittle transition (TO - C) was at -83°F.

The dynamic one-inch and two-inch compact fracture results (test types
8 and 9) for A540 are shown in Figures 3.39 to 3.43. There were again too
few points on each graph to allow statistical analysis. The upper shelf
and transition temperature parameter for each heat are listed in Table 3.16.

The toughness results are combined and referenced to NDTT in Figure 3.44.
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EFFECT OF ERROR CODES

The static and dynamic fracture toughness results for material 3 were
statistically analyzed with and without the data points which did not meet
the EPRI procedures. Tanh curve fits to the total data and acceptable data
only are shown in Figures 3.45 to 3.48, The influence of the error code
data on shelf properties and variance was determined. Both the overall
o + 50°F)

were compared. A summary of the error code analysis is given in Table 3.17.

variance and the variance in the transition temperature region (T

The variance ratio (F) was calculated for the static and dynamic fracture
tougiiness results. The ratios shown in Table 3.17 had a high probability
of occurring by chance, and it is concluded that the effect of the error

codes on the data was not significant.




Table 3.1. Summary of A540 Heats (Material 3)

THICKNESS
TEST LABORATORY HEAT CODE DIAMETER (in.) NDTT (°F) COMMENTS
E(5) ~170 B-23
F(6) -150 B-23
B&W G(7) (Ref. 11) ~140 B-24
H(8) -160 B-23
L(12) ~-200 B-23

G-¢




Table 3.2. Summary of the Regression Analysis of the Tensile Test Data.(A540)

Varignce, Degrees of Standard

Property A B C D 5 Fre$dom Devgation
22 " =7

Yield Stress 150.7 -7.590X10 1.210X10 -1.187X10 84.27 26.00 9.17

Ultimate _2 b _8

Tensile Stress 169.3 -7.739X10 1.138X10 -5.171X10 42.21 26.00 6.49

Uniform _3 _6 _8

Elongation 6.545 -6.37X10 5.372X10 1.149X10 .54 16.00 .734

Total _3 _5 _8

Elongation 17.13 -7.374X10 -2.215X10 8.006X10 1.1 26.00 1.053

Reduction _3 5 _7

In Area 53.41 -1.402X10 -7.853X10 1.934X10 10.12 26.00 3.181

9-¢
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"I’ Table 3.3.

Tanh Fit Parameters for Charpy Impact Energy Data (A540)

Table 3.4. Deviation of Charpy Impact Energy Curve Fit Parameters from
Mean Values (A540)
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Table 3.4. (continued)
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Table 3.4. (continued)

Table 3.5.

VARTANCE

Tanh Fit Parameters for Charpy Impact

Lateral Expansion Data (A540)
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Table 3.6. Deviation of Charpy Impact Lateral Expansion Curve Fit Parameters
From Mean Values (A540)
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Table 3.6. (continued)
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Table 3.7. Tanh Fit Parameters for Charpy Impact Percent Shear Data (A540)

Table 3.8. Deviation of Charpy Impact Percent Shear Curve Fit Parameters
From Mean Values (A540)
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Table 3.8. (continued)




Table 3.8.

Table 3.9.

KEY
22531
22631
22731
22831
221231

Table 3.10.

(continued)

VARTANCE

Comparison of To - C from Impact Test Measurements with

NDTT (A540)

To - ¢ (°F)

IMPACT LATERAL PERCENT

ENERGY EXPANSION SHEAR NDTT(°F)
-162 -192 -92 -170
-121 -143 -69 -150
-170 -165 -83 -140
-163 -237 =77 -160
-140 -170 -84 -200

Tanh Fit Parameters

for Precracked Charpy Toughness Data (A540)
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Table 3.11. Deviation of Precracked Charpy Fracture Toughness Curve Fit Parameters
From Mean Values (A540)

A
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¢

Table 3.11. (continued)
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‘ Table 3.12. Tanh Fit Parameters for Precracked Charpy W/A Data (A540)

Table 3.13. Deviation of Precracked Charpy W/A Curve Fit Parameters from
Mean Values (A540)

A




Table 3.13. (continued)
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Table 3.13. (continued)

VARIANCE
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Table 3.14. Comparison of Precracked Charpy Transition Behavior with
NDTT (A540)

Ty - € (°F)
K*

KEY “1d, "d W/A NDTT (°F)
32531 -159 -185 -170
32631 -174 -151 -150
32731 -248 -140 -140
32831 -207 -201 -160

321231 -190 -146 -200




Table 3.15.

