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IOreword

The work reported here was performed mostly at Oak Ridge National l2boratory (ORNL) under
sponsorship of the U.S. Nuclear Regulatory Commission's (NRC) lleavy-Section Steel Technology (llSST)

Program, which is directed by ORNL. The program is conducted as part of the ORNL Pressure Vessel

Technology Program, of which G. D. Whitman is manager. The manapr for the NRC is E. K. Lynn.

Ihis report is designated lleavy-Section Steel Technology Program Technical Report No. 51. Prior
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Test of 6-in.-thick Pressure Vessels.
Series 3: Intermediate Test Vessel V-7B*

R. H. Bryan G. C Smith
P. P. Hol: J. E. Sinith
J. G, Merkle W. J. Stel: man

_g- -)Q

Abstract

Intermediate test vessel V-7 was repaired a second time and retested by irostetically as vessel
V-711. The llaw for this test had the same geometry as that for the first two ests, that is, a sharp
outside surface flaw 547 nun long by about 135 mm deep in the 152-mm thick test cylinder. The
V-7H tlaw was situated in the heat affected rone of a half-bead weld repair made according to
Section XI of the ASMI. Iloiter and Pressure Vessel Code. The vessel failed as expected by ligament
rupture at a pressure of 152 MPa, which is slightly higher than that observed in the two previous
tests. The rupture prewure was sustained for a short time, during which the flaw continued to tear
slowly. 't he test demonstrated that the flaw in the weld repair region was as stable as those in the
original base metal at the test pressures. The test also demonstreted that the repaired and flawed
vewel was capable of carrying more than twice the design load without failure. Pretest analyses and
test data are included.

* lhe use of I nylish and SI units is inconsistent in this report. To aid the reader and also for espediency, conversion
factors are included on a foldout at the end of the report.
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Introduction

The lleavy-Section Steel Technology OISST) program was instituted at the Oak Ridge National

Laboratory (ORNL) to accelerate investigations of the thick-section pressure vessels used in light water

nuclear reactors. The program is especially concemed with developing the understanding and information

necessary for assessing the innuence of Daws on safety and serviceability. Both analytical and experimental I

methods have been developed for fracture evaluation, and many specimen types and sizes have been tested

under a wide range ofloading conditions.The importance of the size of test specimens and structures in the |

proper characterization of behavior has been demonstrated in many parts of the program.The confidence

in methods of analysis used in safety evaluations of nuc! car vessels depends substantially on a thorough

understanding of material behavior and the effects of constraint imposed by thick sections. Consequently, I

the HSST program has focused its efforts on simulated service tests of thick walled pressure vessels,which

are referred to as intermediale vessel tests. Nine of these tests"5 had been conducted prior to the 1

intermediate vessel V 7B test, which is the subject of this report.

If a Daw requiring corrective action were to be found in an operating nuclear pressure vessel, there |
would be considerable safety and economic implications. One possible corrective action would be an in-situ

repair weld, which would presumably involve grinding away material in a region ncompassing the Gaw and

then Gliing the resulting cavity with weld metal. Relieving thermal stress under thvt conditions could lead

to serious difficulties associated with thermal expansion and warpage and would therefore probably be
avoided. Such a departure from normal procedure presents problems relating to residual stresses and

material toughness levels that would have to be assessed before a repair could be recommended m
approved.

To provide baseline information to aid in an assessment. should such a repair ever have to be seriously

considered, three weld repairs were made in llSST test vessels without postrepair stress relief.The first two

were made in intermediate test vessel V-7 and were subjected to the V 7A and V 7B test sequences,and the

third was made in vessel V,8. The V 7A and V 7B tests were conducted at temperatures associated with

upper-shelf material toughnesses,while the V-8 test was planned as a transition temperature test.

An in situ repair weld in a nuclear pressure vessel would probably be made in accordance with
provisions of the ASNIE ikiler and Pressure Vessel Code. Section XI.Subsubarticle IWB-4420, of the code

describes a repair weld procedure that does not require a high. temperature postweld heat treatment. This

procedure is premised on the tempering of the heat-affected zone (llAZ) of the base metal by the
controlled deposition of weld metal. The procedure includes the requirement for grinding away half of the
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first layer of weld material in order to facilitate tempering of the IIAZ by subsequent weld passes. The
procedure is commonly referred to as a " half-bead" or a " temper bead" repair weld.

The half-bead repair procedure was used to repair the V 7 intermediate test vessel on two separate
occasions, the first of which occurred after the initial V 7 test.3 The failure mode for that test was a slow

stable tear through the remaining ligament at the base of the V-7 flaw. A leak developed when the tear

penetrated through the vessel wall, and the test was terminated. Since the vessel had remained essentially

intact,it was possible to repair the vessel and use it for a retest. The second test of the V 7 vessel, known as

the V 7A test,5 was basically a repetition of the first except that the vesselinternal pressure was sustained

after the initialindication of a leak. Since the damage to the vessel was again only slight and localized about

the flaw,it was possible to repair the vessel a second time in preparation for the V 7B test.

In order to facilitate comparisons, the test temperature and flaw geometry for the V 7B test . vere made

the same as those for the first two tests in the V 7 vessel (i.e., tests V-7 and V 7A). The sigdficant

i difference between the V-78 test and the other two V-7 tests was that the V-78 flaw was placed !n the llA7

of the second half-bead repair weld, while the flaws for the first two tests were located in plate material

that had not been exposed to high temperatures after having received the prescribed postweld heat
treatment during fabrication.

( The test vessel and detads relating to the repair weld and the flawing of the vessel are described in

Chapter 2, along with the results of pretest material characterization and residual stress assessment. Chapter

3 discusses the test facilities, the data acquisition system, and the test procedures. Chapter 4 describes the

pretest fracture analysis and summarizes the test results. Although high residual stresses were measured in

the repair weld region, they were not expected to appreciably affect the outcome of the V-78 test. This
expectation stemmed from the fact that very high local strains preceded rupture in V-7 and V-7A,while the

relevant material toughness values and strengths in V-7B were comparable to those of the base metalin the

two earlier tests. Since those tests were accompanied by extensive yielding and stable tearing in the vicinity

cf the flaw, it was hypothesized that any residual stresses in that region would be rapidly dissipated as

yielding developed and therefore would be inconsequential in this test. The fact oat the leak pressure for

the V 78 test was nearly the same as that for the V 7 and V-7A tests tends .o support that hypothesis.

Chapter 5 contains the conclusions from this work.

Several organir.ations participated in this effort. The Advisory Task Group on Weld Repairs of the
Pressure Vessel Research Committee reviewed, and provided suggestions for, the welding specification that

was used for the V 7B repair. The repair welding was accomplished by the Westinghouse Electric
Corporation's Tampa Division (WTD) under subcontract.Two independent acoustic emission systems weret

I used to monitor the V-7B test, one each provided and monitored by the Battelle Northwest laboratories
|
| and by ORNL. The acoustic emission data are given in Appendices B and C.

i
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2

Preparation. of Vessel

_.

,

2.1 Description of Vessel
,

,

The cylindrical test section of vessel V.7 was fabricated of 152-mm-thick (6-in.) steel plate meeting
ASThl A533, grade B, class I specifications.' The configuration of the vessel for the V.7A test is shown in
Fig. 2.1, along with'the flaw locations for the V 7 and V 7A tests.

Upon depressurization, the first two tests of the vessel produced residual strains2 characterized

generally by a slight bulging near the flaws. After the V 7A test,'a block of material about 490 mmlong by

130 rnm wide (19.2 by * in.) containing the flaw was cut from the vessel (Fig. 2.2). The removal of this
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material relieved the residual stresses induced by the V-7A test to some degree.Thus, the preparation of the

vessel for the V-7B test conunenced with probably small residual stresses associated with the previous tests.

The relative locations of the Daws in the V-7 series are shown in Fig. 2.3. The objectives of test V-78
necessitated placing the Haw very near the plane of the V-7A Daw. In this location the Gaw would be in the

heat-affected zone (llAZ) of the weld required to fill up the cavity formed by removal of the V-7A Gaw.
|

The tasks involved in making the repair, introducing a sharp flaw precisely in the desired position, and
;

characterizing the material around the Gaw are discussed in the remainder of this chapter. )

ORNL OWG 78 2460
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V- 7 A F L AW_

'
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-

# SUBMERGED
N

4 ! ARC WELD

t
|i

i

I
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"
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i
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ORIGINAL F L AW

SECTION A- A

Fig. 2.3. Relative locations of the flaws and weld rones in vessel V-7.

i

2.2 Repair Weld

The general plan for the second repair of the V-7 vessel was to use the same welding procedure and the

same filler metal, insofar as was practicable, as in the first repair of the vessel.2 3 llowever, it was desired

that the cavity be set in a different position for welding. This change and the plan for placing the Gaw in
the repair zone necessitated changes in the cavity preparation and in the welding specification.

