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SUMMARY

This report describes the weld repair of the Heavy Section Steel Technology
(HSST) Program Intermediate Test Vessel V-8 and the making of a submerged-arc low
upper-shelf test weld as a long seam in the vessel. The development of the low
upper-shelf weld metal and its mechanical property characterization, including
fracture toughness, is reported.

From replicate characterization weld test results it is expected ': . the
vessel seam test weld properties are likely to have the following values:

Room temperature yield strength (YS) >66.3 ksi

Upper-shelf energies (USE) <43.5 ft-1bs
ch €0.335 Kip/in. at 300°F
J = 50T <1.131 Kip/in. at 300°F

These values are not far different than those reported for some irradiated welds.
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Figure 2 Cavity to be Repaired on Vessel V-8

This report describes the work done to repair that cavity and make a
submerged-arc long seam weld having Tow upper-shelf properties for another test of
the vessel, VBA, The purpose of this test is to study crack growth in material
with low upper-shelf toughness, particularly material with Charpy V-notch upper-
shel f energy (USE) and yield strength (YS) similar to that found in some
irradiated weld metal, In addition to the vessel welds, replicates of the long
seam weld were made and tested to characterize the mechanical properties of the
low upper-shelf weldment.
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Figure 3 Preliminary and Trail Welds




Phase 2

Making and Testing of Characterization Welds
{ "1lustrated in Figures 4, 5, and 6)

Five characterization and one flawing practice submerged-arc
welds were made with the same conditions as those used for
the trial and vessel long seam test weld. Four of the
characterization welds were made in Vessel V-10 (SA533-Bl1
steel) prolongation as shown in Figure 4.

The fifth characterization weld was made from pieces of
6-inch thick SA533-B1 steel plate (Heat No. C6200-4) as shown
in Fiqure 5.

The flawing practice weld -- to be used by Union Carbide
Corporation - Nuclear Division (UCC-ND) in setting the

flawing parameters for the vessel long seam test weld -- was
made with pieces of SA533-B1 steel plate (Heat No. C6200-4) as
shown in Figure 6.
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SECTION 8- 8" PROLONGATION CYLINDER WELDMENT

Characterization Welds Made in Vessel V-10 Prolongation
( Wwelds V852, V862, V872, and V882)
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Figure 6 Flawing Practice Weld (V892)



and Making

Fiqure 7 Vessel Repair and Long Seam Test Weld




2. PHASE 1 -- TRIAL WELDS

2.1 PRELIMINARY WELDS AND THEIR TESTS

The effects of submerged-arc welding flux basicity and post weld heat
treatment ( PWHT) temperatures on tensile and impact properties were determined
with three weldments made in 3-3/4-inch thick SA533-Bl steel plate for a
combination of nine conditions. The making of these weldments and their test
results are given in Appendix A,

The nine combinations, shown previously in Figure 3, are identified as
follows:

Mean PWHT Hold Temperature, °F

Flux Mixture, % Calculated 1135 1078 102§
Nominal
Linde 60 Linde 80 BN* Weld Designations
60 40 0.7 Va1l VBi2 V813
75 25 0.70 vazl Va2 V823
% 10 0.65 vail V832 V833
C.O’”QO*CIFZ + 1/2 Mn0
* Basfcity number (BN) = LTINS (ATl wt %)
2 3

Increasing the proportion of Linde 60 flux decreases the basicity of the flux
and this results in both lower upper-shelf energies (USE) and yield strength ( YS).

The effects of flux mixture composition (Basicity Number - BN) and PWHT on
the impact properties and tensile properties are summarized in Figures 8 and 9,

Based on these results, the optimum conditions for low impact transition
temperature, low USE, and high YS were obtained with the mid-range conditions of
the test matrix, namely:

. Flux Mixture == 75% Linde 60 - 25% Linde 80
. PWHT Hold Temperature -- 1050° - 1100°F
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2.4 BASE METAL TENSION TEST RESULTS

A partial cylindrical piece, approximately 6" thick x 12-7/8" wide and
38-1/2" long, from Vessel V-8 was received from U2C-ND. About 9 inches was cut
off each end of the long dimension. The remainde s given the following PWHT
together with the weld designated as V8QzZ.

2.4,1 Post Weld Heat Treatment ( PWHT)

The following PWHT was achieved for the base metal designated is V802:
Heating rate - 600° to 1050°F: 140°F/hr
Hold time at 1050° - 1100°F : 58 hours
Cooling rate - 1050° to 600°F: 13.8°F/hr

The intended 100°F/hr maximum heating rate and 52-hour masimum hcld time were
exceeded, but these are not significant.

2.4.2 Specimen Locations

Figure 12 shows the general location and orientation of the tension test
specimens.,

2.4.3 Tension Test Results

Three specimens each were tested at room temperature and at 250°F. Th:se
results are given in Table 2.
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Table 2
BASE METAL ( VB02) TENSION TEST RESULTS

Spec imen Yield Strength Ultimate Tensile Elongation, Reduction of
Numbe r ks i Strength, ksi % Area, %
Room Temperature
v802Ti 65.10 86.3) 28.0 70.2
2 65.74 87.10 28.0 70.6
3 65.90 87.07 27.5 70.4

SA 533 B) Specification
50.0 Min. 80.0 - 100.0 18.0 Min. -

250°F Test Temperature

i 60.18 79.62 25.0 65.5
S 60.13 80.10 26.0 €9.9
6 59.88 79.30 26.0 70.7
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Figure 14 Charpy V-Notch Impact Test Results for Weld V852




Figure 15 Charpy V-Notch Imnact Test Results for Weld V862
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Table 6
J-TEST RESULTS

