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LEGAL NOTICE

This report was prepared by The Babcock & Wilcox Company as an account of work
sponsored by The Department of Energy (PDE). Neither DOE nor Babcock & Wilcox,
nor any person acting on behalf of either:

a. Makes any warranty or representation, express or implied, with
respect to the accuracy, completeness, or usefulness of the
information contained in this report, or that the use of any
information, apparatus, method, or process disclosed in this
report may not infringe privately owned rights, or;

b. Assumes any liabilities with respect to the use of, or for damages
resulting from the use of, any information, apparatus, method, or
process disclosed in this report.
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SUMMARY

Pieces of Type SA508-2 steel, specially tempered to produce a high-impact-
transition temperature, were welded in the side walls of Intermediate Test Vessels
V-7 and V-8. These vessels are to be tested by the Oak Ridge National Laboratory
(ORNL) in the Pressurized-Thermal-Shock (PTS) Project of the Heavy-Section Steel
Technology (HSST) Program.

A comparable piece of forging taken from the same source and heat treated
with the vessels was characterized for its mechanical properties to provide data
for use in the PTS tests.



1. INTRODUCTION

Intermediate Test Vessels (ITV) V-7 and V-8 (Figure 1) were pressure tested
by the Oak Ridge National Laboratory (ORNL) as part of the Heavy-Section Steel
Technology (HSST) Program. Each vessel contained specially sharpened flaws to
generate data needed to validate fracture mechanics analysis. Through the appli-
cation of hydrostatic pressure, these flaws propagated to satisfy the requirements
of their respective tests. This report describes the work done to:

® Repair these vessels with special steel inserts welded intc the
vessel walls where the flaws had been.

e Characterize the mechanical properties of the insert material.

After welding in the inserts made from a forging of SA508-2 steel composi-
tion, but which had received a nonstandard heat treatment, the vessels were
returned to ORNL for testing again as part of the pressurized-thermal-shock
experiments (PTSE).

To provide data for predicting the results of the PTS, material from the
forging that was treated identically to the vessel inserts was characterized with
the following tests:

Chemical composition

Macrostructure and hardness

Tension tests

Charpy V-notch impact tests

Drop weight tests

Plane strain fracture toughness tests
J-integral tests

A companion piece of the forging was provided to Battelle Columbus Labora-
tories for crack-arrest testing and will be reported separately by that
organization.
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Intermediate Test Vessels V-7 and V-8.




2. REPAIR OF VESSELS V-7 AND V-8

The following work was performed by the Nuclear Equipment Division (NED) of
The Babcock & Wilcox Company (B&W) at Barberton, Ohio, with standard practices
used to generally meet the requirements of Section III of the American Society of
Mechanical Engineers' Boiler and Pressure Vessel Code (ASME BPVC). The exceptions
are noted. The following abbreviated process outline was used for both vessels:

1. Receive and inspect Vessels V-7 and V-8 and existing cavity in

each vessel.

2. Layout to machine weld preparations to drawing requirements for
cavities, Extend layout to ends for later reference.

3. Machine weld preparation for each vessel.

4. Dye penetrant test (PT) weld preparations. Magnetic particle
testing (MT) was attempted, but because of high residual
magnetism, PT was used.

5. Temper SA508-2 forging of Thermal Shock Cylinder-6 (TSC-6) and
layout to flame cut plugs to fit vessel cavities.

6. Flame cut and machine plugs to fit cavities. Semi-tinish machine
plugs to 6-1/2 inches thick.

7. Magnetic particle test the machined weld preparations on the
plugsi (High residual magnetism was reduced by degaussing in a
coil.

8. Fit plugs and backing straps in the two vessels.

9. Manual metal arc weld plugs into the vessels.

12. Remove backing straps by grinding from the inside diameters of the
two vessels.,

11. Grin? the welds on the two vessels for nondestructive examination
(NDE).

12. Measure outer diameter (0D) of vessels to determine if vessel will
finish machine to 38,625 inches.

13. Preliminary MT the welds on the inner and outer dismeter. Weld
repair if required.



14,

15.

16.

17.

18.

19,

20.
21.
22.

23.

24,
25.
26.
27.
28,

Preliminary radiographic test (RT) the welds. Weld repair if
required.

Fit and weld temporary blocks to closure cover end of vessels for
machining purposes.

Weld buildup repair two small machined flat spots on the 0D of the
vessels and MT. Repair if required.

Post-weld heat treat (PWHT) both vessels together with remainder
nf TSC-6 cylinder.

Flame cut characterization test pieces and ship to B&W's Alliance
(Ohio) Research Center (ARC). Flame cut 12-inch length of segment
and ship to Union Carbide Corporation - Nuclear Division (UCC-ND)
for flawing practice.

Layout for RT and layout to determine location of plugs. Use
previous reference lines.

MT plug welds on the ID and 0D.

Final RT of plug welds.

Set up and machine 0D of vessel to 38.625 inches (#0.010 inch).
Verify vessel ID of 27 inches ($0.25 inch) and machine if
required.

Locate centerlines of the insert by punch marks on the ID and 0D
of the vessels.

Remove temporary blocks from closure cover end and grind to blend.
Assemble closure head and seals.

Helium leak test vessel head seals.

Apply light preservative oil to vessels and cover ends.

Ship vessels and remainder of TSC-6 cylinder to UCC - ND.

2.1 VESSELS AS-RECEIVED

Inspecting the vessels upon their receipt showed the dimensions illustrated

in Figure 2.

2.2 PREPARATION OF CAVITIES

The weld preparations in the vessels for the plug welds were machined to the

configuration shown in Figure 3.
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Figure 2. Dimensional inspection results for Vessels V-7 and
V-8 as received.




20 0 APPROX
10 -0 APPROX

Y -

SECTION A A

‘ 8" CHORD

103 32
10“0

| ~l
- 56 19 32 -‘
g VIEW C €

Figure 3. Configuration of weld preparation cavities in
Vessels V-7 and V-8,




Magnetic particle testing of the surfaces to be welded was attempted;
however, the residual magnetism was too high for meaningful inspection results.
Measurements made at the machined surfaces with a gaussmeter produced readings as
high as 13 gauss for Vessel V-7 and 27 gauss for Vessel V-8. Instead of magnetic
particle testing, dye penetrant testing was used to detect surface flaws. None
were detected. Since high magnetic fields could produce "arc-blow" in welding,
there was concern that problems in welding would be encountered; however, this was
not the case.

The deep gouges on the cavity in Vessel V-8 due to flame cutting were not
removed in machining but were weld repaired and ground flush with the machined

surface.

2.3 PREPARATION OF VESSEL INSERTS

Repairing Vessels V-7 and V-8 was accomplished by welding inserts into the
enlarged cavities resulting from the previous tests of the vessels. These inserts
were made from SA508-2 material, except that a high ductile-brittle transition
temperature was required by UCC - ND for the PTSE.

The test material was provided by UCC - ND as a hollow cylinder (25 inches ID
x 41 inches 0D x 54-inches long) of SA508-2 steel in the quenched condition and
fdentified as Thermal Shock Cylinder-6 (TSC-6). The cylinder was made by Beth-
lehem Steel Corp. according to Specification No. M-11587-RS-001-5-0, Revision 2,
HSST Thermal Shock Test Cylinders, issued by ORNL. The data shown in Table 1 was
extracted from the test report on the cylinder.

To reduce the possibility of heat-affected-zone (HAZ) cracking during weld-
ing, the as-quenched cylinder was given a low-temperature temper of 973°F for 9.5
hours. The thermal cycle achieved is shown in Figure 4 as the average of eight
thermocouple readings attached to the cylinder. During the hold at 950° to 1000°F,
the standard deviation of the eight thermocouple readings was less than 10°F.

The plug inserts for vessels were flame cut from TSC-6 and machined, as shown
in Figures 5 and 6.