- - - _ _ _ _ _ _ - _ _ _ _
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The longitudinal sides of the cavity were machined in a Union Carbide Corporation Nuclear Division

(UCCND) shop in Oak Ridge. This operation removed a layer about 8 mm thick (b in.) from the
flame cut surface and precisely established the longitudinal sides of the cavity along two radial axial planes

15* apart. These planes were indexed with permanent markings on the vessel so that they could be
relocated after the welding was complete. The cavity was enlarged to the final shape for welding by air-are

gouging and grinding by the welding subcontractor.The ends of the cavity were shaped so that the welding

could be accomplished with the axis of the cavity vertical with the orientation shown in Fig. 2.4. The
finished surface of the cavity,except for the machined sides,was ground to remove at least 6.4 mm (% in.)

of material beyond the gouged surface. This assured removal of the entire llAZ created by the thermal

cutting process.

The Westinghouse Tampa Division (WTD) of the Westinghouse Electric Corporation, undei subcontract

to the UCCND, made the second repair weld in the V 7 vessel and also made and supplied prototypical

welds in the 610-mm long (24-in.) cylindrical prolongation ofintermediate test vessel V-8 and a totallength

of 1.2 m (48 in.) of weld metal test plates. At the same time, WTD made a weld repair in vessel V-8. Details

of this work, including welding specifications, are reported in Ref. 4. The prototypical welds were used in

the residual stress studies described in Section 2.4 of this report, and portions of the cylinder and weld

metal test plates were cut into specimens for the material characterizations discussed in Section 2.3.

Welding was done with covered low alloy steel electrodes conforming to Specification SFA.5.5, AWS

Classification E8018-C3, of Section 11 of the ASNIE Boiler and Pressure Vessel Code. Vessel and

prolongation cavities were filled in accordance with the sequence prescribed by Section XI, Subsubarticle

IWib4420, for the half-bead weld repair without postweld heat treatment at high temperature. During the

408 hr of continuous welding, the repair zone was maintained within the specified preheat range of 177 to

260'C (350 to 500 F), after which the temperature was raised to and maintained within the postweld heat

treatment range of 232 to 288 C (450 to 550 F) for 4 hr.

After the cavity was filled and the backing plates were removed, a region of porosity at the inside
surface of the vessel at the 112.5 corner of the cavity (see Fig. 2.4) was found and repaired.The repaired

zone was about 127 mm wide (5 in.),25 mm high (1 in.), and 22 mm deep (% in.) The weldment was

inspected ultrasonically and radiographically after all welding was completed and the vessel had been at

ambient temperature for at least 48 hr. No indications of imperfections of rejectable magnitude were ,

found, although several regions of small porosity were found and studied intensively.

The report of Wismer and IIolz includes general observations and recommendations regarding practicad

applications of the half. bead procedure to nuclear vessels in senice. The principal conclusion drawn from

use of this procedure on llSST vessels is that it has produced acceptable repairs but is difficult to execute in

deep cavities. Consequently, modifications to the procedure that would climinate some of the slow and

tedious work, such as grinding the first butter layer, are recommended.

2.3 Materials Investigation

The properties of the A533, grade B, class 1 steel used for the cylindrical section of vessel V.7 were

reported previously.2,s This section pr aents new data that characterize the V 711 repair wcid. The material

used in this characterization was obtained from the prototypical weldment in the V-8 prolongation and a

qualification weldment (weld metal test plate)in ilSST plate OlMS.Two diametrically opposed weldments

were made in the V-8 prolongation, one of which was the V.7tl prototype. The welds used in this
investigation were made using the same lots of electrodes, welding procedures. and postweld heat
treatments that were used in the actual vessel repair. The completed weldments were returned to ORNL for

sectioning and study. The prolongation was sawed into two cylinders, and the part of the weldment used in

-- - _
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the characterization (part of V8PIC) was removed as shown in Figs. 2.5 and 2.6. The V-7B prototypical

weld and the qualification weld (identified as 4W in this report) were then sectioned into parts transverse to

the long axis of the weld, as shown in Figs. 2.6 through 2.X, to obtain metaliographic and specimen

sections.

One metallurgical section from each weldment was then surface ground and chemically etched to bring

out the llAZ and the weld bead pattern. Cross sections of the V 7B prototypical weldment at the ramp
portion of the weld cavily and the qualification weld are shown in Figs. 2.9 and 2.10, respectively. The
dark etchant band (ll AZ) abutting the weld metal and the weld bead pattern are clearly visible.
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The plates from which the V 71) weldment test specimens were taken were then surface ground to
Charpy specimen thickness (10 mm) and chemically etched to locate the liAZ on both sides of the weld. A

typical etched plate is shown in Fig. 2.11. After the liAZ had been located, the specimen positions were

indicated directly on the plates and numbered, and the specimens were sawed out and machined to size.

The specimen layouts are shown in Figs. 2.12 through 2.15.The sections from the qualification weldment,

4W, were machined into specimens. A correlation between the specimen number and its location in the

original weldment is presented in Table 2.1.

Table 2.1. Qualification weldment 4W specimen
and part number schedule

i

,"Specimen numbers Part

_

4 W l --4 W 8 4W9B Hl.1-B1-8
4 % 9 -4 W l 2 4W4H 111 1 -B 14
4W l 3-4W2n 4W9B U2 t -B2-8
4 W21 -4W24 4W4B H2 1 -1124
4W25 -4W32 4W9B 113 1 -113-8 1

,W33-4W36 4W411 H 3-1 -B 34
4W37 4W511

4W38 4W60
4W39 4W711

4W40 4W8B

"See I is. 2.7 and 2.8.

)2.3.1 Tensile properties

Tensile properties of the prototypical and the qualification weldments were obtained with a subsize

tensile specimen (L/D = 7) having a 31.7-mm gage length (1.25 in.) and a 4.50-mm gage diameter (0.177

in.). These specimens were tested at a strain rate of 0.016/ min. In addition, standard 12.83 mm. gage-diam

(0.505 in.) by 50-mm gage length (2.0-in.) tensile specimens with threaded ends conforr.iing to ASTM A

370-74 (Ref. 6) were tested.These tests allowed a correlation between the tensile results obtained with two
different specimen cross sectional areas. The 12.83 mm diam specimens were tested at a strain rate of

0.025/ min. All the specimens were machined with the long axis transverse to the direction of welding.The

weld metal specimens were taken from the center of the quali0 cation weld (4W),and the tensile specimens

used to determine the strength of the liAZ were removed from the prototypical weld (V 7B).The llAZ was

located at the center of the gage length;the gage length contained base metal, the llAZ,and weld metal.

The tensile results from the V 7B prototypical and the qualification welds are presented in Table 2.2.

The tensile results from the qualification weld are plotted in Fig. 2.16. There is good agreement between

results from the 4.50- and 12.83 mm gage. diam specimens from the qualification weld metal at room
temperature. The tensile properties from the prototypical weldment were obtained with
4.50-mm gage-diam specimens at 03.3'C (200*F) (the V 7B test temperature was 87 C). There is good
agreement between the two weldments at 93.3 C.

2.3.2 Charpy V-notch impact properties

Charpy V-notch impact (C .) tests were performed on the qualincation weld metal (4W) usingi

Wieriented specimens (long axis of the specimen transverse to the major welding direction and parallel to

_ _ _ _ _ _ _ - _ - _ _ _ _ - _ _ _ _ _ _ _ - - -. . -.. _. - - - , - --
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labic 2.2. lennie values from W oriented sperimens from the prototypical V 7B half bead
repair weld in the V44 prolonga00n and the qualification weldment 4W

lest .%nength Wpa
.l otal clonpuun (1 ) R educt ton,

Dep th lenilwrat ure l'plw r t.ouco inamdN* 3-

Ui'i*''' lil " 1 #'/I * 4g g-) Id Wld U)

V-7H prototypical repair weld
nhi

V7% 21 0 31 93 3 432 560 14 (30) 72

Weld metal

V7M67 O Rf 91.3 4M5 467 567 14 (30 Il
V7%6M OMI 93 3 440 463 578 14 (29: 73

Qualification weld 4W
Weld metal

4% I| 0 21 101 625 550 656 26 (Shi 74
4% | 2 0.21 93 1 490 459 56 7 17 (36) 72
4%21 05I 149 47M 653 14 (29) 64-

4% 24 0.5 f 22 2 507 479 574 21 (451 77
4% H O lli 17 H 490 487 592 24 (51) 76
4%)6 O MI 2|i4 437 610 16 (34) 67
4% 37'' 05l 28.1 502 4R5 576 24 63
4% 3N' O 51 21 1 492 488 $n3 d d

d hbwncr of upper y wld denotes 0.2% yield
h VMei of told 'lon h - m p'nh'w'% MC (dWIMed INnt nu'mred |WI M ud's t'lgh e dg3

rgy, rcym livrly, for spetimens with I /l) = 7 by the formula ey a 1.75c ; 3 - 0.75093
' I 2 R l-mm-p3rc di.im nperimens, rem.under 4.50 mm spetimens
'#1 f st sure did not permit reawembly,

OHNi 0% /H RRI

t hi ) (M P o l

SPICtMEN W-Of0EN7E D
LID : 7

i : 0 016 mm''

S PE CiME N SIZE

0 0 4 50-mm GAGF DI AME1E R (0177 m.)
GS 42. 8 3-mm GAGE DI AME T F H ( 0. 5 0 5-in.)

CIRCL E S INDIC A T E YtE L D STRENGTHS
~
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$
w ( 0 |

<

e 90 -
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O

ke - i

880 - t
i

500 -

70 - W o
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i i i i ' I- 400
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Fig. 2.16. Vrriation of tendle properties with temperature for 44-mm-thick (1%in.) half-bead
qualification weld 4W in test plate Ol MS-C.