Approximate Net Crack Length, Corrected ch,
Depth in Thickness, in. Modulus Test Temp. -— ——
Grientation Weid, in. in, TnitTaT  Final 106 psi % S
" 1.5 - 2.8 291 1.004 1.529 32.00 250 A 3%
. 3.8 - 45 097 1.003 1.496 31.75 250 A2 3%
LS 1.5 - 2.8 .19 1.113 1.465 31.38 240 403 Le0)
. Invalid Test - lrregular Initial Crack Front
“w S - 1.8 .798 1.053 1.383 30,43 250 417 .49
" 4.3 - 5.5 800 1.065 1.483 30.58 <D0 427 823
W 0-1.3 097 1.048 1.369 29.48 200 218 293
. 0-13 .79 1.048 1.367 29.62 200 483 .491
W Fractured at Load Line During Fatigue Precracking
W Fractured at Load Line During Fatigue Precrack ing
W 1.8 - 3.0 .B00 1.05% 1.540 30.52 300 .408 405
W 3.0 - 43 .803 1.054 1,473 30.63 300 660 653
N 3.5 -4.5 1.614 2.13%¢ 2.985 30.05 300 281 272
o 2.5 - 4.8 1.618 2.101 2.883 30.24 300 422 367
wr Test not Completed - Machine Malfunctioned
W 4.5 - 5.0 .198 1.107 1.578 30.79 300 24 2%
" 5 -1.8 g2 1.047 1.362 29.63 250 443 4
. 4.3 - 5.5 199 1.057 1.433 29.49 250 402 L39%
W 0-1.3 798 1.042 1.311 29.80 200 462 3%
C 1.3 - 2.5 L7194 1.172 1.364 30.20 73 450 448
W 4.8 - 6.0 .79 1.068 1,425 36.54 73 399 329
W 1.3 - 2.5 803 1,052 1.268 30,88 73 545 540
. 4.8 - 6.0 J99 1.062 1.433 30.74 73 466 463
W Fractured at Load Line During Fatigue Precrack ing
wi Fractured at Load Line During Fatique Precracking
" 1.8 - 3.0 808 1.105 1.416 30.22 300 3100 .32
. 3.0 - 43 .802 1,044 1.437 30,45 300 L4319 a4
W 3.5 - 4.5 1.614 2.219 2,912 30,08 300 264 274
W 2.5 - 4.8 1.609 2.166 2.94% 30.38 300 A26 415
Wl 1.8 - 2.3 LB05 1.093 1.534 30.14 300 346,363
W 4.5 - 5.0 800 1.140 1.823 29.92 300 270 .20
operators.

. ch was determined by three indepei dent

Kip/in.*

3 Mean
383 378
346 .35
.393 399
423 A2
422 A
307 293
A8 4%
408 407
.657  .657
289 .281
422 404
245 273
437 AW
402 400
L3925
450 .e48
398 378
.563  .546
459 463
A8 37
445 a4l
L2714 2N
410 .47
352 354
a8 29

s

018

J = Sor
Kip/in,
857
906
899

1.428
1.187
1.543
1.492

1.313
1.216
1.430
1.315

1.411
1.318
.m
1.7¢7
1.372
1.888
1.303

1.368
1.260
1.33%
1.361
1.666
1.388

T = J/5

17137
18.120
17.982

28.556
23.342
30.869
29,846

26.2%
24.323
20,607
26.300

26.596

28.223
26,366
34,229
34,942
27,431
37.78%
26.068

27.360
25.205
26,701
21.226
3.3
27.768
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PHASE 3 -- VESS

EL V-8 REPAIR AND LOW

hrough-wall avity in the vessel (approximately 8-1/2" wide by 22-3/4"
h was the result of removal of the test section of the Vessel V-8 test,
1 by manual metal arc (MMA) ( EBOL15 electrodes) welding in a plug made
prolongation. The submerged-ar« A) long seam test weld, located
from the plug weld, was made in a slot as previously indicated in

1th the same conditions that were used for the trial weld. The SA weld

ck the ends to form weld cavities for MMA welds. This pro-edure was
iuse of the great possibility of weld defects at the starts and stops

weld,

lug repair, test weld, post weld heat treatment ( PWHT ), and radiographic
WETrE mpieted when an unacceptable defect was found at the vessel open

rti f the test welid, This required that the seam test weld be

igure 24 shows the A portion of the seam test weld and MMA

r h¢ econd d{t(‘m[‘t which was acceptable.

f fqure

24

Completed Submerged-Arc |
Manual Metal Ar«

SA) Portion of the Seam Test Weld and
(MMA) Weld Cavities of the Vessel




prrverveeeee

3 /

N N A




These values ( Table 7) are the averages of four thermocouples located around

1

the seam test weld, These thermocouple locations are as shown in Fiqure 26,

Other thermocouple locations monitored during PWHT nditions are shown in Figures

27 and 28. Thermocouple No. 8 was attached to a test piece (designated V10S1)

taken from the V-10 prolongation which formerly contained Characterization Welds
V852 through Y8872, Therefore, it was also subjected to two PWHT cycles as was the

vessel and 1ts repair weld,

4,3 SEAL LEAK TESTING

Prior to shipment to Union Carbide Corporation - Nuclear Division ( UCC-ND)

»

the head and its seal were mounted on the vessel and a helium leak test was

performed. No leaks were detected: the sensitivity of the Vickers Leak Detector
ed 1 fenmonstrate nda veritie y use of a probe sniffir ind observing a
\ brat Y tandar he ] fak f ) tandard ec .,

Figure 26 Thermocouple Locations Around the Vessel Seam Test Weld



Figure 27 Overall View of Vessel During the PWHT Cycle with Thermocouple
Locations