AVERAGE TEMPERATURE FOR TSC . 6 °F

Table 1
TEST REPORT DATA ON

Heat No.: 1215163
Chemical Composition:

*
TSC-6

.21 C, .69 mMn, 015 P, 0135, .17 Si, .81 Ni, .38 Cr, .01 Vv, .64 Mo

Heat Treatment:

Normalize -- Heated to 1640°F; held 13 hours; air cooled
Austinitize -- Heated to 1575°F; held 8-3/4 hours; water quenched

Test Results on Quenched and Tempered Prolongation:
Temper: Heated to 1240°F; held 9 hours; furnace cooled: grain size 100% 6-7

Mechanical Properties:
Yield Strength -- 70.5 ksi
Ultimate Tensile Strength -- 93.5 ksi
Elongation -- 25%
Reduction of Area -- 67%

Charpy V-Notch Impact at 40°F, Average of 6 Specimens -- 75.5 Ft. Lbs,

NDT -~ +20°F

*Report No. 342 - Part ), 9/2-82; Bethlehem Plant

36.3% Fibrosity

on TSC-6 as a function of tempering time.
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Figure 4, Average temperature of eight thermocouple locations



VESSEL INSERTS

END VIEW OF TSC 6

Figure 5. Position of vessel inserts removed from TSC-6 after
low-temperature temper.
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Figure 6. Nominal dimensions of plug inserts made from TSC-6
for Vessels V-7 and V-8,
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Following machining, magnetic particle testing was attempted, but the
residual magnetism was too high. Degaussing was accomplished by passing the
pieces through a solenoid and the magnetic particle test was then accomplished
with no significant flaw indications reported.

2.4 WELDING INSERTS INTO VESSELS

The plug inserts were welded into the vessel, as shown in Figure 7. Table 2
lists the welding parameters and consumables that were used to make these manual
metal arc (MMA) welds:

2.5 POST-WELD HEAT TREATMENT

To provide material for characterization testing and spare material repre-
senting the plug insert material, the remainder of TSC-6 was given the same post-
weld heat treatment as Vessels V-7 and V-8, The three pieces were arranged .s
shown in Figure 8 in a long-ca *-bottom, gas-fired furnace. Twenty-four the:mo-
couples, or eight per piece, were attached to the surfaces of the pieces at the
locations indicated in Figure 8.

The leads of the 24 thermocouples were attached to a multipoint strip-chart
recorder. Readings were taken off the chart at hourly intervals and are reported
in Tables 3 and 4. Since the temperature differences between the three pieces
were small, the average temperature of the 24 thermocouple positions is given in
Figure 9 as a function of the PWHT time. The thermal histories of the three
pieces are considered to be ve-y similar. Therefore, it is expected thal the
characterization test material and the remainder of TSC-6 is representative of the
inserts in Vessels V-7 ana V-8,

2.6 INSPECTION RESULTS

Not all of the inspection results are reported here. Only those considered
significant for the purpases of the test vessels are given. These are: nonde-
structive test results after the final °WHT, OD dimensions after machining; and
the leak test results of the closure head seal.
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Table 2
WELDING PARAMETERS AND CONSUMABLES USEL TO MAKE PLUG WELDS

Preheat Temperature: 300°F Min.
Interpass Temperature: S5S00°F Max,
Post Heat Temperature: 400 - 600°F/4 hours

Welding Current:
1/8-inch-diameter electrode -- 120 - 155 Amp DCRP
5/32-inch-diameter electrode -- 160 - 210 Amp DCRP
1/4-inch diameter electrode -- 325 - 425 Amp NCRY

Electrode: 5FA 5.5 F 8018 C3
Electrode

Diameter  Heat or Lot No.
1/8 0458314
1/8 30424146144
5/32 0498314
5/32 0498315

1/4 1034A146188
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Figure 8. Thermocouple locations for final post-weld heat
treatment of Vessels V-7 and V-8 and TSC-6 cylinder.
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Table 3
PWHT TEMPERATURES FOR V-7, V-8, AND TSC-6 (°F)

V-7 TSC-6 V-8
Avg. for
V-7, V-R
Time (hrs)  Avg. S.0. Avg. S.D.  Avg. 5.0, and TSC-6

] 145 27 81 7 89 4 105
146 22 94 9 97 5 112
2 152 21 112 17 111 10 125
3 169 19 143 11 134 13 149
4 182 21 166 9 156 16 168
5 201 22 194 11 180 18 192
6 223 22 226 12 211 19 220
7 282 24 261 14 243 24 252
8 293 21 299 16 278 24 290
9 322 22 329 14 308 23 320
10 346 2 356 14 332 22 345
11 3’8 21 389 14 367 20 s
12 405 23 416 17 400 [ 407
13 438 24 448 16 429 20 438
14 470 23 483 13 464 18 472
15 501 21 £14 14 490 18 502
16 534 20 545 14 520 19 533
17 559 21 572 12 554 16 562
18 583 19 £98 12 589 16 590
19 604 19 619 13 616 20 613
20 623 20 641 10 643 20 636
21 647 16 661 11 665 19 658
22 688 12 688 11 689 17 688
23 725 14 716 12 716 15 719
24 732 1 729 9 731 16 731
25 759 9 757 11 759 9 758
26 793 10 796 1 794 9 794
27 829 7 831 11 833 11 83§
28 860 5 859 12 859 12 859
29 888 5 887 13 884 12 886
30 914 6 914 13 908 14 912
k) 936 7 939 11 929 16 935
32 960 S 964 7 961 16 962
33 976 7 983 8 982 13 980

34 993 7 999 9 1001 9
3 1011 7 1015 10 1021 9 1016
36 1024 9 1028 11 1033 10 1028
3 1024 8 103 9 1042 9 1038
38 1039 8 1042 8 1044 8 1042
39 1039 8 1041 7 1044 6 1041
40 1039 8 103 9 1043 7 1040
41 1042 9 1044 8 1044 7 1043
42 1042 9 1046 8 1045 8 1044
43 1044 9 1047 10 1046 8 1044
4 1044 9 1042 6 1044 7 1043
45 1045 9 1042 7 1044 ? 1044
46 1045 9 1042 5 1044 7 1044
47 1045 9 1042 § 1044 7 1044
1028 5 1024 6 1028 5 1027
49 991 2 989 B 995 5 992
50 954 7 955 6 963 s 957
51 918 8 920 6 927 6 922
s2 879 8 882 8 889 9 883
§3 842 8 846 7 854 9 847
54 806 10 811 ? 820 9 812
55 773 10 776 8 785 9 178
56 741 11 743 9 752 10 745
57 711 10 715 10 723 10 716
58 678 9 676 11 688 ! 681
59 642 10 639 10 654 9 645
60 608 9 606 10 620 9 611
61 562 9 5§75 11 590 10 582
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COMPARISONS

Time (hrs)

0
18
19

Time to Reach 600°F
in Heating, hrs

Avg. Heating Rate
to 600°F, *F/hr

Max. Heating Rate to
600°F, *F/hr

35
36
k)

Time to Reach
1025°F in Heating, hrs

Avg. Heating Rate
600-1025°F, “F/hr

Max. Heating Rate
600-1025°F, *F/hr

47
48
4y

Time to Reach 1025°F
After Holding, hrs

Avg. Hold Time, hrs

Avg. HWold Temperature
Greater Than 1025°F, °F

Tempering Parameter*
for Hold X 10

60
61

Time to Reach 600°F
in Cooling, hrs

Avg. Cooling Rate
1025-600°F, °F/hr

Max. Coolinc Rate
1025-600°F, ¥ /hr

*TP = T°R (20 + Tog t) when t = time in hours

Table 4

AMONG V-7, V-8, AND TSC-6

Avg. Temperature (°F)

v-7
145

18.8
26.4

41

1011
1024
1034

TSC-6 v-8

81 L]
598 589
619 616
18.1 18.4
29.7 28.6

35 35
1015 1021
1028 1033
1039 1042
35.8 35.3
24.0 25.1

39 39
1042 1044
1024 1028
989 995
47.9 48.1
12.1 12.8
1041 104]
31.6 31.7
606 620
515 590
60.2 60.7
34.6 33.7