- -. _. __

22

the plate surface). The specimens were notched so the fracture progressed along the major welding

direction.The Cy tests were run at a temperature range of -73.3 to 204 C (-100 to 400 F). The results,
presented in Table 2 3, indicate that the weld metal fracture was fully ductile slightly below 37.8'C

|
(100 F). The toughness of the weld metal exceeded the machine measuring capacity of 325 J (240 ft-lb) at

149'C (300 F). The toughness values at 177"C (350 F) and 204 C (400 F) are within the machine

measuring capacity and indicate decreasing upper shelf energies with increasing test temperatures.

Table 2 3. Charpy-V impact results from Wlx>rienled weld metal specimens from
the qualification weldment 4W in test plate 01 MSC

" "' # '
Specimen Test temperature I:nergy I.a teral ex pansion

D Oa "#"'"""'

No. (* C) (J) (mm) t% fibrous) ;

4W1 0.3 -73.3 4 0.07 0

1 4Wl3 0.5 -45.6 81 1.57 20

4W25 0.8 -17.8 141 1.85 60

4W2 0.3 37.8 211 1.93 100

( 4W14 0.5 65.6 193 2.11 10u

! 4W26 0.8 93.3 222 1.88 100 l

4W3 0. 3 149 > 324 by 100
l

4W15 0.5 177 321 c 100

4W27 0.8 204 310 e 100

"I raction of plate flickness from the weld outer surfaces to the center of the specimen. Plate
thickness is 4.4 cm (l% in.).

hSpecimen stopped hammer.
CSpecimen did not separate upon impact.

2.3.3 Static fracture toughness

Static fracture toughness (K/cd) data were obtained from the V 713 prototypical and the qualification
welds (4W) using precracked Charpy V specimens (PCCy).The fatigued preen.cks in the V-7Il prototypical

weld specimens are located in the base metal, the llAZ, and weld metal. All the fatigued crack tip location
measurements were made from the edge of the dark etched band (ilAZ) abutting the weld metal. This is

clearly illustrated in Fig. 2.17. Figure 2.18, a photograph of the individual PCCp specimens, shows the
relationship between the V-notch and the llAZ reference edge (the fatigued precrack generally extends

along the notch centerline from the apex of the V notch). The actual orientation and depth location of
each V 711 prototypical weld specimen are shown in Figs. 2.12 through 2.15 and in Table 2.4. The specimen

I
orientations are identified in terms of the weld,even for specimens with precracks in base metal, for which

the rolling direction is synonymous with the W direction of the weld. The fatigued precracks in the 4W ,

I

weld specimens were located on the weld centerline.
IThe information obtained during fracture toughness testing is presented in Table 2.4. Specimen

deflection was measured by deflectometers attached directly to the specimen.The displacement rate for all

tests was 2.54 mm (0.100 in.)/ min. All calculations for K a were made in accordance with the expressionfc
g eing given the value fer prescribedgiven in ASTM I?399-74 (Ref. 7) for bend specimens, with the load P b

by the equivalent energy method developed by Witt and Mager,"#
i

P g = s/2mE (I)g mas .
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where m is the slope of the linear p mri of the load.denection curve and E ,x is the area under the curven3

up to maximum load. The dimensi parameters shown in Table 2.4 are defined in ASTM E399 74.The

function f(a/it') was calculated from the expression

a a -33

f(W 1W (2)=

for a square beam rather than the series recommended in ASTM F. 399-74 for a rectangular beam. Allload
and deflection data were obtained from the load displacement record.

Two temperature ranges were investigated in the V-713 prototypical weldment,66 to 121 C (150 to
250*F) and -45.6 to -101 C (-50 to -150*F). These ranges bracket the proposed V-7B and V-8 test

temperatures, respectively. The i.dter range was included because of a shortage of similar ilAZ material in

the V-8 prototypical repair weld. The temperature range investigated for the 4W weld metal was -73.3 to

204 C (-100 to 400 F). The K/cd results are listed in Table 2.5.The FCCr results from the prototypical
weld are shown in Fig. 2.19

In the 66 to 121*C (150 to 250"F) temperature range, the K/cd values from the prototypical weldment

ranged between 214 AINam'34 (199 ksisG.) in the weld metal to 362 AIN m-3/' (329 issid.) in the

base metal-repair weld llAZ. The Kled values in the -45.6 to -101 C (-50 to -150"F) temperature
range varied between 173 and 301 AIN*m-3/2 (157 to 274 ksisG.).

.
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Table 2.5. Precracked Charpy V vatic fracture toughness at various distances from the
visible llAZ of the protory,(cal V-78 half bead repair weld in the V-8

prolongation and weld metal from the qu.:lification weldment 4W

Static fracture Distance of fatigued crack tip
Specimen Depthd Temperature

No. (T) (* C)
' "#"""' # cd I' * II A Z ''I*''"'' 'd "I #

(M N m ')/' ) (mm)

V-7B type weld repair
in ilAZ

V7W10 0.21 -45.6 298 0.0
V7W4 0.41 65.6 241 1.6

V7W5 0.49 93.3 307 1.1

V7W35 0.65 -45.6 173 0.0
V7W26 0.68 65.6 360 1.4

i V79'36 0.73 .-4 5.6 286 1.5

V7W27 0.76 121 299 0.6
V7W28 0.84 93.3 273 0.9

| V7W72 0.86 93.3 362 0.4
V7W76 0.87 93.3 254 1.3
V7W29 0.92 93.3 28 0 0.6

In base metal

V7W39 0.09 --4 5.6 202 38.9
V7W40 0.19 ~ 4 5.6 247 34.0
V7W41 0.27 -45.6 234 25.6
V7W42 0.35 -45.6 224 21.0
V7W43 0.43 -45.6 203 14.0
V7W44 0.52 -45.6 235 12.1

V7"'37 0.81 -45.6 271 2. 8

V7W38 0.90 -45.6 280 4.8

In repair weld metal

V7W31 0.22 -45.6 301 4.1

V7W11 0.29 -45.6 189 1.5

V7W33 0.42 -45.6 284 28
V7W13 0.45 -101 238 0.4
V7W34 0.57 -- 4 5.6 236 1.9

Weld centerline

V7W17 0.86 93.3 219j
; V7Wl8 0.92 -73.3 173

Qualification weld 4W
Weld centerline

4%4 0.2 -73.3 213,

| 4W5 0.2 37.8 303
4W6 0.2 149 203
4W16 0.5 . 45.6 111

4W17 0. 5 65.6 235
4W28 0.8 -17.8 268
4W29 0.8 93.3 262
4W30 0.8 204 179

dl'raction of wall thickness from outer surface to tip of fatigued crack. Wall thickness is 154 mm
arul 44 mm.

'' Displacement rate is 2.5 mm/ mil
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/cd oughnessThe test results from weld 4W listed in Tables 2.4 and 2.5 are plotted in Fig. 2.20.The K t

of the weld metal is dependent on the depth in the weld from which the specimens were obtained. Lower

values were noted for midthickness specimens for a given test temperature than for specimens from the

quarter and three quarter depth levels. The values for the .latter thickness levels correlate very well with

each other. The maximum KIcd value, 303 MN m-3/2 (276 ksiv'id.), occurred at 37.8 C (100 F) at the
quarter and three quarter levels. liigher toughness values may occur at the midthickness at temperatures

above 24"C (75*F), but no tests were made at these higher temperatures.

Static fracture toughness results from two WL oriented IT compact specimens of weld metal from the

qualification weld were obtained. Specimens 4W39 and 4W40 tested at -17.8 and -45.6 C (0 and

| -50'F), gave values of 129 and 114 MX m-3/2 (1I 7 and 103 ksivTn.), respectively. Both specimens were

from the midthickness depth in the weld as shown in Fig. 2.8. These data are included in Fig. 2.20.'

Metallographic examination of specimens from the V-7B prototype weldment,in which the fatigued
cracks reside in the visible llAZ identified in Fig. 2.17, indicates that the crack propagation is through the

base metal. Figure 2.21 illustrates the type of fracture behavior noted in the study.The fatigue crack front

ORNL-OwG 78- 207 2R
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Fig. 2.20. Variation of static fracture toughness with tempetature for 44-mm-thick (1%in.) half-head
qualification weldment 4W.
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Fig. 2.21. Specimens having crack tips in the dark etching region of the IIAZ.
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resides near the middle of the visible if AZ. a region with a fairly high hardness,approximately 250 to 300

Dl'il (diamond pyramid hardness). The crack propagation is along the interface between the sisible llAZ

(dark band) and the (apparently) unaffected base metal. The hardness in the region where the crack

propagated is approximately 210 DPil. The hardness values are approximated from the traverse shown in
i

Fig. 2.22. Similar fracture behavior was not noted for specimens with fatigue crack fronts in the weld
|
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metal. Those specimens tended to propagate in a more direct path or to follow the contour of a weld pass.