L L Wy

Figure 28 Thermocouple Locations No. 5 and 6 on the Vessel
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4.4 COMPARISONS OF VESSEL V-8A TEST WELD TO OTHER TEST WELDS

Average values for welds made with the same conditions used for the Vessel
V-8A test weld are given in Table 8,

Table 8
COMPARISONS OF AVERAGE VALUES

.- - Wela s -
V822 vaer vas2 V&62 VRB2 ¥8102 Yessel v-Ba
Weld Chemistry, t
c 0,06 0.0% 0.06 " an 0.06 o
L 1.61 1.50 1.56 -~ .- 1.52 -~
P 0.02¢ 0.078 0,031 - .- 0.026 -
S 0.017 0.016 0.016 - - 0.014 .
51 0.8% U.66 0.7 - - 0.62 -
N 0.61 0,62 0.63 - - 0.63 -
Mo 0.48 0.4% 0,48 o~ . 0.47 -
Cu 0.29 0,27 0.2% - e 0.17 .-
0 0,143 G, 143 0.147 0.1%3 o.1«7 0.147 .
Plate {Weld) Thickness, in, 3-3/4 6 6 6 6 6 L
Heat Input, kJ/in, 92 ] % 76 76 3 76
Pt
Weating Kate, “F/nr 59.4 L L 50.0 40.9
Hald Time, hours 50.0 N .0 4.5 49.8
Hold Temperature, ' 107% 1983 resnmees 107} 1068 17
Cooling Rate, “F/hr 2.2 10,2 cevenens 15.5 12.4 12.0
Koom Temperature Tension Test
Yield Strength, kst 66 9 LT 62.3 - - §9.1 .
Ultimate Tensile Strength, ksi 8.9 82.« 7%.1 .- .- 843 .-
Elongation, ¢ a7 25,8 2%.8 - - 22.8 -
Redwc tion of Area, & 54.4 4.3 57.4 - .a 83,3 .-
Charpy V-Notch Tests
USE, ft-1bs (200" - 300°F) 42.7 4.8 48,9 4.6 43.5 w1 .-
LE, mils (200° - 300°F; 4.9 49,5 $3.0 83.7 52.1 4.1 -
le.' Ktp/in, ( 300°F, JTCT, 21CT) .. 0,378 0,404 0.35%1 9.3%m 0.2¢’ -

{ 240°
250°F
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5.4 EFFECT OF TEST TEMPERATURE ON FRACTURE TOUGHNESS

The effect of test temperature on fracture toughness determined with compact
tension specimens is illustrated in Figures 36 and 37. It is assumed that
specimen size, specimen location within the weld, and level of toughness for each
weld is not significant.

One notable result is that obtained for Specimen VB8102F2 tested at room
temperature. It fractured in half during J-Integral testing at "maximum load".
Apparently the toughness of this weld was low enough that this test was conducted
below the ductile transition icmnerature for the loading rate employed. In
addition, Figure D-33 ( Appendix D) shows the obvious load drop associated with the
“pop-in" of Specimen VBB2F2 tested at 150°F. Specimen VB882F3, also tested at
150°F, demonstrated a like “pop-in".

The other results indicate a slowly decreasing toughness with increasing
temperature with the 250°F values being near those obtained at 300°F.

5.5 COMPUTATION REPRCDUCIBILITY o{-ilr

It was noticed that when the J-R curve analysis was performed for some tests,
the reproducibility of the ch calculation, which is dependent on where the origin
of the blunting line is placed, w2s sometimes poorer. This operation was
performed three times by independent operators and these results are as previously
reported in Table 6. The range of reproducibility of the 1T and 2TCT specimen
tests is shown in Figure 38,

Inspection of the results shows that in general for the larger deviations two
operators gave nearly equivalent results with the third being much further away .
There was no apparent consistency of which operator was further away from the
other two. In any case, it would appear that the analysis would normally give
about a reproducibility of about 4%,



ot Test Temperature on J,
1C
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Figure 38 Histogram of Standard Deviations (3 Determinations Each) for 1T

and 2TCT ch

5.6 SPECIMEN SIZE EFFECTS

The results of tests performed on Weld V8102 (Table 11) show that there is
little difference between 1T and 2T compact tension specimens while there is about
a 30% difference in ch values for the 3-point bend and compact tension specimens,

respectively.

Table 11

EFFECT OF SPECIMEN SIZE ON FRACTURE TOUGHNESS RESULTS
(weld V8102 - 300°F - WL and WT Orientations)

ch. Kip/in. J = 50T, Kip/in.

Spec imen No. of
Size Tests Mean £l SD Mean tl SD
C' 9 0.166 0.025 0,398 N,029
17CY 6 0.242 0.057 0.687 0.063
T K 0.254 0.016 0.727 0.066
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5.7 WELD TO WELD VARIABILITY

The use of low flux basicity and PWHT temperature was found to provide weld
metal having low USE values at a reasonable YS value. The optimum condition
selected -- 75% Linde 60 - 25% Linde 80 flux mixture and 1050° - 1100°F PWHT
temperature -- used for the trial and subsequent welds gave the following

properties (Table 12):
Table 12
AVERAGE VALUES FOR WELDS

veaz ¥8s2  vEe2
USE, ft-lbs 42.8 48.9 45.6
RT Yield Strength, ksi 66.7 62.3 -
ch at 300°F, kip/in. 0.378 0.404 0.351

(240° - 250°F)

J = 50T &t 300°F, Kip/in. 0.887 1.319 1.396
(240° - 250°F)

* Txcluding J-point bend C' test specimen results

ves2
43.5%

0.337

1.092%

¥8102

38.1

69.3
0.247*

0.713*

The reasons for differences in the mechanical properties between welds,
although within the range of normal scatter of 5 ft-1bs for USE, are not
understood. The effects of variations in welding conditions within the controlled
parameters were probably not significant. Oxygen analyses made on specimens from
the preliminary and characterization welds (given in Table 13) show that the
effective flux basicity for welds made with the 75% Linde 60 - 25% Linde 80 flux
mixture (i.e., Welds V822, V842, VB52, VB62, V882, and V8102) was about the same.