38 36

V-7, V-8

and'TC-6

108
590
613

18.4
26.9

38
1016

1028
1038

35.8

k)

1044
1027
992
12.3
1041
31.6
611
582
60.4

4.6

39
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Magnetic particle tests were performed after fina) machining of the vessels.
Vessel V-8 was acceptable, while Vessel V-7 had some small indications on the 0D
of the weld that were accepted by UCC - ND. A radiographic flaw indication that
was twice the size of that allowed by the ASME BPVC, in accordance with USC - ND's
contract specifications, was detected before and after PWHT of Vessel V-8. This
indication, which was accepted by UCC - ND, was classified as a slag-type defect
located about 2-1/2 inches away from the ID in a position illustrated in Figure

10. There was apparently no change in the size of the indication resulting from
the PWHT,

0D dimensions of tne vessels after final machining are shown in Figure 11.

Helium leak tests were performed on both vessels with a closure head and seal
in place. No leaks were detected with a Veeco Leak Detector. The sensitivity of
the probe was demonstrated and verified by sniffing and observing a calibrated
standard helium leak of 1.4 x 10'6 standard cc/sec.
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Figure 10.

SLAG-TYPE INLCATION ABOUT 2.1 27 LONG BY
116" WIDE BY 1/16" THICK AND 2 /12" FROM | D

/

Location of slag-type indication in Vessel V-8 located by

radiographic testing before and after PWHT,

- 0 024" ————

.——”ﬁ?“——l‘

jo————— 38 626" — ————=
fo————— 38 626
v

je——— —- 38628 —————of

jo——— 38.6278" ————

jo———— 38 625 ————

V628 — =

po— 38 827 -
s,
ve

Figure 11. 0D dimensions of machined vessels.
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3. CHARACTERIZATION TESTING

The following test results were obtained from a piece taken from TSC-6 after
heat treatment with Vessels V-7 and V-8 and represent the properties of the
inserts placed in both vessels.

3.1 LOCATION OF SAMPLES

Two segments were cut from TSC-6 after the PWHT with Vessels V-7 and V-8,
One segment designated V71 was used for the testing as described in this report.
The other segment, V72, was shipped to Battelle Columbus Laborato:ies for crack-
arrest testing. The location of these segments with respect to the vessel inserts
is shown in Figure 12.

3.1.1 Test Matrix

The allocation of 15 tensile, 60 Charpy V-notch, 60 plane strain, and 25
J-integral test specimens according to their depth in test piece V71 and test
temperatures is shown in Table 5. Their location relative to each other is shown
in Figure 13,

In those cases where specimens were scrapped, others were made with the same
relative location with respect to the ID of V71. All replacements occurred for
1-inch-thick compact tension (1TCT) plane strain fracture toughness specimens
desfgnated as "K-type." The following substitutions were made:

¥71K3 -~ replaced by V71511

K9-12 -~ replaced by V71k41-44

K13 -- replaced by another location within the same block (No. 13)
K14 -- replaced by another location within Block No, 14

K2 and K6 -- a mixup in stamping these specimens was not resolved
and one was stamped X61 and the other kK62, They were not remade.

Specimens marked S9, S10, and S11 were also used for plane strain fracture
toughness tests
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CHARACTERIZATION BY BAW
TENSILES

- CHARPY V NOTCH
FRAACTURE TOUGHNESS
OROP WEIGHT

- CHEMICAL ANALYSIS
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Figure 12. Locatfon of vessel inserts and characterization
test pieces.
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Table 5
TEST MATRIX-SPECIMEN IDENTIFICATION .

0z

APPROXIMATE LOCATION OF SPECIMENS | TEST YEMPERATURE. NEAREST 5°F
. FRACTION | FRACTION OF
DisTANcE | OF WALL IN WALL IN
momm. | THSS TEST VESSEL.| 50 |-10| 0 | 26 | 50 | 75 100|125 | 150 160|175 | 200|215 | 226| 240
p ID - O D= 0
oD =n oD = 1t
i _ 028 TENSION TESTS — 506~ DIAMETER — TANGENTIAL DIRECTION
it [ED 042 N 1®
G Mewe waw 088 . .
LX 056 078 - @ e
=L L ass 1 16 CHARPY V-NOTCH — NOTCH iN RADIAL DIRECTION
0s 012 018 . . X
15 019 026 = ol e L.
22 027 036 . - N
28 038 048 “ DR - .
—3a 042 056 B e e
L OO 067 ° Slele LS
&7 058 oiwz - ol e - »
53 X 087 . . -
59 073 097 -~ T2 B e
65 081 108 . .
ououéo — NOT RADIAL
| 18 019 028 PUARE SR *3 ' o B it ol -y
) 038 050 2 2 3 s e 2
i 056 078 2 3 e 2 2 5
60 075 1.00 1 8 3 s | 151 ] [ ©
'8 230 0.28 JINTEGRAL TESTS — NOTCH IN RADIAL DIRE o elsle 2
3o 038 050 ) e el 2 :
[ as 056 078 2 o el e
en 078 1.00 - e le [0 @

SINGLE SPECIMENS UNLESS OTHERWISE INDICATED.



3.2 TEST PROCEDURES

The following test results were obtained with RA&DD Project Technical Plan and
Quality Assurance Plan No. 82027 approved by UCC - ND. The following ASTM test
specifications, unless otherwise noted, were used for characterization testing
performed by the B&W Research and Development Division:

Tension -- E-8-81 or E-21-79

Charpy V-Notch -- E-23-82

Plane Strair Fracture Toughness -- E-399-81
J-Integral -- E-813-81 and ARC TP-367
Macrostructure -- E-340-68

Hardness -- E-18-79

The following tests were provided by B&W's Nuclear Equipment Division to meet
these specificetions:

e Drop Weight -- ASTM E-208-81

¢ Chemical Analyses -- NB2432, Section III, ASME BPVC, 1974 Edition
with Summer 1977 Agenda

3.3 CHEMICAL COMPOSITION

Seven areas located at l1-inch intervals along a radial line of specimen
V71CMH starting 1 inch from the ID were analyzed for chemical composition using a
spectrographic technique. The results are shown in Table 6. These analyses agree
well with the test report data given in Table 1.

3.4 MACRCSTRUCTURE AND HARDNESS TESTS

The macrostructure of a transverse section designated V71CMH is shown in
Figure 14. A short radial section of Block 18 is shown in Figure 15.

Hardness tests were also performed on specimen V7ICMH. This was done by
laying out 10 radial lines about 0.2 inch apart and measuring the hardness on
0.2-inch centers along the lines, starting at 0.1 and 0.2 inch from the ID for
Rockweil A and G tests, respectively. The averages of tre 10 isoradius measure-
ments are piotted in Figure 16,



V71 CMH 7, 4 so,

Figure 14.

15SMin.
38 HCI

50° H,0

Photomacrograph of transverse section of Specimen V71CMd.

N
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15Min.
V71B18 38%ZHCI

Figure 15. Photomacrograph of radial section of Specimen V71818,
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DISTANCE FLOM 1D, INCHES

Figure 16. Hardness as a functiovn of distance from ID

of V71CMH.
Table 6
CHEMICAL ANALYSES RESULTS FOR SPECIMEN V71CMH
(Weight %)
¢ Mn P 5 st tr Ni L] Cu Sn
20 .68 .017 .016 .18 .38 .78 .68 .09 003
21 .68 017 .014 .19 .3 .78 .68 .09 .,003
20 .66 016 .013 .18 .3 .78 .68 .09 003
20 .67 016 .014 .19 ., .78 .68 .09  ,003
A - el B e

.19 .67 016 013 .18 37 .78 .67 09 .004
19 .66 .015 014 .18 37 .18 .67 .09 .003
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These results are similar to those obtained for a piece removed from TSC-6
after the first temper of 973°F for 9.5 hours (Figure 17).