Iigure 2.23 contains a photomacrograph of a specimen wit tne crack tip in the repair weld adjacent to the i

half. bead repair and bv rnetal fusion line. The propagation path is essentially straight through the
specimen.

|

| 2.3.4 liardness measurements i
i |

A microhardness traverse across the base metal-repair weld in specimen V7W7 was also obtained. |
!

l'igure 2.22 is an enlargement of the region where the penetrations were made identifying the location of
indentations and a plot of the hardness values associated with these locations. The actual hardness values

l
are listed in Table 2.6. The highest hardness values occur in a 2.29. nun. wide (0.090 in.) region, which is the

; approximate width of the dark etchant band that identifies the IIAZ in the base metal. The highest DPil

value,314 (R 31.6), occurred twice within 0.254 mm (0.010 in.) of each other.This is in agreement withc
2three previous hardness traverses across a similar llAZ in the V 7A prototype weld.

|
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Table 2.6. DPil values across the llAZ and adjacent areas of the V-7B prototype
half. bead repair weld in the V-8 prolongation

]

hIndenta tion Indentation '" "", ' """W "RWdl llockwell Rockwell Rockwell
tocahonlocahon j ""'gp,g g DPil B C DPil B

No. No,No
,

i
1 184 88.2 li 30 204 92.3 ! 59 196 90.8
2 186 88.7 ) 31 288 28.1 4 60 196 90.8
3 186 88.7

'

32 248 21.8 p 61 198 91.2 q
4 188 89.1 ! 33 251 22.2 P 62 198 91.2
5 188 89.1 34 263 24.2 y 63 198 91.2
6 188 89.1 35 276 26.2 4 64 202 92.0

36 314 31.6 j 65 2N 92.37 186 88.7 4

8 188 89.1 , 37 314 31.6 0 66 211 93.6
9 192 90.0 |

] 67 216 94.538 302 30.0
10 200 91.6 39 283 27.6 b 68 228 96.3'

|| 207 92.8 ., 40 280 27.0 ) 69 211 93.6
12 207 92.8 j 41 214 94.0

'|
70 207 92.8 |

13 202 92.0 1 42 214 94.0 p 71 198 91.2
14 204 92.3 1 43 194 90.3 J 72 190 89.5
15 200 91.6 3 44 214 94.0 l 73 202 92.0
16 202 92.0 45 200 91.6 j 74 211 93.6

46 204 92.3 1 15 190 89.517 196 90.8
,j 47 196 90.8 1 76 194 90.318 194 90.3

19 190 89.5 ! 48 196 90.8 j 77 198 91.2
49 196 90.8 il 78 200 91.620 196 90.8 i

"
21 198 91.2 50 198 91.2 79 198 91.2

22 1 94 90.3 51 196 90.8 80 198 91.2,

23 192 90.0 52 211 93.6 i 81 196 90.8'

'
24 190 89.5 53 214 94.0 82 200 91.6

"

25 I94 90.3 54 218 94.8 83 196 90.8

26 194 90.3 55 209 93.2 84 202 92.0
i 85 198 91.227 194 90.3 j 56 190 89.5

28 196 90 8 j 57 190 89.5

29 196 90.8 ; $8 194 90.3

2.4 Residual Stress Measurements

The half bead repair technique as previously discussed is accomplished without thermal stress relief. It

would therefore be expected that significant residual stresses would result when the technique is employed.

This section contains a description of, and the results from, an effort to assess the level and distribution of

those stresses. The emphasis in that effort was on circumferential stresses in the vicinity of he repair weldt

because those would most directly affect the outcorne of the V.7B test. A detailed discussion of the

measurement techniques as well as results from two other half-bead repairs made to llSST intermediate test

vessels and prolongations are contained in Ref.10.
Most of the residual stress measurements on the V-7B vessel and the V-7B prototypical weld in the V 8

prolongation were made by means of weldable type strain gages. After the cavities in the vessel and j

prolongation were ground to their final contour, and before the repair weld was begun, weldable gages were
attached to the outside and inside surfaces of the V 7B vessel and the corresponding prolongation. Ailtech

SG425 gages, which are stable at temperatures below 482 C (900 F). were used. No part of any gage was
located closet than 38 mm (1.5 in.) to the weld cavity. Thermocouples were attached in the vicinity of the

strain gages to control temperature. When temperatures mdicated by the thermocouples began to approach

316"C (600*F), the rate of depositing weld metal was decreased or temporarily suspended.

!

.
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The gages were initially zeroed at room temperature.The vessel and prolongation were then brought to

a nominal 260 C (500*F), which was maintained approximately until the repair weld was complete. The

gages were checked for drift during a 3-hr preweld hold and a 3-hr postweld hold when no welding was

being done. There were no indications of drift with the exception of four gages on the prolongation which l

had become erratic during welding and had gone off scale. Upon completion of the repair weld and the

return of the vessel and prolongation to room temperature, a final strain gage reading was made.This final

value of strain was used to calculate the change in stress which had resulted from the weld repair.

The gages were generally configured in clusters of three with two circumferential gages straddling an

axial gage.This arrangement permitted the calculation of stresses by means of the following equations,

E
o, = 1 - o (Ca + uc ) (3)2 c

and

E

1 - u (Cc + DC ) - (4)u=
2 ae

where the subscripts a and c denote the axial and circumferential directions, respectively. Young's modulus
6was taken as 200,000 MPa (29 X 10 psi) and Poisson's ratio was taken as 0.29, The circumferential strain,

e , used in liq. (3) was the average of the two circumferential strains taken from gages straddling the singlec

axial gage. There were no significant differences between two such circumferential strains that were used

for averaging.

Figures 2.24 and 2.25 show the stresses computed by the method described above for the V-7Il vessel

repair weld and its simulation in the prolongation, respectively.The figures show plan views, drawn to scale,

of the repair zones as viewed from the outside of the vessel and prolongation. The weld cavity outline of
the outside surface is shown as a solid line and that of the inside surface is shown as a dashed line. The gage

lengths, orientations, and the locations of gages relative to the actual weld cavity outlines are drawn to scale

and are indicated by the short solid lines.The number by each gage indicates the stresses (in MPa) that were

calculated, and the orientation designates whether a stress is axial or circumferential. Stresses denoted by an

asterisk pertain to gages located on the inside surface, with all other stresses pertaining to the outside
surface. If it is assumed that the stresses existing in the vessel and prolongation prior to the weld repairs

were negligible, the stress change due to the repair weld can be taken as an absolute residual stress. That

assumption is considered reasonable because the operation of cutting the large cavities would tend to relieve

residual stresses near those cavities. The assumption is also supported by the observation that the stresses

measured in the vessel are not significantly different from those measured in the prolongation, which did

not have a prior loading history and which had been stress relieved during original fabrication.

In addition to the weldable gage-type measurements, five hole-drilling type measurements were made on

the V 711 simulation repair weld at depths of 38 mm (1.5 in.) relative to the prolongation outside surface.

The hole drilling technique is a conunonly used method that involves the attachment of a strain rosette to a

surface where stresses are to be measured." The rosette gages are initially zeroed and a small hole [e.g.,1.6

mm diam (b in.)| is drilled into the specimen at the center of the rosette patteru.The depth of the hole is

of the order of the hole diameter. The removal of material, which presumably was stressed, results in

relaxation strains being indicated by the rosette pages.11y means of calibration coefficients,it is possible to |

calculate the stresses that existed at the hole site prior to drilling. |

1
1
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The hole-drilling method has been used extensively on the V 7A and V 8 simulation repair welds that

were made in prolongations. Those measurements, which are contained in Ref.10, indicated that, in the

circumferential direction at least, large tensile residual stresses existed in the base metal surrounding the

repair welds and !ow residual stresses existed in the weld metal itself. In the case of the V 7B repair we:d,

the hole drilling method was used to provide a qualitative check of that behavior.Only a qualitative check

of V 7B could be made because a conflicting measurement requirement for the V-8 repair weld dictated

sectioning of the prolongation containing both simulations to best suit measuring residual stresses about the

V 8 simulation repair weld The location of the cut plane relative to the V 7B simulation repair weld is
shown in Fig. 2.5. Figure 2.26 shows the prolongation, which contained the two simulation repair welds
(180" apart), being sawed in half. Figure 2.27 shows a hole-drilling measurement being made on a ring that

resuhed from the prolongation being sawed in half. The results of the five hole. drilling measurements are

shown in Figs. 2.28 and 2.29 The weld shown schematically in those figures does not penetrate through

the entire prolongation wall because the saw cut bisecting the prolongation intersected with the sloping

portion of the weld cavity. The circumferential values shown in Fig. 2.28 tend to confirm the
conclusions" relative to high residual circumferential stresses in base metal surrounding the repair weld.

The V 7B vessel had a flaw deliberately introduced along the llAZ of the repair weld. The flawing,

described in detail in Section 2.5, was accomplished in two steps.The first step involved machining a large

deep slot in the vessel that approximated the final flaw geometry. Before the machining was begun, nine

foil-type strain gages were attached to the inside surface of the V-7B vessel directly under the llAZ of
interest. The location of the gages [6.4 mm (0.25 in.) gage length] relative to the weld cavity outline on the

vessel irlside surface is shown in Fig. 2.30. The gages were zeroed prior to machining and were used to

monitor the strain induced in the ligament at the base of the flaw as a result of machining the deep cavity.