Table 13
TOTAL OXYGEN CONTENTS OF WELDS

Oxygen, Wt. %
vBiz vazz v83z viaz V852 V862
% Linde 60 —= 50 75 90 75 75 75
Position in Weld
Top A3 .15 .16 .15 .14 .15
Middle 13 .14 .15 .15 .15 16
Bottom 12 +14 e .13 .15 <15

Average 127 143 155 .143 .147 153

V8102
7%

15
.14

.15
147
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The other important controlling variable, PWHT, was about the same for the
welds made with 75% Linde 60 flux mixture as shown in Tahle 14.

Table 14
PWHT unDITIONS FOR WELDS

vez? VB2 vBS2 - VRS2 VE102
lieating Kate - 600° to 1050°F, °F/hr 59.4 148.0 37.0 50.0
Hold Time at 1050° - 1100°F, hours H 50.0 52.0 50.0 48.5
Average Hold Temperature, °F ¢ 107% 1083 1071 1068
Cooling Rate - 1050° to 600°F, °F/hr : 12.2 10.2 15.5 12.4

The higher heating rate for Weld V842 and the higher cooling rate for Welds
V852 - V882 are considered to be insignificant.

[f we take the average USE values for the six we.ds -- including Preliminary
Weld V822 made with the 75% Linde 60 flux mixture and 1050° - 1100°F PWHT, we
obtain an average value of 43,5 [£3.6 (+1 SD)] ft-1bs with the result for Weld
V852 being furthest away (48.9 ft-1bs or about 1.5 standard deviations away). It
has the largest, and perhaps undue, effect on the mean. This deviation is not
sufficient to call it an outiier, but it does suggest the average weld made with
these conditions will probably lie on the lower side of the mean. For this
reason, the following values are taken as the most likely for the submerged-arc
(SA) test weld made in the vessel:

Room temperature YS 266.3 ksi
(Average of V822, V842, V852, and V8102)

USE <43.5 ft-1bs
(Average of V822, V842, VB52, V862, V882,
and v8102)

ch at 300°F <0.335 Kip/in.
(Average of V852, V862, V882, and V8102)

J = 50T £1.13. Kip/in.
(Average of V852, V862, V882, and V8102)
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5.8 COMPARISON TO IRRADIATED AND OTHER WELD TEST RESULTS

A thorough discussion of the relationship of the properties obtained for the
vessel SA test weld and irradiated welds is beyond this investigation. However,
Figure 39 is included as an attempt to place these test results in perspective
with respect to the fracture toughness of irradiated welds.
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6. CONCLUSIONS

The properties of the vessel seam test weld are likely to have the
following values:

Room temperature yield strength (YS) 266.3 ksi

- Upper-shelf energies ( USE) <43.5 ft-1bs
- <0.335 Kip/in, &t 300°F
- J = 50T <1.131 Kip/in. at 300°F

The J,  fracture toughness values determined with 1T and 2TCT
speci&ﬁns are about equal. The values obtained with 3-point bend
Charpy V-Notch specimens were about 30% less than the compact
tension specimens. The results of a few 3-point bend Charpy
V-Notch specimens having 5% or 10% side grooves indicate close
agreement to the 1T and 2TCT specimens with 20% side grooves.

The yield strength, ultimate tensile strength, ch, and J-R curves
can be correlated with USE values.

The fracture toughness values obtained for these welds are not far
different than those reported for some irradiated welds.

In general, YS increases, USE decreases, and the fracture toughness
decreases with increasing weld depth, There is no apparent
consistent change in ch with weld depth,

The WL-oriented specimens may give higher Jic and lower J = 50T
results as compared to specimens of WT orieniation. This effect
apparently diminishes with decreasing toughness.

Crack propagation is apparently more sensitive to macrostructure in
the thickness orientation as compared to the longitudinal weld
direction as evidenced by the variations in load-deflection curves
during J-Integral tests.

Toughness decreases slightly with increasing temperature over the
range of 75° to 300°F. The toughness at 250°F is nearly the same
as at 300°F.

Apparently, if USE is low enough ( such as 38 ft-1bs for Weld
V8102), fast fracture is possible at room temperature with the
loading rate used in J-Integral testing.
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APPENDIX A

PRELIMINARY WELDS AND THEIR TESTS

A.1 MAKING OF WELDMENTS

Six pieces of 3-3/4" thick x 8" wide x 36" long SA533-Bl steel plate were
flame cut from a larger piece. Two pieces each were assembled with three equally
spaced strongbacks and 1/4" thick SA302-B steel backing straps to form a single
(7°/side) groove with a nominal 7/8" root opening. The following conditions and
parameters wer2 achieved:

Base Metal: SA 533 B1 Steel, Heat C4173-3
Backing Strap: SA 302 B Steel, Heat 37388-43

Welding Electrode: 1/8" Diameter, SFA 5.23, EF-2,
Mn-Mo-Ni, Heat F60853

Welding Flux:
Mixture No. 1 - 60% L .nde 60 - 40% Linde BO
No. 2 - 75% Linde 60 - 25% Linde 80
No. 3 - 90% Linde 60 - 10% Linde 80
(These mixtures were made by Rectron, Inc., from
Lot 0894, Linde 60, which was ground to 48XD
particle size and mixed with Lot 0592, Linde 80,
to these proportions.)