3.5 TENSION TESTS

Fifteen tension tests of 0.505-inch-diameter by 2-inch gauge length specimens
taken from various lo.ations of test piece V71 were performed at temperatures
ranging from -50° to 500°F. These results are provided in Table 7.

3.6 CHARPY V-NOTCH IMPACT TESTS

Sixty Charpy V-notch impact tests taken from various locations of test piece
V71 were performed at temperatures ranging from 0° to 500°F. The results are
presented in Table 8 and plotted in Figure 18,

3.7 DROP_WEIGHT TESTS

Twelve tests were performed; however, the results obtained did not produce a
clearly defined nil-ductility transition temperature. Initial tests were performed
on 3/4-inch-thick P-2 specimens, and later tests were performed on 5/8-inch-thick
P-3 specimens. The results shown in Table 9 are in order of testing.

3.8 PLANE STRAIN FRACTURE TOUGHNESS TESTS

These tests, reported in Table 10, were performed in accordance with ASTM
£-399-81 except that:

¢ The extensometer used for plane strain tests did not meet the
requirements of Paragraph 6.3.1 of ASTM E-299-81 in that the maximum
difference between the actual and calculated displacement was 0.00023
inch and this was jreater than the 0.0001 inch allowed. Since the
determination of K, s done with a 1oad determination which has a
Timit of +1% accur‘ﬁy or about six times the largest deviation of the
extensometer used, this deviation from ASTM £-399-81 requirements is
not considered to be significant in the test results.

e Specimens V71F10 and F11, V71F13 through F20, and V7159 were
intentionally tested with 20% deep side grooves (10% per side) and a
specially written computer program that controlled the specimen
loading by strain control in an attempt to obtain crack-arrest stress
intensities. No crack arrests were detected; however, the plane
strain test results are also reported in Table 10,

Photographs of the fractured surfaces are presented i, Appendix A.
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3.9 J-INTEGRAL TEST RESULTS

These were performed as single specimen computer controlled J-tests on 1TCT
test specimens having 20% side grooves (10% per side). The test results are
summarized in Table 11. The individual test results of load versus displacement,
J versus Aa, and fracture surface photographs are contained in Appendix B.

SCATTER BAND FOR VI1CMM AFTER
-~  SECOND TEMPER O 1041°F/123 HOURS

o]
\O
o ~So0
S~
° o]
o
0 ' 1 L
0 1 2 3 . 5 . ? .

DISTANCE FROM 1D INCHES

Figure 17. Hardness as a function of distance from ID for TSC-6
after first temper of 973°F for 9.5 hours.

Table 7
TENSILE TEST RESULTS FOR V71

Specimen Distance Ntimate Tensile Reduction
ldentification from ID (in) Test Temp ("F) Yield Strength (ksi)  Strength (ksi) Elongation (%) of Area (%)
ynn 5.8 -10 91.558 115.600 21.% 57.1
2 4.5 70 #9.921 112.494 20.5 59.1
3 1.5 125 A9.440 111.862 20.5 59.2
K} 2.5 200 A7.052 108.753 20.0 59.4
5 1.5 300 86.945 108,624 19.5 §7.1
6 5.5 -50 93.482 117,792 21.0 55.4
7 4“5 -10 91.916 116.585 21.0 56.4
8 3.5 7% 90.117 113,332 20.0 59.2
9 2.5 7% 91.558 114,354 20.0 86.2
10 1.5 500 89.973 111.276 18.5 §7.3
1 5.5 -50 92.2% 117.08% 21.5 58.0
12 4.5 125 86.915 109,300 1.0 61.4
1 3.5 250 M 978 105.594 19.0 60.3
i 2.5 150 85,306 105.635 18.5 56,7
is 1.5 275 #9.688 111.423 17.5 56.6
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LATERAL EXPANSION M s

3
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ABSORBED ENERGY F1 18S
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8
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e
i 4

100 ° 100 200 300 400 500 600
TEST TEMPERATURE ¢

Figure 18. " Charpy V-notch impact properties as a function of
test temperature.
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Table 2

DROP WEIGHT TFST RESULTS
(Impact load = 350 ft-1bs)

Specimen Specimen Tesc
* ldentification Type Temp. (°F) Result
v71 01 p2 +100 No test*
08 P2 +60 No test*
D2 P2 +20 No test*
02 P -20 No test*
06 P3 +17% No break
03 P3 +160 No break
04 P3 +160 No break
D5 P3 +150 Break
D12 Pl +150 No break
D11 P3 +130 No break
010 P3 +90 No break
n9 Pl +50 Break

* Heat affected zome stoppage of the crack.



Table 10
PLANE STRAIN FRACTURE T
Fatigue Precracking Last 2.5% of "A"

Kaax 2! = 15,0 kst /Th; ak?) @ 1005 ket T
Crack _ength, In,

Distance =f , (1) Fatigue 'must!ng

Spec. Machined Notch Test Thickness Width, w Last 2.5% of “A", Left Left of Right of
1dent. to 10 (in)  Temp. (°F) _B (in) _ (in) x 103 Cycles Surface Center  Center  Center
V71Kl 4.5 124 1.000 1.998 230 1.001 1.039 1.080 1.035
° 3.0 76 1.000 1.998 223 .993 1.032 1.031 1.018
5 4.5 126 1.000 1.998 210 993 1.034 1.040 1.028
7 M 76 1.000 1.998 305 975 1.031 1,044 1.024
8 3.0 75 1.000 2.000 415 978 1.024 1.026 1.021
13 4.5 75 1.002 1.999 274 .981 1.021  1.034 1.03
14 6.0 76 1.003 2.000 300 1.006 1.037 1,035 1.022
15 1.8 126 1.004 1.998 210 .995 1.038 1.046 1.034
16 3.0 125 1.003 1.997 220 .99 1.033 1.046 1.037
17 4.5 5 1.004 1,998 310 .985 1.020 1.034 1.030
18 6.0 75 1.000 1,999 318 .987 1.010 1.015 1.012
19 1.5 17 1.000 1.998 290 987 1.020 1.032 1,023
20 3.0 1”7 1.000 1.999 345 .988 1.006 1.008 1.011
21 4.5 125 1.003 1.998 270 .991 1.030 1.046 1.040
22 6.0 125 1.004 1.998 345 .980 1.027 1.042 1.036
23 1.5 1 1.000 1.998 247 .985 1.006 1.001 0.999
24 3.0 mn 1.004 1,998 230 1,000 1.023 1.00 1.023
25 4.5 170 1.000 1.998 249 992 1.031 1.046 1.044
26 6.0 in 1.000 1.998 286 1.001 1.018 1.032 1.020
27 5.8 215 1.000 1.998 241 972 1.010 1.030 1.030

28 3.0 (7 - 1.998 78 ess cos P -
29 4.5 170 1.003 1.998 276 .982 1.018 1.019 1.008
30 6.0 1 1.003 1.998 m .983 1.028 1.033 1.026
1n 1.5 215 1.000 1.998 214 982 1.004 1.012 1.006
32 3.0 216 1.000 1.998 150 992 1.018 1.021 1.016
13 4.5 il 1.002 1.998 221 .988 1.024 1.036 1.036
3 6.0 m 1.000 1.998 381 984 1.019 1.019 1.006
35 1.5 214 1.000 1.997 350 1.000 1.031 1.042 1.031
36 3.0 215 1.003 1.998 2n 1.008 1.036 1.046 1,039
k) 4.5 216 1.000 1.998 m 1.000 1.029 1.040 1.037
k) 6.0 171 1.000 1.998 480 981 1.020 1.028 1.011
kL] 1.5 215 1.003 1.997 300 1.010 1.036 1.040 1.037
* P, Oblique = Partially Ob)ique (4) Ambient value; not measured fnsi

(§) Entire load displacement curve
Sheptootmemt e grester then th

(1) S e ChEutotes for ¥ - 0 g st ‘srcee Touer (01 Bncorid o of Tond aipiac

1) Average of two measurements made from center!ine of crack loading pin to back (/) No test,
surface of specimen, (8) Strain control.