The recorded strains and the stresses calculated according to Eqs. 3 and 4 are listed in Table 2.7.* The

compressive stresses that developed as a result of the machining operation suggest that the rotation resulting

from cutting had a greater effect on the stress in the remainingligament than did the translation of the free

surfaces forming the sides of the flaw cavity. Thus, the development of compressive stresses in the
remaining li ament as a result of machining in the flaw is not inconsistent with previous data indicating theF

existence of tensile stresses in and normal to the plane of the V 7B flaw prior to the introduction of the

'When possible an averare of the two adjacent gages was used for the Poisson term m 1:qs. (3) and (4L

Table 2.7. Stresses on the V-7tlinside surface beneath
the flaw caused by machining the V 711 slot

Orientation Microstrain Stress (M Pa),

1 Circumferential -731 -183
2 Axial -373 -129
3 Circumferentla! -757 -192
4 Asial -464 -148
5 Circumferential -720 -187
6 Axla! -478 -152
7 Circumferential -788 - 20-)
8 A xial -399 - 137
9 Circumferential -8n2 -200

"See l'ig. 2.30.
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ORNL-0WG 78-4030

I

'

4 0 2 mm --->
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u
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I
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Fig. 2.28. Circumferential residual stresses (MPa)in the V-711 simulation repair weld (no ccrrection for
sectioning was applied),

ORNL-DWG 78-4031
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__

Fig. 2.29. Itadial residual stresses (MPa) in the V 711 simulation repair weld (no correction for
sectioning was applied).
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ORNL-DWG 77-18099

7
BOLTED HEAD END

OF V-7B VESSEL

' 518 mm

t ,

E :

E |

9 8 7 6 5 4 3 2 1
|1 __ i - t i i 4

1 I I I _ I

LWELD CAVITY OUTLINE 25 mm **** 25 mm -

(INSIDE SURFACE) ,

51 mm : : : : 51 mm I

76 mm : ; 76 mm

102 mm|: : : 102 mm

: 259 mm :

1 mm = 0.0394 in.

Fig. 2.30. Gage locations on the inside surface of the V-7B repair weld that were used to calculate
stresses induced by machining the V 7B slot in the vessel. See Table 2.7 for results.

I

Gaw. The absolute values of these compressive stresses are equal to or greater than any of the tensile stresses

that were determined from the weldable gages or the hole drilling measurements in comparable vicinities I

near the V 7B repair weld, the V 7B simulation repair weld, or the similarly shaped V 7A simulation repair

weld, it is therefore concluded that compressive stresses with values that could have ranged from -16 MPa

(-2 ksi) to -205 MPa (--30 ksi) were present in the ligament at the base of the V 7B Haw prior to the start

of the V 7B test.
,

|
2.5 Flaw Preparation for the V-7B Test |

|

The repaired vessel was flawed in UCCND facilities at the Y 12 Plant by the same means and with the

same Daw geometry used in the vessel for the V 7 and V-7A tests.2'5 The Gaw geometry is shown in Fig.

2.31. The flaw was produced in three steps: machining a 25-mm wide (1-in.) notch to within about 10 mm

(0.4 in.) of the desired crack depth, making a narrow electron-beam (EB) weld along the periphery of the ;

notch,and charging the EB weld with hydrogen until a sharp crack popped in.

The EB welding and hydrogen charging combination had been used many times for producing sharp

Gaws; however, before proceeding with the repair of the vessel,it had I , be demonstrated that a sharp flaw

could be generated in the llAZ of a repair weld of this geometry. Accordingly, a series of tests was j

conducted to establish the feasibility of using this procedure. A portion of a test weldment made by '

Combustion Engineering in the course of the original V 7 halfhad repair was used.

A 125 mm-long (5 in.) bar was cut from one end of t% test weldment, and both ends were ground and

etched to display the llAZ in the transverse cross section af the weld. (See Fig. 2.32.) 'The surface of the

,

- -n- - - . , <--e - me-..-m- - -,,--,,,a, w , , e-m, --,,,,--nr,,- , e-- r---a,-., r
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9.

FLAW DESIGN

0 i"' 9 I"'
- -5/16 in.*5/16 in. --+ =

[ [ 45 45 Y'

MACHINED i
NOTCH

5 in. 5 5/16 in.p g

'"' E,B. WE L D
,

/ / IIII I II I I I IIIIII ,IIII[III IIIIIII jr

///// /// // / / /o

, _b 4 in. _4 in.

i

Fig. 2.31. Flaw design for vessels V-7, V-7A, and V 7 B.

bar was machined to eliminate unevenness and curvature caused by final weld crowning passes and to form

surfaces perpendicular to the desired direction of the EB.The bar was next mounted below the EB gun, and

attempts were made to place two flaw welds centered within the two heat affected zones of the weld. A

third flaw weld was placed into the central portion of the weld metal of the bar.The EB welds were made

only 100 mm long (4 in.) in order to retain end boundaries for restraint during the subsequent hydrogen

charging. Figure 2.32 represents a slice from the bar and indicates the cracks that formed in the ilAZ welds -

during the charging. The Ell weld placed into the center of the weld did not crack during charging. The
figure also illustrates the waviness of the ilAZ and its narrow [2.mm (L-in.')] width, which can make the

preparation of a long flaw difficult.
This preliminary investigation established the feasibility of producing a sharp crack in the llAZ of the

second repair in vessel V-7 provided that the Ell weld could be properly aligned with the ilAZ. Expnience

with EB welding in the machined notches for the V-7 and V 7A tests provided some confidence thet proper 4

1

alignment could be accomplished if the procedures were carried out carefully and precisely.The necessary
'

dimensional controls for finding the approximate locations of the heat.affected zones were assured by

having the sides of the weld cavity prepared by machining and indexed with markings on the vessel surface. |
The axial centerline of the machined notch was located tentatively along the nominal centerline of one |

lIAZ, as shown in Fig. 2.33.

Two beam saddle supports were welded to the vessel to index and align it for both the milling of the

trapezoidal flaw notch and for subsequent EB flaw welding operations. The procedure for aligning the |
notch alnny the actual centerline of the llAZ required alternative machining cuts, etching of the bottom of

the notch, and recentering of the cutters. This was accomplished with the ves;el on the bed of the large

horizontal boring mill used to cut the notch. position checks and appropriate minor tool centering

1

- - ,
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adjustments were made using 9.5- and 12.7-mm diam (0.375 and 0.5-in.) cutters at depths of 12.7, 25.4,
and 63.5 mm (0.5,1.0, and 2.5 in.) from the surface.The centers of the llAZ and the finished notch were

within 0.25 and 0.89 mm (0.010 to 0.035 in.) of each other, both along the slopes and the bottom of the
trapezoid. The ll AZ band width varied from 1.7 to 2.0 mm (0.065 to 0.080 in.).

Four 50 mm thick (2 in.) brick-shaped test blocks of A533 material with premachined cavities to
simulate the vessel cavity geometry were repair welded by WTD to half. bead technique welding standards at

the same time the vessel was repaired. These blocks were ground and etched and used to develop and

establish EB programming input, to test magnetic beam deflection effects, and to verify hydrogen. charge
flawing methods and detection of EB weld cracking by acoustic emission (AE). A steel model of a

trapezoidal notch was also prepared and used in the final check of EB programming for the end slopes.

Precise placement of the weld bead along the bottom of the machined notch in vessel V 7A was
complicated by the residual magnetism of the vessel.2 Practice trials on blocks indicated that the EB bead

positioning can be controlled in fields up to 3 x 10~4 T. Gaussmeter checks within the notch of vessel

V 711 again revealed nonuniform mag. soc flux densities, with the highest readings 8 X 10-4 T (8 G)
longitudinally and 5 X 10-4 T (5 G) transversely. These readings were about one-tenth the magnitude of

the magnetic Oux det.uties encountered with the V-7A repair weld. This improvement in the residual
magnetism may bec been the result of the planned symmetrical grounding connections used in the V 7B

repair. Both of the two electrical grounding connections were located 90 from the cavity along its
transverse centerline An arbitrarily located single ground had previously been used for the V 7A repair. I

Two ceramic 0.1 T (1000-G) magnets were machined by electr':al discharge to fit within the
trapezoidal notch. These magnets permitted flux trimming by varying orientations and locations so as to

reduce and even the Oux distribution along the EB traverse. By this means, the magnetic flux densities for

vessel V-711 were held to a maximum of 2.6 X 10-4 T before EB welding.

Actual forming of the EB weld bead in the notch had to be done in three separate steps: first along the

deepest segment of the trapezoidal notch and then an upward pass along each slope. Tungsten target blocks

were used to segment the overall weld Upslope welding is necessary to maintain the mol'en metal puddle

behind the weld gun. The proper combination of wc! ding speed and power is needed to attain a uniform,

rapid chilling of the weld bead and thus produce a highly prestressed bead of the desired shape. The stressed

state assures cracking on subsequent hydrogen charging. The autogenous EB weld is pear shaped,
cpproximately 3 mm wide (% in.) at the smface by 7.9 mm deep (b in.). The profile of the bottom of
the bead shows irregular spikes.