Welding Parameters:
Preheat: 300°F Minimum
Interpass Temperature: 500°F Maximum
Current: 575 « 15A
Voltage: 32 + 2 VAC
Trave! Speed: 12 IPM

One weldment each was made with the same nominal conditions except that the
flux mixture was changed for each weld as follows:

Weld Description Welding Flux Mixture
vel 1 - 6060 (0894) 4080 (0592)
V82 2 - 7560 (0894) 2580 (0592)

Va3 3 - 9060 (0894) 1080 (0592)
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Table A-1
SUMMARY OF RADIOGRAPHIC EXAMINATIONS

Weld Indications
LA None
12 Two - Short transverse in weld meta)
13 None
V821 None
22 None
23 One - Lono longftudinal 1/4 to 1/2" deep
Vel Two - Long longitudinal 1/4 to 1/2" deep
- Transverse in base mets)
32 Two - Longitudinal in weld meta)
33 None
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Figure A-1  Approximate Locations and Radiographic Indications for
Preliminary Welds
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Table A-2
V-8 VESSEL CONTRACT SPECIMEN IDENTIFICATION SYSTEM

VBWPTN

| l———— Specimen in series (1, 2, 3,...)
Type of Test Specimen

A - Chemical Analysis

B - Transverse Weld Bend

C - Charpy V-Notch

D - Drop Weight

F - Fracture Toughness or
J-Integral, WL Orientation

J - J-Integral, WL or WT Orientation

M - Macrostructure

S - Spare Material

T - Tension

W - Fracture Toughness, WT QOrientation

be——————— Post Weld Heat Treatment (1, 2, or 3)

wWeld

Base Metal

Preliminary Weld #1
Preliminary Weld #2
Preliminary Weld #3
Trial weld
Characterization Weld ¢]
Characterization Weld #2
Characterization Weld #3
Characterization Weld #4
- Flawing Practice Weld

- Characterization Weld #5

B U B B B I

0
1
2
3
4
5
6
7
&
9
0

1
P - Preliminary Weld #4
Q - Preliminary Weld #5

A.4.1 Macrostructure

A macroetchec cross-section of each of the welds is shown in Figures A-4,
A-5, and A-6. A visual examination of these sections performed at 10X
magnification did not reveal any discontinuities in the weld metal or base metal
heat affected ~ones (HAZ).

A.4.2 Chemical Analysis

Spectrographic chemical analyses were performed in accordance with ASME
NB2432, Section IIl, of the weld cross-sections at the top, middle, and root
locations. These results are given in Table A-3.



Figure A-4 Photomacrograph of Preliminary Weld V8l
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Table A-3
CHEMICAL ANALYSIS

(Weight %)
ldentity T MW P S5 S, C M ®& G S ¥V A
vB22A1 Top .05 1.61 .025 .018 .65 .04 .62 .48 .31 .026 .009 .004
V822A1 Mid .05 1.6 .024 006 .65 .04 .61 .48 .29 025 .009 .003
V822A1 Root .07 1.60 .023 .017 .65 .05 .59 .49 .28 .023 .008 .003
VE12A1 Top .06 1.62 .026 .020 .67 .04 .62 .49 .27 .027 .009 .004
VB12A1 Mid .07 1.64 .024 .020 .65 .04 .62 .50 .31 .027 .009 006
VB12A) Root .07 1.63 .021 .020 .60 .05 .57 .49 .M 028 .009 .007
VB32A1 Top .05 1.62 .025 .0'9 .68 .04 .62 .48 .25 .026 .009 .003
VE32A1 Mid .06 1.65 .022 .020 .61 .04 .62 .49 .25 .025 .009 .004
V832A1 Root .06 1.61 .022 .019 .64 .05 .58 .48 .30 025 .009 .004

A.4.3 Tensile Tests

Room temperature tensile tests were performed in accordance with ASTM E-8-80.
In general, three specimens were tested; one each from the top, middle, and bottom
weld. For the VB3 weld (made with 90% Linde 60 flux), only two locations -- top
and middle -- were tested. These results are given in Table A-4.

A.4.4 Charpy V-Notch Tests

Charpy V-Notch tests were performed over the temperature range of 12%° -
275°F in accordance with ASTM E-23-72. The results of these tests are given in
Tables A-5 through A-13, These results are also plotted as a function of
temperature in Figures A-7 through A-15.

In some cases, instrumented tests were performed tc obtain load-time and
energy-time recordings. Inspecticn of these recordings failed to produce any
significant improvement in the visual estimation of the amount of shear reported
here.






CHARPY V-NOTCH TEST RESULTS

Spec. Test Energy
No. Temp., °F Ft. Lbs.
4 125 45.0
9 125 44.9
14 125 48.7
22 125 37.7
24 125 46.0
Avg. 125 44.5
17 150 42.0
19 150 48.0
Avg. 150 45.0
- 175 42.7
7 17% 40.8
12 175 a1.9
16 175 44.9
i8 178 39.1
20 175 45.0
Avg. 175 42.4
6 200 4.8
8 200 2.4
10 200 48.9
Avg. 200 44 .4
11 225 47.9
13 225 46.0
15 22% 48.8
Avg. 225 a7.6
1 275 49.2
3 27% 44.5
§ 275 52.0
Avg. 275 48.6

V811 - 60% Linde 60 - 1100-1150°F PWHT
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Table A-5

Lateral
Expansion,
Mils

50
53
55
39
a7

4]
S0

45.5

LY
4.7
58
56
55.3
ae

62
58.3

Shear, %

65
95

80.0

90
85
85
85
80
99

87.3

95
95
100

96.7

98
95
100

92.7

190
ae

100
98.3

Top
1 6 |11 {16 21
2| 7 112 |17 | 22
3| 8 |13 (18| 23
4, 9 (14 |19 | 24
€110 |15 |20 | 25
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Test
Spec. No, Temp., °F

Avg.
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Avg.
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Avg.
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Avg.

n
15

Av.