'SS TEST RESULTS
L] Fracture
Irracs .
9% 0b1ique
.989 P. Oblique
988  Oblique
982  Oblique
9% Ob11que
980  Oblique
995  0blique
998 0b11que
989  Oblique
981 P. Oblique
J995 P. Oblique
999 Oblique
987  Oblique
986 Oblique
979  Oblique
985  Ob)ique
1.025  Oblique
986  Oblique
939 Oblique
870  Oblique
.99) 0b11que
964 ob!1que
980 Oblfque
1.008 b fque
989  Oblique
1.008 0b11aue
1.002  Oblique
an ob) 1 que
996  Oblique

Yield
S th,

(ksf)

87.7
90.8
87.7
un.?
90.8
89.9
89.0
89.6
88.7
89.9
89.0
88.4
87.5
87.8
86.9
88.4
87.5
86.7
A5.8
87.2
86.7
85.8
87.2
86.3
86.7
85.8
87.2
86.1
85.5
85.8
A”.2

t chamber at temperature,

recorded hecause of lack of chart

Relative Wumidity'*): 608, Loading Rote (x/0)(!) o 1.16 kst /TA/sec

ue reported assumes that final load and
does ”& meet ASTM £.199.4]1 criterion,

validity

(K, ) or. I-Invalid

Paas0 %o lRstyin)  v-valid
1.45 76.7 1
1.28 77.8 1
1.42 76.7 1
1.21 89.3 1
1.3 80.6 I
1.30 84,1 1
1.32 81.4 1
2.42 43.2 I
1.70 84.1 1
1.37 76.5 1
1.12 n.t 1
1.22 7.2 I
2.08 68.3 1
1.67 9.9 I
1.74 8.2 1
1.81 80.2 !
2.11 66.3 I
1.88 73.0 I
1.88 7.4 !
1.40 8.8 I
1.97 n.2 1
1.85 75.4 I
1.49 69.5 ]
1.69 67.4 1
1.74 78.1 I
1.64 83.2 I
2.27 60.4 1
1.97 69.3 I
1.99 66.7 I
2.8 65.4 i
2.1 67.0 !

APJ .
‘RTUR
CARD

Ree. 2.8 (Ko/o )? xn‘!mxu’ :h:%

1.91
1.64
1.86
1.76
1.90
1.83
1.8]
1.7%
2.54
1.78
1.33
1.59
2.35
2.29
2.35
2.4
2.38
2.38
2.40
1.89
2.3
2.4)
1.74
1.96
2.38
2.3%
.3
2.38
2.1
2.28
2.4

E

514 123
W 102
462 1
an 13
550 128
470 119
9 1%
a6 16

1380 202
as n2
2 81.4
M 9.7

1670 222

1060 177

1200 189

1260 192

13109 5106!®)

2340 262

1580 215

1302 198(8)

2560 274

2220 256
408 109
§73 129

1730 226

2190 254
1260 192

2175 252

210 249
1070 177

1490 208

Also Available On

“Aperture Lo

SQubl70 2026 -02

- —



Tab’
PLANE STRAIN FRACT

Fatigue Precracking Last 2.5% of "A”

Kaan ©| 150 kst JT; ax‘?) = 1305 wst TR

Crack Leng!
Distance of (1) Fatigue Procnstl»g :
Spec. Machined Notch Test Thickness Width, w Last 2.5% of "A", Left Left of |
ldent. to 10 (in) Temp. (*F) _ 8 (in) (in) x 103 Cycles Surface (Center  Center
V71K40 3.0 215 1.003 1.998 247 997 1.027 1.038
4 4.5 215 1.002 2.000 200 1.007 1.036  1.048
42 6.0 215 1.002 2.000 223 1.003 1.036  1.046
43 1.5 125 1.003 1.998 223 .986 1.034  1.038
14 1.0 126 1.003 1.999 212 1.000 1.039  1.046
61 6.0 125 1.001 1.998 449 -985 1.026  1.027
62 6.0 125 1.000 1.999 68 1.003 1.00 107
V71510 3.0 218 1.003 1.998 260 .998 1.028  1.042
sil 1.5 7% 1.004 1.998 m 1.006 1.037  1.046
V11F1 4.5 303 1.000 1.998 318 -986 1.018  1.024
F2 6.0 300 1.002 1.998 275 992 1.034  1.047
F3 1.5 302 1.000 1.997 290 989 1.02¢  1.030
F4 3.0 300 1,002 1.998 323 - 996 1.042  1.044
rsl® .5 258 1,000 1.998 180 999 1.024 1.0
re'® 6.0 268 1,003 1.998 106 1.009  1.040 1.041
78 1.5 287 1.000 1,998 13 09  1.028  1.029
8 3.0 300 1.002 1.99 319 987 1.02¢  1.034
ro'® s 287 1,000 1.998 18 1.006  1.031  1.042
Fi2 3.0 ~222 1.003 1.998 38 1.003 1.03§  1.045
Following specimens side grooved (10% per side):
vnireio!® 6.0 172 1,002 1.998 256 1.018 1084 1,045
m'® 1.5 14 1,003 1,998 310 1,008  1.014 1,020
F1al® .5 160 1.000 1.998 178 1.02¢ 1,08 107
Fle 6.0 (n
159 1.5 172 1.000 1.997 290 1.010  1.028  1.035
ris'® 1.0 173 1.000 1,908 1 1.033 1,045  1.046
F2'® .5 in 1.000 1.998 183 1.016  1.034 1.0
Fia'® 6.0 218 1,000 1,998 420 1.018  1.034 1,030
Fre'® 1.5 218 1,000 1.998 298 1017 1.0  1.0%
r20'® 1 218 1,001 1.998 10 1.000  1.026 1.028
ynse'® 6.0 218 1.002 1.999 n2 1.004 Lozr Low
* P, Oblique = Partially Ob)ique (4) Ambient value, not mea
(§) Entire load displaceme
: e Bl s
. (1) ot et o 4L D i ST e e
(1) Average of two measurements made fram cente line of crack loading pin to back (7) No test.
surface of specimen, (8) Strain control,

B
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TOUGHNESS TEST RESULTS

4,

Relative numidity'®): 608, Loading rate (x/t)'!) = 1.16 kst /TA/sec

Yield validity
t of  Right Fracture Strength, (K, )or. I-Invalid J K, max
_";:_g_ ;_r_r_gg Spptranead ° thal} Poax’® Ko thstyin)  vovalia R 2.5 (Ko )?  1n-BBFIn? i