Electron. beam welding was again performed in a large Sciaky weld chamber in the Y-12 Plant. Figure

2.34 shows the vesselin the chamber positioned for the Gaw welding. Weld programming was essentially the

same as used before for the V 7 and V-7A notches: energy density,190 J/mm; beam potential and current ,

40.5 kV with 178 mA on the horizontal surface (deepest portion of the notch) and 182 mA on the two
slopes; beam speed,2.3 m/mit. (90 in./ min); and vacuum chamber pressure,0.67 X 10" Pa (5 X 10" torr).

Gaussmeter checks made after each segment was welded indicated changes in magnetic flux patterns

within the notch. Adjustment of the ceramic magnets, however, restored flux levels within the unwelded

portions to levels <2.6 X 10~4 T before continuation of welding.The resulting EB weld bead appeared to
be properly aligned in the notch.

llydrogen charging of the EB weld bead was accomplished by the same electrolytic process used for the

two previous flaws in the vessel.2,s A current density of about 7.8 X 10-* A/mm2 (% A/ n.2), based on

unmasked contact surface area, was used. The charging operations were monitored by three AE transducers

spaced along the interior surface of the vessel directly below the ligament of the notch. Past vessel and

prototype specimen experience implied that the crack slwuld form in 8 to 10 hr. Ilowever, the flAZ Oaw in

_ . _ _ __ . _ - . _ . _ _ _ _ _ _ _ _ _ _ _ , _ _ ._ . __.
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V.7B appeared to have cracked after only about 4 hr of charging and emitted only about one third of the

anticipated nurnber of acoustic pulses. Discontinuous cracks were noted along the bottom of the notch and ,

an the slope toward the hemispherical end of the vessel. Charging was resumed since a continuous crack was !

not observed. Complete continuity was finally confirmed after 8 of total charging time and after
i

improved lighting had been installed and the notch flushed several t. 4es with a basic' solution and with i

water.
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3

Test Facility Design and Operation

3.1 Test Facility

The test site for intern.ediate test vessel V-7B was the same as that used for all other vessels'-* except

V 7A, which was a pneumatic test requiring a more remote site ' The hydraulic testing facility is located at

the old power plant adjacent to the Oak Ridge Gaseous Diffusion Plant (ORGDP), where the vessels were

pressurized to failure in a concrete bunkered cell that was converted from an old steam turbine foundation.

A sectional view of the test pit is shown in Fig. 3.1, and an overhead view ofintermediate test vessel V 78

in the pit is shown in Fig. 3.2.The criteria for site selection and design along with a detailed description of
the test facility are given in Ref. 6.

The test facility is capable of controlling vessel temperatures from -34 to 177 C (-30 to 350 F)and

pressurization to 345 MPa (50,000 psi). Figure 3.3 is a schematic flow diagram of the facility showing the

pressurization system normally used for intermediate vessel tests. This system was altered for V-7B to

provide pressure to the patch cavity for indication of crack breakthrough prior to gross vessel pressure
failure.

3.2 Instrumentation j3

|After reviewing results of intermed' 'ssel tests V 7 and V-7A, the instrumentation plan for V 7B
was formulated with the following changes tro.. .e V-7A plan.

1. The midsection crack opening displacement (COD) gages used on V-7A were eliminated due to I

uncertainty of performance and insufficient time for development of a new sensor.

2. Strain gages in regions of vessel weld repairs from previous tests were reduced to a minimum. Also,

gages from V-7 and V 7A at 180 remote from the midplane of the test section and experimental crack
propagation gages were eliminated.

3. Outside surface COD gages remained the same but with modified mounting hardware.

The resulting instrumentation plan for V-7B included the following sensors: 1
'

1. Ileating control thermocouples (8).
2. Data thermocouples (10).

3. Pressure transducers (3).

4. Pressure indicator (dial gage) (1).

5. Inner surface strain gages (weldable)(28).
i

6. Outer surface strain gages (foll)(31).

7. COD gages (3).

1

|

|
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Fig. 3.1. Sectional siew of intermediate vessel test pit.
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Figure 3.4 depicts strain gage and thermocouple locations for V 7B. Two types of strain gages were used:

Micromcasurements type EP-08 250 and Ailtech type SG 125. In both types the gage resistance was 120 H.
|

The Micromeasurements foil gages are made from annealed Constantan foil on a flexible polyamide back

and are used primarily where large strains are to be encountered. They were installed using M Bond 200

cement. The Ailtech weldable gages utilize nickel chrome gage elements encapsulated in stainless steel with

MgO insulation. They are spot welded in place and have MgO-insulated stainless steel leads. The gage

qualification and installation procedures were presented in Refs. I and 2.

Eighteen Chromel-Alumel thermocouples were used to monitor vessel temperature and insure the

adequacy of the prescribed test conditions in the regicns of interest. Crack-opening displacement (COD)
measurements were made at three locations along the crack. Transtek linear displacement transducers,

model 354-000, were mounted in supports as shown in Fig. 3.4, detail A. The supports were redesigned
after some limited malfunction was detected in test V 7A. (See Ref. 5.) The COD devices performed

satisfactorily on this test.

Two completely independent systems were used to measure pressure. A closed-circuit video system was

used to directly view a conventional Bourdon pressure gage mounted near the high-pressure intensifier.This

was a backup system to the primary strain-gage-based pressu e cell (BLH) mounted in a static line
connected to the vessel head. Two additional pressure cells of the same type were used, one to measure

patch pressure and the other as a st.adby for the primary pressure cell.

Scanning closed-circuit television systems were also utilized for general surveillance of the test pit and

pressurization system. A closeup view of the Daw was recorded by means of video tape during the test.

Acoustic emissions were monitored by two independent systems, one operated by Battelle Northwest

and the other by ORNL personnel.The reports are included in Appendices B and C.

3.3 Data Acquisition

The primary system for data recording was a modified Datum System 70 computer controlled data

acquisition system (CCDAS). In addition to the basic 120 channels included in the CCDAS, three
llewlett-Packard dual channel strip-chart recorders with independent conditioning and amplification
circuits were utilized to maintain continuous recordings of pressures, COD gages,and selected strain gages.

Two dual-pen X Y plotters were also used for quick-look recordings of pressure vs COD gages and a selected

strain gage. Ten strain gages were recorded on a separate system as a minimum data backup in the event of

failure of the primary data system (the CCDAS). A Vishay/Ellis strain recording system with an integrated

Texas Instruments Silent 700 recording tcrminal was utilized for this purpose.

In addition to the above equipment, which vas located in the instrumentation trailer, signals were sent

to the main control room to provide a pressure vs time recording and a digital readout of pressure. Signals

from 8 of the 18 thermocouples were displayed on lioneywell recorders in the main control room. In
summary, all data not recorded by the Vishay/Ellis system or lioneywell recorders were reorded using the

CCDAS.

3.4 Test Procedures

3.4.1 Vessel preparation

After the vessel was flawed (see Chapter 2), it was transported to another Y 12 facility of the
Engineering Technology Division for instrumentation. After all inside and part of the outside
instrumentation was complete, the head was installed and the vessel was sealed and moved to the test pit.

Ileating coil plates were then installed, and exterior instrumentation was completed. Figure 3.5 shows the

|
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Fig. 3.6. Temperature history of V-711 test as measured by thermocouple TE 24 on inside s urface near
,

flaw.

The plan for data retrieval and intervals for the various systems is shown in Table 3.I, and a pressure vs

time plot is shown in Fig. 3.7. When indications of imminent failure were observed, data were taken

continuously where possible and the strip-chart recorders were speeded up. A final set of data was recorded

from surviving instrumentation at zero pressure following the test.

3.5 Test Results

The test resulted in a rupture of the ligament at the time of maximum pressure. After a period of about

2 min, during which the pressure varied slightly, the pressure-retaining patch ruptured and the vessel

depressurized completely through the flaw.
The COD data from the three displacement transducers are presented in Fig. 3.8. It is evident in the

behavior of the COD transducer ZT 128 that this gage was affected by the rupture events, perhaps by the
i

impact of escaping water. Figure 3.9 shows circumferential strain at 180 frorn the flaw, indicating gross

vessel behavior.

A postlest view of vessel V-711is given in Fig. 3.10. Permanent deformation of the flaw can be detected

along with crack extension at the ends of the machined notch. Complete data from the CCDAS are shown

via microfiche described in Appendix A and attached to the inside back cover.

.__ _
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Table 3.1. Approximate scan and output intervals for permanent records V 7B

Interv:Js (ap and at) for pressure (ksi)in range:

Any pressureOu tpu t 0-5 5-10 10-15 15-18 >l8 with unstable |
i

abehavior ;de-
pressurization

CCI)AS scan, sec 1 1 1 1 1 1

CCDAS magnetic tape,b see 25 25 25 10 4 4 or 2, as
required

CCDAS printer,Cpsi (min) 1000 (5) 1000 (5) 500(5) 500 (5) Only as
needed

Vishay magnetic cassette, 500 500 500 500 200 Continuous scan
paper tape printer and
line printer,dpsi

aff strains or CODt recorded on X YY' plotters or strip chart recorders show a tendency to change with little or no
increase in pressure, the CCDAS should scan and record at the maximum rate. Under these conditions scanning should not I
be interrupted for printouts.