12
14

Avag.
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Table A-9

CHARPY V-NOTCH TEST RESULTS

Enerqy
Ft. Lbs.

Lateral
Expansion, Mils

VB22 - 75% Linde 60, 1050-1100°F PWHT

125
125

125

150
150

150

175
175
17§

175

200
200
200

200

225
225
225

225

275
275

275

38.0
3.0

38.0

37.4
42.2

39.8

46.1
45.6
439

45.2

3R.5
416

40,1

a2
4z
4z
az
47
44.5

49
ag

4z

46.0

52

50.7

46
47

46.5

Shear, 1

2 88

.0

100
95.0

100
99.0

100
99.7

100
100
100

100.0

100
100

100.0
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Avg.
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Avg.
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Avg.
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Avg.
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13
15

Avg.
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14

Avg.
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Table A-12

CHARPY V-NOTCH TEST RESULTS

Test
Temp. , °F

Energy
Ft. Lbs.

VA32 - 90% Linde 60, 1050-1100°F PWHT

125
126

125

150
150

150

175
175
175

175

200

225
22%
228

22%
275
275
275

35.9
3.3

33.2

3.1
32.9
33.5

37.
37.
37

2.

» oeNo

37.
42.
40,

40.

- N e

a1,
4] .
44,

4z,

P Y~ )

40,
39.

39.9

N ™

Laeral

Expansion, Mils Shear, %
39 88
36 99
37.5 93.5
42 99
38 97
40.0 98.0
4) 95
44 93
46 100
43.7 96.0
43 95
45 100
47 100
45.0 98.3
46 97
47 100
48 100
47.0 99.0
S0 100
46 100
48.0 100.0
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Table A-13
CHARPY V=NOTCH TEST RESULTS

Test Energy Lateral
Spec. No. Temp., °F *t. Lbs. Expansion, Mils Shear, %
V833 - 90% Linde 60, 17Cu-1050°F PWHT

2 125 N9 2 70

4 125 33.9 39 85
Avg. 125 32.9 35.5 77.%

7 150 3.0 36 75

9 150 33.0 3¢ 85
Avg. 150 32.0 37.0 80.0

1 175 3%.8 40 9%

3 178 34.4 4) 35
) 175 3.2 43 99
Avg. 175 3.8 4.3 9.3
6 200 3%.1 40 95
8 200 34.3 40 98

10 200 37.2 4 100
Avg. 200 35.5 4.3 8T 7
1 225 36.9 a2 95
13 225 35 42 95
15 225 37.6 L 100
Avg. 225 3 43.0 9€.7
12 275 40.9 46 100
14 275 70 4 100

Avg. 275 3.0 45.0 100.0
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B.2 POST WELD HEAT TREATMENT

This weldment, together with the base metal piece desiynated V80, were given
the following PWHT:

Heat up rate - 600° to 1050°F : 140°F/hr
Hold time at 1050° - 1100°F : 58 hours
Cooling rate - 1050° to 600°F : 13.8°/hr

The intended 100°F/hr maximum heating rate and 52-hour maximum hold time were
exceeded but this is not significant.

B.3 TEST RESULT

Figure B-1 shows the location of Charpy V-Notch test specimens for Weld V80)2.
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Figure B-1 Side-View Cutting Diagram of Weld V8Q2
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The impact test results are given in Table B-1.

Table B-1
CHARPY V-NOTCi IMPACT TEST RESULTS

Absorbed Energy Lateral
Specimen No. Test Temp., °F Ft. Lbs. Expansion, Mils Shear, %
weld V8QZ
vBQ2C1 125 3%.6 39 70
2 125 37.0 39 70
Avg. 125 3.3 39.0 70.0
3 150 33.8 37 75
4 150 34.9 36 70
5 150 3%.6 42 85
Avg. 150 35.1 38.3 75.7
6 175 41.5 43 99
7 175 8. 38 85
8 175 4.5 a1 90
Avy. 175 38.0 40,7 91.3
9 200 43.0 46 100
10 200 41.3 47 100
Avg. 200 42.2 46.5 100.0

These results are also plotted in Figure B-2 together with those obtained for
Weld VB22 which was selected as representing the optimum condition for the trial
weld., Apparently Weld VB(G2 had about the same upper-shelf start temperature of
200°F but with a higher fracture appearance transition temperature and was
trerefore no improvement over Weld V822 in the desired results.
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C.3 NON-DESTRUCTIVE EXAMINATION RESULTS

Magnetic particle (MT) and radiographic examinations (RT) were made of the
weld prior to the PWHT. The MT results were clear; the RT showed a l-inch long
entrapped slag region at one end of the weld about 1.2 inches below the top
surface, apparently at the weld-base metal interface. Other regions of the weld
were clear of rejectable indications. Since the indication was in a portion of
the weld to be cut off and discarded, it was not repaired; the weld was accepted
after PWHT and a second RT showed no further rejectable indications.

A visual exanination performed on the macrostructure sample, V842Ml, using
10X magnification did not reveal any cracks in the weld or the HAZ.