1.029 .996 0biique 86.3 1.94 74.6 1 2.47 .- 1979 240
1.028 .386 0b11que 85.5 1.26 72.6 I 1.60 .- 306 9.5
1.041 .99 0blique 84.6 1.77 76.3 1 2.41 .- 1880 235
1.028 989  Oblique 89.6 1.0 78.5 1 2.37 »1680'5)  5223(%)
1,033 988 Oblique 88.7 1.92 1.9 1 2.3 »>1630(5) 220!
1.022 .987 0b11que 86.9 1.10 72.3 1 1.40 1.73 228 82.2
1.087 1.004 0b11que 86.9 1.62 82.3 I 2.3 - 1000 172
1.029 .99 0b11que 86.3 1.63 67.6 1 1.90 - 491 120
1.040 1.002 Flat 9.7 1.00 (57.4) v —-- .98 101 55.0
1.011 978 0blique 85.2 2.01 66.0 I 2.31 - 1720 223
1.032 .99 Oblique 4.4 1.91 70.4 1 2.9 .- 1760 225
1.022  1.000  Oblique 86.9 1.82 76.9 1 2.41 1480 207
1.022 .984  Oblique 86.1 1.79 75.8 I .37 “ee 1570 212
1.023 992 0b)1que 84.5 1.93 70.8 1 2.36 - 1410 202
1.0 1.004 0b11que 83.7 1.94 70.3 I 2.45 .- 1740 224
1.023 992 oblique 86.2 1.90 75.8 I 2.47 - 1770 226
1.024 998 0bl1ique 86.1 1.88 7.8 I 2.4 - 1550 211
1.039 1.014 0b11que B4.5 1.83 75.0 I 2.44 - 1520 210
1.040 1.010 0bligue 87.0 1.83 17.5 I 2.45 u- 1610 217
1.031 1.012 0b11que 85.8 1.83 84.8 I 2.7 ——— 1790 230
1.018 1.003 0b11que 85.0 1.70 74.9 I 2.22 - 517 124
1.094 1.0m 0b11que 86.9 1.58 80.6 I 2.24 - 595 132
1.030 1.016 Flat A8.4 1.00 72.1 1 1.21 1.66 144 65.1
1.036 1.021 0b11que 87.5 1.92 82.0 1 2.n - 1300 195
1.034 1.021 0b11que 86 7 1.77 88.1 I 2.70 .- 1590 216
1.020 1.007 0b)ique 84.6 1.68 84.5 I 2.06 - 404 109
1.033 1.018 0blique 87.2 1.81 81.2 I 2.55 v-- 819 15§
1.022 1.006 Ob1ique 86.3 1.92 80.5 1 2.67 -e 1720 224
1.038 1.014 0b11que 84.6 1.79 86.3 1 2.74 - 1920 237
fnside test chamber at tewperature.

curve was not recorded because of lack of chart " lTl

axis. Value reported assumes that final load and Also Available On ;‘PF' e
than that recoraed. VAperture Card RTU RE
splacement does not meet ASTM E-399 B] criterion, C“f"

P00 2026603




Table 11
J-INTEGRAL TEST RESULTS

Losd Rate: 0.0002 in/sec Load Line Displacement
Maximum Precracking Load: 2200 |
Maximum Precracking 8K: 13.5 kst

__Specimen Nachime Rotch  Test Specimen wet Spec imen Inftial Crack Nex. Deviation  Ligement Corrected Nodulus ' Jic
idmstification’ frem 0 (in) Tew. ('F) Ihichness, ® (1) Thictmess (1n) Dapth, ¥ (in)  Length, A (in) fFrem Avg.. A, (1n) WA (1n) (x 107 pat)  (xip/in) Wotes
v “s 9 999 02 1,99 1.03 -.021 563 .59 o

2 6.0 349 999 .800 1.997 1.014 -.016 983 28.448 765 .-
3 8 150 % 802 1.9% 1.019 -.018 a7 28.750 JE e
i 10 150 59 198 1.997 1.018 -.017 o 28.757 IR e
s 4“5 %2 999 802 1.998 1.021 -.014 K1 %07 .653 1
s 6.0 252 99 800 1.99 1.026 -.on7 97 29.262 sn
’ 15 1 (998 802 1.997 1.0 -.016 965 29.09% 62 1,2
- 3.0 350 1.000 798 1.998 1.026 -.018 o2 28.933 g .
’ s 2% 1.003 504 1.997 1.001 -.on 9% 29.651 "
10 6.0 500 1.003 803 1.997 1.068 -.018 949 28.650 a2 4 2
u LS 500 1.003 04 1.9% 1.085 -.016 951 .26 EC "~
12 2.0 250 1.002 807 1.997 1.0%0 -.o11 967 29.497 N1,
1 . 500 1.004 807 1.997 1.082 -.016 955 .32 g5 4
" 6.0 300 1.003 808 1.996 1.0 -.012 965 29,804 .836 -=-
i5 1.5 500 1.003 -80S 1.995 1.041 -.016 954 28,633 754 .
1 1.0 500 1.008 .803 1.997 1.038 -.013 959 8.4 am
17 LB 300 1.004 808 1.997 1.029 -.016 .968 29.189 656 -
18 6.0 s 1.008 .80 1.9% 1.027 -.013 969 29.528 I e
9 LS 300 1.002 87 1.9% 1.0 -.013 963 ».57 m
20 1.0 300 1.002 .812 1.995 1.027 -.015 968 29.524 05 .-
a “s s 1.002 .803 1.9% 1.020 -.010 9% ».452 A%
n 5.0 s 1.003 a1 1.99% 1.0M -.014 962 28.404 LT R
23 1.5 s 1.002 807 1.99 1.017 -.012 979 29.303 2R 1
2 30 s 1.004 806 1.997 1.0 -.018 963 0.442 5%
2 . s 1.003 808 1.99 1.018 -.013 m 28 048 B

Notes

1 - Fatled by cleavage after ductile initiation.

2 - violates ASTM £-399-81 spacing criterion. Fafled at Ba = .022 inch.
3 " ey * Jpgx - Some crack extension occurred.

4 - Witiple stable) pop-in occurred throughout tests.
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4. DISCUSSION OF RESULTS

4.1 VESSEL REPAIR

Repairing and inserting the test segments into the vessels was straight-
forward; only two difficulties were encountered. One was the high residual
magnetism in the vessels which prevented use of magnetic particle testing of the
weld joint cavities for surface defects. Dye penetrant testing was used instead.
No difficulties were encountered in welding. The second difficulty was a slag-
type radiographic indication within the weld made on Vessel V-8 that was accepted
by UCC - ND, although it was slightly larger than allowed by specifications for
this contract. The defect was considered to be inmocuous. The procedures
employed were successful in producing welded test piece insertions into the
vessels and appear to be a good way of reusing the vessels.

4.2 CHARACTERIZATION TESTING

It was noted that there were small gradients in the mechanical properties in
the thickness (radial) direction of the characterization test piece (V71) that was
taken from the hollow A508-2 steel forging (TSC-6). The following discussion
centers on this, because it could have a small influence on the pressurized
thermal shock experiments of the insert material represented by the character-
ization test piece.

4.2.1 Chemical Composition

The results of the analysis presented in Table 6 indicate a shallow gradient
in some of the elements, with the ID being slightly richer than the 0D. This
would lead to a gradient in hardness and strength, increasing from 0D to ID. On
the other hand, the hardness and strength would decrease from both the ID and 0D
surfaces because of decreasing heat transfer during quenching, resulting in
higher-temperature transformation products.

Figure 19 illustrates schematically the effect of these two variables on the
resulting hardness and strength as a function of radial position within the wall
of the original cylinder.
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_ EFFECT OF CHEMICAL GRADIENT
WITH HIGH HEAT TRANSFER
IN QUENCHING
E - EFFICT OF
| LIMITED MEAT
£ / TRANSFEN
by L
s AESULTING RESPONSE
0 0o

Figure 19. Schematic of effects of chemical composition and
heat transfer gradients on hardness and strength of
original cylinder.

The resulting hardness and strength would be a minimum located nearer the 0D.
This agrees with the observed values in hardness, as shown in Figure 16 and 17,
where the minimum occurs at about 5-1/2 inches from the 1D.