KEY

52531
52631
52731

52831
521231

Table 3.16.
KEY

02531
02631
02731
02831
021231

Static Compact Specimen Upper Shelf and Transition Temperature Behavior (A540)

5

A+B (ksi-in*)

237
218
216

213
242

Dynamic Compact Specimen Upper Shelf and Transition Temperature Behavior (A540)

1
A+B (ksi-in™)

253
231
239
238
266

0
T, ("F)

~-70
-175
-177
-101
-80

Ty (°F)

-33
-16
-16
-32

T

T

0

0

)

-130
=242
=279

-155
-157

- ¢ (°p

NDT

(°F) NDTT (°F)

— -170
-— -150
— ~140
-— ~160
—- -200

(°F) NDTT (°F)

— -170
— -150
_— -140
— -160
— -200

12-¢




Table 3.17. Summary of Error Code Analysis for Material 3 (A540)
INCLUDES NO. OF SHELF(Ft-Lb) VARIANCE VARIANCE RATIO F
TEST TYPE ERROR CODES POINTS LOWER UPPER OVERALL TRANSITION REGION  OVERALL TRANSITION REGION
Static (5) Yes 24 56 247 391 711
1.35 5.12
No 23 56 230 290 139
Dynamic (8,9) Yes 26 57 240 1918 3692
0.98 0.63
No 20 48 240 1955 5858

Possibly significant, with between a 5 and 10 percent probability of chance occurrence.

were no "error code" points in this range, this result is a chance occurrence.

Since there

¢c-¢
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APPENDIX 4

MATERIAL 4

A302 GRADE B STEEL




MATERIAL TYPE 4
A302 GRADE B STEEL

INTRODUCTION

One heat (heat N) of A302B steel was studied by Effects Technology,
Inc. This heat was formerly used as a reactor surveillance correlation
material. The A302B steel was included in the present program to represent
the properties of the older nuclear pressure vessels. Table 4.1 provides
a brief description of material 4. A complete history of the material and
test results can be found in reference 13. The test results for material

4 extracted from the data bank are at the end of this section.
TENSILE TESTS RESULTS

The tensile test results on heat N are shown graphically in Figures
4.1 to 4.5. Cubic polynomial equations were fitted to the data. A summary

of the statistical parameters for the tensile data is given in Table 4.2.
CHARPY V-NOTCH RESULTS
Impact Energy

The impact energy data for the longitudinally oriented material are
shown graphically in Figure 4.6. The upper and lower shelves are 82 and

5 ft-1b, while the ductile-brittle transition temperature, T, - C, was

0
-25.4°F. The variance about the transition portion of the curve was 69
with 6 degrees of freedom. The transverse data are shown in Figure 4.7.
The upper and lower shelves were 45 and 4 ft-1b. The variance in the
transition range was 8.7 with 6 degrees of freedom. The results are

summarized in Table 4.3.
Lateral Expansion

The results for longitudinal specimens are shown in Figure 4.8, while
the transverse results are shown in Figure 4.9. The major features of

the data are summarized in Table 4.3.




Percent Shear

The percent shear data are summarized in Figure 4.10 (longitudinal)
and 4.11 (transverse). The major features of the curves are extracted

and summarized in Table 4.3.

Summary of Charpy Impact Test Data

Table 4.3 summarizes the tanh and transition temperature parameters
for the three different types of Charpy measurements. Note that TO - C
from the tanh fit to the percent shear data correlated well with the NDTT.