C.4 MECHANICAL PROPERTY AND OTHER TESTS

Test specimens were machined from the weldment according to Figure C-1 using
the same orientatinons (Fiqure A-3 - Appendix A) and numbering system (Table A-2 -
Appendix A) as previously used.
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Figure C-1 Side-View Weld V842 Cutting Diagram
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Table C-3
CHARPY V-NOTCH IMPACT TEST RESULTS ~ WELD V842

Spec imen Test Absorbed Lateral Shear

Identification Temp., °F Energy Ft Lbs Expansion, Mils *

v842Cs =100 2.3 5 0

15 -100 2.2 3 0
Avg. -100 2.3 4.0 0.9

25 0 13.5 15 10

35 0 15.4 18 10
Avg. 0 14.5 16.5 10.0

1 100 26.5 32 a5

10 100 31.4 38 70
Avg. 100 29.0 35.0 §7.5

1 150 40.. 50 85

20 150 37.6 48 90
Avg. 150 9.0 45.0 87.5

51 178 4.4 48 95

105 175 42.7 48 100

60* 175 41.3 49 98
Avq. 175 42 48.3 97.7

21 200 431 52 90

91 200 471 52 100

95 200 39.9 45 100

30 200 40.0 50 100

100 200 4.0 48 100
Avg. 200 42.8 43.6 98.0

6] 210 43.9 48 100

81 210 47.0 51 100

65 210 38.5 42 100

85 210 40.1 48 100

70 210 42.6 L 100

90 210 42.5 49 100
Avg. 210 42.4 45.7 100.0

n 220 46.3 50 100

75 220 42.2 51 100

80 220 44.2 49 100
Avg. 220 4.2 50.0 100.0

3 250 4.0 54 100

40 250 41.0 53 100
Avg. 250 42.5 §3.5 100.0

4 300 42.6 54 100

50 300 4.3 §1 100
Avg. 300 42.0 §2.5 100.0

45 400 37.5 51 100

55 400 38.0 50 100
Avg. 400 37.8 50.5 100.0

0 500 43.0 56 100

110 500 40.5 52 100
Avg. 500 4.8 54.0 100.0

“This specimen had a slo? inclusion of 1/32" diameter on the back face of the
specimen which apparently did not affect the test resylt.
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APPENDIX D

CHARACTERIZATION WELDS

D.1 MAKING THE WELDS

Four welds were made in the V-10 prolongation and one in plate material. The
same welding conditions as in the trial weld (see Appendix C) were used. Because
one of the welds (designated VB872) had extensive radiographic indications in the
vicinity of the backing strap, a fifth characterization weld (V8102) was made from
base material cut off of the trial weldment (VB42). Weld V872 was used by UCC-ND
as a second flawing practice weld. The four welds mechanically tested were V852,
V862, V882, and V8102. They were a'l 6" deep by 23" to 25" long.

Welds V857 - VBB2 Weld V8102

Base Metal, SA 533 Bl V-9 Prolongation Heit (6200-4
Preheat =00 eescsecccccenssseses 300°F min, ceesceccecsanean
Interpess Temperature =  ==scccsscmcceccnces 500°F max, eecccsessmceeos
Current =00 @ escesecees mm————— 450 - 500 A ~cccccccnnccans
Voltage 00 | sesseccscscccseeesa 30 - 34 VAL ~cecececcnnnnen
Travel Speed = seecesseccmscsccens 11 = 13 IPM  ccvvcccnncncnns
Flux. ~ seseseccees 7560 (0894) - 2580 (0592) ~<<veeee==
Flux Batch First Batch Second Batch*

tlectrode 1/8" Diameter, SFA 5.23 Mn Mo Ni, Heat F60853

* The second batch of flux was also used in the Vessel V-BA test weld.

The macrostructures of Welds V852 and V8102 are shown in Figures D-1 and D-2.

D.2 POST WELD HEAT TREATMENT

The post wela heat treatment of these test pieces was accomplished at
different times. The thermal cycles achieved are given in Table D-1.
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Figure D-1 Photomacrograph of Weld V852 Cross-Section
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Figure D-2 Photomacrograph of Weld V8102 Cross-Section
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Table D-1
PWHT CYCLES OF CHARACTERIZATION WELDS

¥-10 Prolongation

Welds VBS2, V862, VBI2, and VEB2 Weld V8102

Heating Rate - 600° to 1050°F, °F/hr 37.0 50.0
Hold Time at 1050° - 1100°F, hours 50,0 44.5
Average hold Temperature, °F 1071 1068

Cooling Rate - 1050° to 60U0°F, °F/hr 15.5 12.4

D.3 WELD BEND TEST RESULTS

Transverse weld bend specimen test results for Welds V862 and V882 are given
in Table D-2.

Table D-2
TRANSVERSE WELD BERD TEST RESULTS

Specimen ldentification Failed Passed

VE62 Bl
B2
83
u4

> o M

vBE2Z Bl
B2
B3
bé

o ™

D.4 DROP_WEIGHT TEST RESULTS

The results of drop weight tests in Table D-3 indicate that the NDT of Weld
V862 is 0 or -10°F and 0°F for Weld V882.
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D.6 CHARPY V-NOTCH TEST RESULTS

Charpy V-Notch impact tests performed on the four characterization welds are
reported in Table D-5 and plotted in Figures D-3, D-4, and D-5.