4,2.2 Tension Tests

Examining the tensile data in Table 7 shows that when specimens were tested
at the same temperature but from different thickness locations, there was an
fncrease in yield and ultimate strengths as the ID was approached. This is con-
sistent with the hardness results. Figure 20 shows this as a plot of normalized
yiel4 and ultimate tensile strength using the values interpolated to a position 3
inches from the 1D. The least-squares (it of the data obtained with a desk
calculator predicts about a 2% inc ease in strength in going from the d = 3 inches
position to ID and a 2% decrease in going to the 0D, or a 6% change overall for a
distance of 6 inches from the ID, This distance is about equiva’ent to the wall
thicknesses of Vessels V-7 and V-8,

Using the equations shown in Figure 20, multiplying factors were derived to
be able to predict the yield and ultimate tensile strengths from measured values
by either extrapolation or interpolation. These multiplying factors are given in
Table 12.
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Figure 20. Normalized strengths YS/VSd and UTS/UTS, . 4 as
a function of distance (d)%from 10,

Using the multiplying factors in Table 12 and adjusting the yield and
ultimate strengths to a thickness position at 3 inches, we obtain the predicted
yield and tensile strengths shown in Table 13,

The values at a position of d = 3 inches are plotted ¢s a function of
temperature in Figure 21(a). Also shown are the average values of 5 heats of
SA508-2 steel.*

The ultimate tensile strength response of V71 is seen to be similar to
SA508-2 steel given a standa-d-tempering heat treatment, However. the yield
strength at 500°F for V71 characterization materia) appears to parallel the
ultimate strength rather than decrease, as shown for SA508-2 steel with standard
heat treatment. The strength values obtained for specimen V71T15 appear to be too
high with respect to the other results.

* W. L. Server and W. 0ldfield, "Nuclear Pressure Vessal Steel Base," Flectric
Power Research Institute Report NP-933, Palo Alto, CA; December 1978,
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Table 12

MULTIPLYING FACTPRS FOR ESTIMATING STRENGTH AT ONE
THICKNESS LOCATION FROM TEST RESULTS AT ANOTHER LOCATION

Distance from ID (in)

Predicted Values

Measured Values at: 1.5 3.0 4.5 6.0
Yield Strength
1.5 (75, 10, 15) 1.000 .990 .980 970
2.5 (74, 9, 14) 1.007 997 .986 .976
3.5(73, 8, 13) 1.014 1.003 L9953 983
4.5 (12, 7, 12) 1.021 1.010 1.000 .99
5.5 (71, 6, 11) 1.028 1.017 1.007 997
Ultimate Tensile Strength
1.5 (75, 10, 15) 1.000 .986 973 .959
2.5 (74, 9, 14) 1.009 995 .982 .968
3.5 (713, 8, 13) 1,019 1.005 991 977
4.5 (12, 7, 12) 1.028 1.014 1.000 986
5.8 (T1, 6, 11) 1.038 1.024 1.010 .995
Table 13

ADJUSTED STRENGTH VALUES TO A POSITION 3 INCHES FROM 1D

Yield Strength (ksf) Ultimate Tensile Strength (ksi)

Specimen Distance Te<t
Identification From ID (in) Temp. (°F) Actual At d = 3" Actual At d = 3"
vimn 5.5 <10 91.558 93.114 115.690 118,374
2 4.5 70 89.921 90.820 112,494 114,069
3 3.5 125 89.440 89,708 111.862 112.421
4 2.5 200 87.082 86,791 108,753 108,209
§ i.5 300 86,949 86,080 108,624 107,103
6 5.6 -50 93.482 95,071 117,792 120,619
7 4.5 «10 91.916 92,835 116,585 118.217
8 1.5 7% 90,117 90,387 113,332 113,899
9 2.5 75 91,558 91.283 114,354 113,782
10 1.5 500 89.973 89.073 111,276 109,718
11 5.5 -50 92,296 93,865 117,059 119,868
12 4.5 125 A6.815 R7.683 109,300 110.830
13 3.5 250 b4.975 25.2% 105,594 106,122
14 2.5 350 85,306 85,050 105.63% '05.107

1.5 27% #9.688 88,71 111.423 1.863
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Figure 21(a). Yield and ultimate tensile strengths estimated for d = 3 as
a function of temperature for V71 and for the average of
five heats of SA508-2 (from EPRI Report NP-933),
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Using the average values obtained for d = 3 inches from Table 14 and multi-
plying factors for other thickness locations, Table 15 is generated to give the
estimated strengths at d ~ 1.5, 3.0, 4.5 and 6.0 inches for temperatures where
tensile data is available. This does not include a test at 275°F obtained with
specimen V71T15, which appears to be high with respect to the other results.

Table 14
STRENGTH VALUES FOR d = 3 INCHES

Test Temperature (°F)
-50 ~10 75 _ 128 200 2¢0 275 300 350 500

field Strength, ksi

95.071 93.114 90.820 89,708 86,791 85.230 88.771 86,080 85,050 89,073
93.865 92.835 :.2’:; 87,683

Avg. 94,468 92,975 90.830 88,69  86.791 85,230 887N 86.080 85.050  89.073

Ultimate Tensile Strenath, ksi

120.619 118,374 114,069 112,421 108,209 106,122 109,863 107.103  105.107 109.718
119.868 118,217 113,899 111.830
113,782

Avg. 120.244 118,296 113,917 112.126 108.209 106.122 109.863 107.103 IOS.IO; 109.718

Table 15

ESTIMATED STRENGTHS FOR V71 AT VARIOUS SPECIMEN
DEPTHS AND TEST TEMPERATURES

Test Teuperature, 'f

Distance

From 10 (in) -50 -10 75 125 200 250 300 30 500
Yield Strength, ksi
1.5 9.4 938 9.8 896 87,7 868 869 A59S00
3.0 4.5 9.0 9.8 887 868 852 861 850 891
4.5 9.8 2.2 899 8.8 859 A5 A5 M2 B
6.0 2.4 9.0 890 869 850 85 M3 83 82
Ultimate Tensile Strength, ksi
1.5 1220 1201 LiS.6 1133 1098 107.7 1087 106.7 111.4
v 1202 118.3 1139 1106 1082 1061 107.1 1051 1097
4.5 18,7 1168 112.4  110.2 1068 1047 1057 1037 1083

6.0 1.0 1180 1108 1086 1053 1033 1042 1023 1768
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Using the data in Table 7, a regression analysis was performed with BMDP
Program PIR (A1 Possible Subsets Regression) to obtain the following equations:

¥S (ksi) = 98.91 - 1.527D - 0.0507T + 0.000073T%
SE = 0.92; R = 0.90

UTS (ksi) = 124,45 - 1.862D - 0.0699T + 0.00009587°
SE = 1.03; R% = 0.95

where:

D = Distance from ID, inches
T = Test Temperature, °F

The fit of these equations is compared in Figure 21(b) to th2 previous
interpolation for d = 3.

4.2.3 Charpy V-Notch Impact Tests

The scatter of test results appears to be quite large. But when compared to
results obtained by others for the same kind of steel heat treated normally, the
scatter is about typical for this kind of product. This is illustrated in
Figure 22 with data taken from Derby, et al.*

To determine 1f there was an effect of specimen location with thickness the
Charpy V-notch impact data was fitted «‘th an expression** used for such purposes.
Figure 23 shows the result of 75 iterations made with the BAW computer program
"Pattern Search" to obtain a near-optimum fit for all of the 60 test results for
absorbed energy without regard to its thickness position.

* R. W. Derby, et al., "Test of 6-Inch-Thick Pressure Vessels., Series 1: Inter-
mediate Test Vessels V-1 and V2. " Dak Ridge National Laboratory Report
ORNL -4895, Oak Ridge, TN; February 1974,

** Server and 01dffeld, op. cit.
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Figure 21(b). Same yield and ultimate tensile strengths as shown in
Figure 21(a) except that the fit of regression analyses
results with interpolated values is illustrated,
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when the location of the specimens with respect to thickness is taken into
account, the fit of the equation is improved. This indicates that there is a
gradient in absorb:d energy, decreasing as the ID is approached (see Figure 24). .
Similar responses were found for lateral expansion and percent shear values.