I
b r the test is interrupted by operational problems, the tape recording interval should be extended to 300 sec.i i

Recording intervals longer than those specified may also be required during long periods of nearly constant pressure.
C
Since printing interrupts recording of data, printing should be avoided as much as possible at elevated pressure. X Y

plotter output of three CODS and one strain page is available. Also, selected data may be read directly from the CCDAS
digital display. pressure will be on a digital display continuously in the control room.

dScan rate is about one point per second.

O R N L- D * G 78-1263I60 .
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Fig. 3.7. Pressure history of V-78 test.
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4

Pretest Fracture Analysis and Test Results

4.1 Results of Prior Tests of Vessel

The tests of vessels V.7 and V.7A were preceded by extensive analytical studies and tests of steel scale

models in order (1) to investigate the modes of failure of a vessel with a long Daw,(2) to predict the mode

of failure and the failure pressure, and (3) to determine the flaw dimensions that would produce the desired

result.i,2 Three types of pretest analyses are described in Ref. I: local plastic instability, ligament rupture,

and axial crack instability (burst). Further study of the burst analysis is discussed in Ref. 2. The V-7 test
parameters were originally chosen with the objective that the test would be a demonstration of a

leak-without burst at a pressure not too far above the design pressure of 66.9 MPa (9710 psi). The leak

pressure predicted before the first test was slightly higher than two times the design pressure.
The V 7 test was a demonstration of the expected flaw behavior with the vessel pressurized

hydraulically; the vessel failed by ligament separation without bursting. The subsequent test, V.7A, was a

repetition of test V-7 with an identical flaw located far from the original flaw, where the material was least

affected by the first test. In the V.7A test, however, the vessel was pressurized pneumatically and the load *

was sustained after rupture to provide more conclusive evidence that the vessel was stable against burst at
the leak pressure.

These two tests established a leakage pressure with little uncertainty, the variance deviating only 1%

from the mean, as indicated in Table 4.1. They also provided an extensive set of data on the prefailure

response of the vessel and the flaw to changes in pressure. The sustained-load phases of the V 7A test
provided,in addition, data on the time-dependent behavior of the vessel.

This background of quantitative information on two nearly identical tests presented an opportunity for

experimentally investigating a further variation of the V.7 test configuration, nameiy, a long, deep flaw in a

Tatile 4.1. Test results for vessels
V-7 and V-7A

P ( AIPa)f

At time of leak Variance from mean

V7 147.2 t .4 8
'

V-7 A I44.2 -1.48
Nican 145.7

_

_ _ - ___-_-_____ ___ _
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Section XI half bead weld repair zone. Accordingly, the V-7B flaw was designed to be geometrically
identical to the V-7 and V-7A flaws and was placed as close to the plane of the V 7A Haw us was pr wticable

(see Figs. 2.3 and 2.33).

In the repaired and flawed vessel, V-7B, the conditions that could potentially cause the behavior of

V 7B to differ from that of V-7 and V 7A were:

1. general residual deformation in the vessel, particularly near the V-7B Daw location,

2. residual stresses from the preceding tests as further modified by the repair,

3. residual stresses induced by the repair welding,

4. mechanical properties at the crack tip (in the ll AZ) different from the properties of the ASTM A533,

grade II, class I base material,

5. inhomogeneous mechanical properties near the crack.

The first two conditions could be ascertained only qualitatively from V-7 and V-7A strain data and posttest

measurements. The other conditions were assessed in more quantitative terms by the residual stress and

material characterization studies described in Chapter 2.

4.2 baluation of Expected llesults

Test V-7tl was planned to evaluate the strength of repair weldments containing Haws. The V 7B flaw
was located in the heat affected zone (llA7.) of the second repair weld, because that region of a weldment is

particularly subject to a loss of toughness if it is not properly heat treated after welding.The plane of the
!

flaw in V 711 was 7.5 from that in V 7 A, as shown in Figs. 2.3 and 2.33. Therefore, as the data in Chapter

2 indicate, the crack tip was expected to lie initially in ilAZ material of significantly higher toughness and

tensile strength than either the base metal or the repair weld metal. The properties of the three zones are

compared in Table 4... i

|

Table 4.2. Comparative properties of various paris
of the V-7tl repair mne as determined from

the prototypic weldment

g .
Yield liardnest

g,ytuq BIPa) (DPil)1

_

,

| Hase 192-268 434 (center) 184-207

| - 517 (surface)

IIA 7 254-362 248-314

Repair wcld 219 463-467 190-228 j
._ J

dA t 9f c (20(r11 ]

I

The relatively high toughness of the llAZ led to the conclusion that stable tearing of the flaw might not

commence at as Imv a pressure as in V-7 and V 7A. The onset of tearing in these two tests was indicated
Iultrasonically between 90 and 105 MPa (13 and 15 ksi). According to the analysis ofligament behavior in

V-7, the greater toughness of the llAZ would change the pressure for the onset of stable crack extension by ,
about 50%. Prior to test V 711, however, this result could not be assured since the actual location of the |

fcrack tip was uncertain.
|

|
1

. .- -. .
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Regardless of whether the crack was initially in the llAZ or not,its ultimate behavior was expected to

be controlled by the properties of the base material and repair weld. The llAZ is generally thin, and its

superiority in toughness and tensile properties over the surrounding material tends to make the crack grow

into the weaker material and thereafter avoid the llAZ.This behavior had been observed in the precracked

Charpy specimen, as shown in Fig. 2.21.

The vessel V 78 mode of failure was predicted to be the same as for V-7 and V 7A, that is, leak but not

burst. The methods of analysis of vessel V 7, described in detailin Ref.1, were believed to be applicable to

vessel V 7B. 7hese analyses and the actual behavior of the ligament and end regions of the flaw observed in

V-7 and V-7 A were the basis of the V 7B prediction. The condition of the flaw zone was known, however,

to be different in two respects. First, the previous test had produced a slight permanent bulge. Second, the

V.7A test had also induced residual stresses in the neighborhood of the V-7A flaw which were further

modified by the preparation for repair welding and by the welding itself. These differences were taken into |

|account.

In the assessment of the pressure at which the ligament would rupture (and the vessel would leak),it is

important to note that stable crack extension through the ligament was observed ultrasonically in both V 7

and V-7A (Refs. I and 2). Furthermore, the ligament strains, which were measured in V-7 only,were high

prior to rupture (exceeding 7%) as shown in Fig. 4.1. It was inferred from this information that stable
tearing in the ligament could be considered as being controlled principally by the displacement imposed on

the ligament by the deformation of the flaw region and the vessel, while the thin ligament had negligible

influence on the vessel. With this conception of the tearing process, the V-7 data imply that ultimate
ligament strains (i.e., at failure) would be so high that the maximum possible residual stresses would not

appreciably alter the failure pressure.

The propensity for burst of vessel V-7B was evaluated on the supposition, discussed above, that the

initial crack would grow stably out of the tough IIAZ and thereafter be controlled by the properties of the

weld or base metal. It was also presumed that stable crack extension would not be significantly different

"om that observed in V-7 and V 7A. The value of fracture toughness of weld metal measured before the

test was in the midrange of base metal values, as shown in Table 4.2.This fact and the insensitivity of burst

pressure to variations in K . (Ref. 2) led to the conclusion that the vessel would not burst.h

4.3 V-7B Test Results

This section presents measurements that generally characterize the behavior of vessel V 7B in

comparison with vessel V-7 A test data and analyses. The complete record of pressure, strain, crack opening

displacement (COD), and temperature data are presented on microfiche, as described in Appendix A.

Results of the examination of the flaw after the test are included in this section. Complete reports on
acoustic emission ( AE) monitoring are included in Appendices B and C.

Vessel V 7B was tested by hydraulic pressurization through the two cycles shown in Fig. 3.7. As in the

case of V.7A, the response of the vessel during the first cycle was linear except very near the Daw,where

the deviations from linearity were very small. The second cycle of test V 7B,which started at atmospheric

pressure, is comparable to the rising. load composite of cycles 1,3, and 4 and the final depressurization of

V 7A. Comparisons of strain and COD vs pressure in V 7A and V 7B will be made for these cycles. In the :

second cycle, vessel V 7B was pressurized until it leaked at 151.8 MI'a (22.0 ksi). Test conditions and
failure pressures in vessels V 7, V 7A.and V 7B are summarized in Table 4.3.

4.3.1 Strain behasior

The overall response of the vessels is shown by the examination of circumferential strains measured

around the vessel at the circumferential midplane of the flaw. Locations of strain gages on this plane are

. - - . . . -,
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Table 4.3. Test conditions and failure pressures in
vessels V 7, V-7 A, and V 7B

Test l'ailurePrenurizing
Vessel temperature pressure Mode of failure

( C) (MPa)

V7 Wa ter 91 147.2 l.eak

V-7 A Nitrogen 88 144.2 1.cak with stable crack
under sustained load

V 7 tl Water 87 151.8 Leak %h continued flaw
growth ur<ier sustained
load

shown in Fig. 4.2. Inside and outside strains of V 7B are compared with those of V 7A in Figs. 4.3 through

4.8.

Typical behavior of the vessel in the region of the Raw is shown by the strains at locations identified in

Fig. 4.9. Strain vs pressure plots of V.7B are compared with those of V-7A in Fig. 4.10. Other strains near

the Gaw are shown in Figs. 4.11 to 4.13. The strains are plotted in pairs for locations that are symmetrical
relative to the flaw. Since the flaw is on the boundary between weld metal and base metal, the differences

in response of the two types of material are shown in Fig. 4.13a and b.There is a consistent pattern in the

differences in strain at symmetrical locations; generally, strains were higher at the points of higher residual
stress, whereas no differences could otherwise be attributed to the materialitself.