Spec imen
identtfication

Cl
c2
L3
4
(8]
ce
c11
C1e
18
Cly
20
c7
€13
€14
C15
Cl6
17
(8
9
€10

* Lateral expansion was measured and shear was estimated independently by three

technicians,

CHARPY V-NOTCH IMPACT TEST RESULTS

Table D-5

WL Orientation Except as loted

Test
Temp, °f

=100
0
100
150
17%
200
220
220
220
220
220
225
240
240
240
240
240
250
400
500

Absorbed

Energy, ft-lbs 1

1.9
14.5
38.7
46,1
46.9
44.0
61.5
56.5
48.8
47.7
46.1
45.1
49.9
61.6
49.5
49.9
50.4
44.6
45.0
44.6

latera) Expansion,

Mils*

2
Weld VB52

1 0
15 14
4 &
56 o4
55 o4
5 49
57 87
66 64
57 9
5% 5%
54 53
5% 55
5 %
61 %9
63 6
5% 5%
57 55
55 54
60 56
5% 54

4
43
53
49
49

57

53

szgggd

55
51

61

_Avg

0.7
14.3
45.7
54.0
52.7
51.3
56.7
62.3
56.7
54.7
53.3
65.0
58.7
60.0
S8.7
55.0
§5.7
§3.3
56.7
56.7

The absorbed energy was read by Technician No 1.

Shear, ¥*
. 3
0 0
0 5
65 50
90 80
100 100
97 9
100 100
100 100
150 100
100 100
6 95
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100

0.3
5.0
60.0
85,0
98.3
98.0
100.0
100.0
00,0
100.0
95.3
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
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I,

Specimen

c1
c2
3
c4
c5
%]
C11
12
cl8
c19

c7?
C13
cl4
Cls
Cle
c17
c8
c9
Cl0

C1
c2
8
9
cio
(&)
4
C5
(%]
c7

CHARPY V-NOTCH IMPACT TEST RESULTS (Cont'd)

Test

Identification Temp, °F

-100
0
100
150
17%
200
220
ar
220
220

E82EE2E2R8
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Table D-5

WL Orientation Except as Noted

Absorbed

3.7
14.2
5.5
41.8
46.8
46.0
49.2
47.1
42.0
46.9
43.9
46.2
38.9
45.6
43,7
44.0
4.1
45.0
48.0
41.2

43.8
50.0
4l.6
41.0
43,2
44.0
41.2
44.9
40.8
44.0

Energy, ft-1bs 1

Lateral Expansion,

Mils*

2
weld V862
7 7
6 16
42 &
49 &
85 54
50 5%
55 55
4 43
51 50
54 50
53 6l
54 53
50 S0
59 58
54 54
8% &3
54 53
54 54
57 60
56 55
weld ves2

52 52
59 59
51 8l
51 49
8% 53
5% 55
51 81
83 52
50 48
53 8l

16
41

53
54

55
43
49
51
49
62
59
45
55

63

55

ERES

53
53
51

&858

Avg

6.7
16.0
41.0
48.7
54.0
53.0
4.7
54.0
50.0
51.0
51.7
51.%
50.7
58.7
52.3
54,3
53.0
53.7
SE.3
85.3

51.0
58.7
51.3
49.0
83.7
54.7
51.0
s2.7
49.3
50.0

100
100
100
100
100
100
100
100
100
100

Shear, %*
2 3
0 5
5 10
7% 40
B0 70
97 98
99 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
00 100
100 100
100 100
100 100
100 100
100 100
100 100
100 100
100 1@
100 100
100 100
100 100
100 100
100 100
100 100
100 100

* Lateral expansion was measured and shear was estimated independently by three

technicians.

The absorbed eneryy was read by Technician No 1.

2.0
8.3
85.0
78.3
98.0
99.3
100.0
100.0
100.0
100.0
100.0
99.7
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0

100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
100.0
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Table D-5

CHARPY V-NOTCH IMPACT TEST RESULTS (Cont'd)
WL Orientation Except as Noted

Lateral Expansion,

-
Specimen Test Absorbed o Shear, %*
Identification Temp, °F Energy, ft-Ibs 1 2 3 Avg 1 2 3 _Avg
Weld V8102
Cl 300 38.4 50 49 48 49.0 100 100 100 100.0
z Wl 300 40.5 52 52 5 5.0 100 0 100 100.0
C3 240 38.6 50 49 47 48.7 100 100 100 100.0
4 Wi 240 39.9 61 49 49 49.7 100 00 100 100.0
Cs 300 37,0 47 47 46 46.7 100 .00 100 100.0
C6 WT 300 40.0 50 50 49 49.7 100 100 100 100.0
c7 240 36.9 8 4 47 47.3 100 100 100 100.0
C8 WY 240 36.5 4 46 45 45.7 100 100 100 100.0
9 300 36.1 45 45 43 44.3 100 100 100 100.0
C10 WY 300 37.5 49 48 48 48,3 100 100 100 100.0

* Lateral expansion was me~sured and shear was estimated independently by three
technicians. The absorbed energy was read by Technician No 1.
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D.7 J=-TEST RESULTS

The following figures of load-displacement, J versus Aa, and tabulated J - aa
for each J-Integral test are arranged according to weld number and specimen

number,
The following J-R curves were obtained with 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:
Cealcul
£ « (€ ) culated
expected assumed sasured
where:
tusu&d = modulus value used during test
C = specimen compliance calculated from measured
calculated fnitial crack lengt
(:”““"d specimen compliance measured at start of test

2) NRC J-Expression (Moving Crack Correction)

o g, gl gl

n » 2¢4.522 b/w

y = 1+.76 b/w

b » wea

Af, 141 = incremental area between lines of constant displacement
at points 1 & i+)

Bn = net specimen thickness

& = crack lergth

3) Rotation Correction

I - Ci..‘u"d |
corrected ’g stnte) - c,,(,){}g sin(s) - cos(e)(

K = half span of loading points
R = "'-2! = redius of rotation
D = distance from crack plane to knife edge at zeroc load

0ot {(—o‘i":-él-} -t (D)

ém = measyred lToad-line displacement
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