- —— — ——
100 } d INCHES ¥ROM 1 D
JUTI—— ,
! ——— 1000 //——__—
. — —— —
4 500 -
LRE -

oo w2 *

ABSORSED ENERGY FT L8S
H

4 DISTANCE FROM 1 D N
so s ' s0e \

S N UGS WSS R SR SS———— — — -
o 50 100 AL 200 %0 300 wo 00 a%0 SO0

TEST (EMPERATURE ¢

Figure 24, Effect of thickness location (inches from ID) on

the Charpy V-notch impact absorbed energy transition
curves.,

Assuming that there is a linear relationship between absorbed energy and
lateral expansion in the {mpact transitfon region, a least-squares fit of lateral
expansion as a function of absorbed energy obtained with a desk calcvlator
produced the following relationship for values between 15 and 45 ft-1bs (Table 8):

The fit of this equation is 11lustrated in Figure 25, For a 30-ft-1b transition,
an equivalent transition of 22.1 mils is obtained,
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Figues 24, Plot of lateral expansion as a function of absorbed
energy over the range of 15 to 45 ft-1bs,

Using the foliowing equations de=ived by fitting the Charpy V-notch fmpact
results.

£ (ft1ms) » [u.on + 3493 tan n('-,d!}:-')] -
LE (wi18) » [n.n ¢ 26,51 tan 0 (!-1'}!&!)] ",

s () » [n.n 45,92 tan M (L-'%,J.)]..xm .

the calculated 30 ft-1bs, 22.1 mils, and 50T shear cransition temperatures as 4
function of d1stance from the 10 are {1lustrated in Figure 26,
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Figure 26, Calculated transition temperatures as a function of

distance from 1D,
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4.2.4 Plane Strain Fracture Toughness Test Results

Figure 27 shows these test results as a function of test temperature for the
normal and side-grooved specimens. Only one test result obtained for Specimen
V71511 tested at 75°F gave a valid K, _result of 57.4 ksiy/in. The amount of
scatter is similar to test results obtained on similar materials.

A regression analysis was performed with the BMDP Program P9R (A1l Possible
Subsets Regression) on the test results to determine if the specimen depth loca-
tion had en effect. A computer fit produced the following result:

2

KJmax (ksi\/in.) = —18.547 + 7.1;60 + 1.569T — 0.0030T
SE = 49.60; R™ = 0.336

where:

D = Distance from ID, inches
T = Test temperature, °F

The fit of the data with this equation is not very good, but if it were more
statistically significant, it would indicate a gradient of KJmax exists across
the wall of the inserts in Vessels V-7 and V-8 that could amount to 42.9 (6 x
7.146) ksi‘/Tﬁf, which is much greater than that derived from correlation of Cv
energy with fracture toughness. This equation also indicates a maximum in KJmax
values at about 265°F, which is greater than the fracture data indicate. Other
reqgression analyses involving second powers of D and T and their cross-terms did

not produce any significantly better €its than the above equation.

4.2.5 J-Integral Tests

Figure 28 shows that there is little or no effect of test temperature on ch.
In an attempt to separate the effects of specimen depth, location, and tempera-
ture, regression analyses performed with the BMDP Program P9R were applied to
these results. Using only linear terms, the following equation was obtained:

Jy (kip/in.) = 0.639 — 0.0034D + 0.00034T
SE = 0.089; R = 0.131
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Using higher-order terms, the best fit of the data was obtained with the
following equation:

Jyc (kip/in) = 0.746 + 3.978D + 353.57 + 18.290° + 133,219T% + 1380.6DT
SE = 0.085; R® = 0.569

There could be an effect of specimen depth and temperature on J
is not supported by statistical means.

1c® but this
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5. CONCLUSIONS

o Inserting a test piece by welding into the walls of intermediate
test vessels can be accomplished without difficulty.

e If these or other vessels are to be used again for such purposes,
consideration should be given to degaussing the vessels to remove
residual magnetism that could be present.

¢ There was a small gradient in mechanical properties in the charac-
terization test piece that probably exists in the vessel inserts.
It could be due to the chemical segregation in the original steel
ingot used for the forging TSC-6 and its effect on hardenability.
Contributing to the gradient is the decreasing heat transfer as a
function of thickness, resulting in higher temperature transfor-
mation products below the surface.

6. RECOMMENDATION

1f these or similar vessels are to be used again for these purposes and the
residual magnetism is high, degaussing should be employed prior to welding.
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7. QUALITY ASSURANCE

This work was performed at two locations with shared responsibility for
quality assurance by B&W's Nuclear Equipment Division (NEC) and Research and
Development Division (R&DD). The work accomplished by MED is recorded within the
files of that organization.

The work performed by the R&DD was performed in accordance with Quality
Assurance Plan No. 82027, with the following exceptions:

e Specimens V71F10 and F11, F13 through F20, and V7159 were tested
according to ASTM E-399-81, except that the specimens were side
groovea 10% on each side.

® The extensometer used for plane strain tests did not meet the
requirements of Paragraph 6.3.1 of ASTM £-299-81 in that the maximum
difference between the actual and calculated displacement was 0.00023
inch and this was greater than the 0.0001 inch allowed. Since the
determination of K, is done with a 1oad determination which has a
lTimit of +1% accurify or about six times the largest deviation of the
extensometer used, this deviation from ASTM E-399-R1 requirements is
not considered to be significant in the test results.

® A post test calibration check performed on the extensometer (B&W No.
810421) used for the J-integral tests showed the following maximum
differences in output of the extensometer:

Temperature, °F % Difference
89 2.8
250 3.2
530 3.2

These values are greater than 1% allowed by ARC TP-267, Revision 2,
and which were achieved prior to testing the specimens in the
program. Previous work* indicates that the reproducibility of Jl is
dependent on the test operator and may amount to about 4%, which §s
greater than these extensometer deviations. These calibration
differences are about equal to a 2.5% drift experienced for some
previous test results.

* H. A. Domian, "Vessel V-8 Repair and Preparation of Low Upper-Shelf Weldment,"
MUREG/CR-2676, ORNL/Sub/81-85813/1: June 1982,
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To the best of my knowledge and belief and noting the preceding exceptions,
the work described in Section 3 of this report was completed in accordance with
Quality Assurance Plan No. 82027, Revision 0, dated December 24, 1952.

~7
-~
,/"iélnzfﬁéfi;f7 Lt 7

.’ G. w. Roberts
Quality; Assurance Manager,
Alliance Research Center
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Appendix B

J-TEST RESULTS
AND
PHOTOGRAPHS OF SPECIMEN FRACTURED SURFACES
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Appendix B
J-TEST RCTSULTS

The following J-R curves were obtained with these three corrections.

1.

(%)
-

Unloading compliance was corrected by adjusting the elastic modulus to give
agreement between the measured initial length and experimental derived values
using a modulus expected for the material and its test temperature in the
following expression:

¥ % (’Calcu\atgg
m2asured

(€

Eexpected * (Eagsumed

where:
Euswa = modulus value used during test

calculated = specimen compliance calculated from measured
initial crack length

c-easured = specimen compliance measured at start of test

c

J-expression, moving-crack correction:

"1‘1'{“‘%&1._:.!_“ :‘_’_1}{1°%" (61.1-0)}
where:

Af, 1 + 1 = incremental area between )ines of constant displacement
at points 1 and i + |

n=2+0.522 b/w
Y=1+0.76 b/w
b=w-a

3n = net specimen thickness
a = crack length

Rotation correction:

¢! C measured
icorrected =
{g sinfe) - coe(o)} {}rsin(o) - coslo)}
where:
H = half span of loacding points

R = -'_;_’- = radius of rotation

D = distance from crack plane to knife edge at zero load

1§ éme+0 : <1 (D
® = sin SR, AN, G Y )
{(-Dza. RNV °

dm = measured load-line disp’acement
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