The upper shelf energy for the transverse orientation of the A302B steel

was less the 50 ft-1b, so the RTNDT could not be established. However,
the 35 mil lateral expansion criterion was reached at 60°F for the trans-
verse material (Figure 4.9). Based on lateral expansion, RTNDT would be

OOF, which is the NDT temperature.

INSTRUMENTED PRECRACKED CHARPY RESULTS

*

Dynamic Fracture Toughness, KId’ Kd

The tanh curve fit to the data for heat N is shown in Figure 4.12.
The KIR curve is shown superimposed by assuming that NDIT is an RTypT for
this material. The curve parameters are summarized in Table 4.4. The

value of TO - C was ~6OF, in good agreement with the expected value of 0°F.

Normalized Energy, W/A

Figure 4.13 shows the test data for heat N with a fitted tanh curve.
The fitted curve had the properties listed in Table 4.4. Note the large
difference between T0 - C and NDTT.
STATIC COMPACT AND DYNAMIC ONE-INCH AND FOUR-INCH FRACTURE TOUGHNESS RESULTS

There were again too few data points for adequate analysis. The

results for heat N are shown in Figure 4.14 with the KIR curve added for

comparison in Figure 4.15 (using NDTT). Note that error code type markings .




are used to indicate test types other than type 5 in Figure 4.15. Only
one dynamic 4-in. compact fracture test was performed on the A302B steel.
The 4-in. data point was in good agreement with the bend data even though

there is a difference in stress intensity rates.

EFFECT OF ERROR CODES

The effect of error codes was not performed since the data obtained
was for only one heat of material. The general effect can be observed by

looking at the curves with the error codes identified. As in the other

materials, the effect of error codes is minimal.




Table 4.1. Summary of A302B Heats (Material 4)

PLATE
TEST LABORATORY HEAT CODE THICKNESS (in.) NDTT (OF) RTNDT (OF) COMMENTS
%
ETI N(14) 6 0 - ASTM Surveillance

Correlation Heat

Vanl]

*
RTNDT could not be determined because the Charpy V-notch upper shelf energy was less than 50 ft-1b.




Table 4.2. Summary of the Regression Analysis of the Tensile Test Data (A302B)
Variance, Degrees of Standard
Property A B C D 02 Frgedom Deviation
22 _5 .8
Yield Strength 70.12 -5.324X10 9.64X10 -5.202X10 1.12 2.00 1.05
Ultimate _2 _L _8
Tensile Strength 95.25 -7.183X10 1.187X10 -1.116X10 0.18 2.00 0.424
Uniform 2 5 _8
Elongation 11.75 -1.036X10 2.581X10 -2.059X10 0.12 2.00 0.346 &
o
Total _2 _5 _8
Elongation 25.76 -1.648X10 -2.052X10 5.398X10 0.91 2.00 0.954
Reduction _3 5 _7
In Area 48.19 4.859X10 1.453X10 -1.080X10 2.70 2.00 1.64



Table 4.3.

Key

Energy 251441
251442

Lateral 251441
Expansion 251442
Percent 251441
Shear 251442

Summary of Charpy Impact Tanh and Transition Temperature Parameters (A302B)
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Table 4.4.

KEY

351442

351442

Summary of Statistical Data for Precracked Charpy Fracture Toughness Tests (A302B)

A-B L
(ksi-in™*
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281
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AtB |
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Figure 4.6 Charpy V-Notch Dial Energy for ETI Heat N (L)
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Figure 4.8 Charpy V-Notch Lateral Expansion for ETI Heat N (L)
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Figure 4.10 Charpy V-Notch Percent Shear for ETI Heat N (L)
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're 4.11 Charpy V-Notch Percent Shear for ETI Heat N (T)
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Figure 4.12 Precracked Charpy Fracture Toughness for ETI Heat N
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