4.3.2 COD behavior
i

The COD of vessel V-7B is shown in Fig. 4.14 in comparison with values calculated prior to the ',-7A

- test. Modification of the COD mounts for test V 7B apparently improved the sensitivity and accuacy of
the measurements, especially at low pressure.

The measured CODS at the center of the flaw of V 78 and V 7A are compared in Fig. 4.' 5. Sensors
ZT127. ZTl:8, and ZT129 measured displacements 25.4 mm (1 in.) above the outside surface c | the vess?

Sensor ZT128 was on the Oaw centerline, while the other two were near opposite ends 152 mm (6 in.) from

the centerline. The three CODS of vessel V 7B are shown in Fig. 4.16 as a function of rising prer sure.

4.3.3 Sustained. load behavior at rupture

Vessel and patch ruptures were observed by video monitor and by strip-chart records of patch and

vessel pressure. It was noted at the time of rupture that CODS were increasing rapidly, possibly indicating

unstable, but slow, crack extension. Posttest data plots allowed a detailed study of several concurrent

changes during the rupture phase that were too subtle and rapid to be noticed during the test.The series of

plots in Figs. 4.17 through 4.20 show the changes as a function of time and lead to the conclusion that the

axial tearing at constant load commenced within a few seconds of the time ofligament rupture.

Figure 4.17 covers a period of time including the last three pressurization steps. Vessel rupture as sensed

by the patch pressurization system (PPS) caused the large drop in patch pressure shown in this figure. Patch

rupture about 70 sec later repressurized this system and initiated the complete depressurization of the

vessel. The COD measurements superimposed on the pressure plot in Fig. 4.17 show that the flaw was

probably growing at constant pressure about 30 see prior to the indication of rupture by the PPS.

The development of this apparent instability and its relationship to the actual time of rupture are seen

more clearly in Figs. 4.18 and 4.19. Figure 4.18 shows that the center COD gage (ZT 128)was subjected to

. - . - - - -- _. - . - . - - - - --
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i

an extraneous force twice within about 120 sec: the second occasion occurred coincident with the patch

rupture, which released a hard stream of water against the center COD probe. The earlier perturbation in

ZT 128 is believed to have been caused by a similar impact during the rupture of the vessel. Thus we ,

consider the time of tius perturbation to be the nominal time of rupture,although leakage may have started |

a few seconds earlier,

With this definition of nominal time of rupture as a reference point, the concurrent behavior of several <

variables is as shown in Fig.4.19.The CODS were accelerating during the times after nominal rupture when

vessel pressure was steady or increasing. This indicates that axial tearing of the flaw was probably' taking

place after rupture; this type of behavior did not occur. during earlier pressurization steps or in the
pneumatic V 7A test. A small temperature excursion of about i K (2 F) was observed near both ends of
the flaw and in the ligament, as shown for one of these locations in Fig. 4.19 This occurrence is also unique

to the rupture phase of the test and is consistent with the supposition that deformation and tearing at this
time heated the metal If this is the case, the ligament may have ruptured initially near one end rather than

in the center since the centralligament temperature continued to increase after the nominal time of rupture
'

until the rupture became large enough to affect the patch pressurization system. At that time the escaping

fluid, chilled by expansion, cooled the notch as shown in Fig.4.20.
;

The stability of the V 7B Daw relative to the V 7A flaw may be indicated by a comparison of the CODS

of the two vessels at about the same pressure. Vessel V 7A attained a maximum pressure of 144.2 hlPa
i

(20.9 ksi) prior to rupture, and that pressure was sustained within about 1% for 30 min after rupture.The

fourth pressure plateau prior to reaching maximum pressure in V-78 was at a comparable pressure,145.1 j

hlPa (21.0 ksi). Figure 4.21 shows the central CODS vs time for these two cases.This comparison suggests j

that at comparable loads vessel V 78 was as stable as V 7A.
'

4.3.4 Posttest fracture examinations

Visual and ultrasonic examinations after the test disclosed that the crack extension in V-7D was much .l
larger than that in V 7 and V 7A. Figure 4.22 shows vessel V 7B after the test. hieasurements were made by

use of a thin wire probe to determine the crack extension insofar as the crack was straight enough to allow

the probe to penetrate. The vessel was examined ultrasonically to aid in determining the lines along which

cuts would be made to remove the flawed region and to investigate an area nearby that was the site of high
.
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AL activity. A block containing the Oaw and the weld metal was name cut from the vessel and milled on

the cut sides to perrnit ultrasonic (UT) examination from those surfaces.The block, about 810 mm long by
215 mm wide (32 X 8% in.), contained the entire flaw. After UT examination was complete, the block was

sectioned for metallographic study of the Gaw.

The crack appearance shown in Fig. 4.22 indicated, in the initial postlest inspection, that the fracture

surfaces beyond the initial electron beam (EB) weld crack were generally rough and typical of tearing as far

as one could see into the fissures [about 50 mm (2 in.) in some places] . The residual crack opening at the

machined surface is about 7 to 10 mm (0.3 to 0.4 in.). Along most of the ligament the fracture runs slightly

toward the base metal. At the sloping end of the machined notch toward the vessel Gange, the fracture

plane is visibly inclined toward the weld metal. In Fig. 4.22, short surface tears into the weld metal are

evident at both ends.
The longitudinal section of the Gaw in Fig. 4.23 shows the results of probe measurements and UT

examination of the cut.out Raw by K. K. Klindt at ORNL. The UT examination also indicated that the

deepest part of the observed crack is denected at the Gange end, about 13 mm (0.15 in.) from the
longitudinal plane of symmetry of the original flaw toward the weld metal. Ultrasonic examination by the

Southwest Research Institute agreed with these observations.

The rupture that caused complete depressurization of the vessel was discovered by examination of the

inside surface of the vessel after the patch was removed. The sketch in Fig. 4.24 was made from rubbed

impressions of the inside surface of the vessel.Two cracks were visible on the inside surface near the end of

the ligament toward the flange of the vessel. The longer crack ran about 40 mm (1.6 in.) irregularly in an

axial direction and was open sufficiently for light to pass straight through the wall. In contrast to V-7B, the

Gaws in vessels V 7 and V-7A were tightly closed after testing.

The block containing the Gaw was saw cut transversely in 16 places as shown in Fig.4.25.These cuts

exposed cross-sectional views of the initial crack and the crack extension at 14 planes (28 faces). The
etched faces of these cross sections show that the initial EB weld crack lay entirely within the heat-affected

zone (HAZ)in the base metal adjacent to the weld repair, as had been desired (see Fig. 4.26).

The etched cross sections at several locations show the crack extension relative to the llAZ. As
indicated in Figs. 4.27 and 4.28, the crack extension was entirely in the base metal in some regions,in weld

metal in others, and in the ll AZ only at crossover points (as in Fig. 4.27).

Some segments of the block (J, K, and L) fell in two pieces during sectioning, since they were
completely fractured during the test. Segments C, M, and Q were chilled in liquid nitrogen after sectioning

and broken open to expose the fracture surfaces. The two segments including the crack tips at both ends of

the Gaw (C and Q) are shown in Figs. 4.29 and 4.30, respectively. Visual examination of these pieces
confirms the location of the crack front determined ultrasonically by K. K. Klindt (Fig.4.23). As shown in

Figs. 4.29 and 4.30, the crack extensions at the ends of the Gaw conformed to and lay close to the base
metal weld metal interface. At the dome end of the Daw, from which the pieces shown in Fig.4.29 were

taken, the crack extension remained near the original plane of the flaw. At the opposite end the crack

curved out of the original plane in conformance with the greater curvature of the interface at this end.

4.3.5 Crack extension relative to burst

As predicted before the test, the sesselleaked but dH not burst. Ilowever, the posttest evaluation led to

the conclusion that the flaw in V-7B was tearing slowly from both ends at constant pressure when

maximum pressure was attained, within a few seconds of the time of ligament rupture. This behavior had
not been seen in the V 7 and V.7A tests,which terminated at lower pressures.
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The continuing deformation of V 7B during constant load is shown in the strain and COD vs time plots

of Figs. 4.31 and 4.32. Pressure changes during this interval are shown in Fig 4.33.This behavior suggests

that the structure as a whole was unstable at the maximum test pressure although the crack itself had not

reached a condition conducive to fast fracture.

As indicated by pretest analyses, a burst was not expected in vessel V-7B with the initial crack length;
'

results are shown in Fig. 4.34. Burst pressures for through-the. wall flaws in intermediate test vessels are

shown by this figure to be very sensitive to the crack length for cracks at least as long as the V-7 series I

Haws; but variations in material toughness do not significantly affect the results. The final results of the

V.7, V 7A, and V 7B tests are shown in this figure. The estimate; burst conditions are consistent with the

test results.

4.3.6 Elfeet of repair weld

The asymmetry of the repair weld relative to the flaw is shown in Fig. 4.9. One end of the V 7B flaw

was near the end of the repair weld, while the repair weld extended about 200 mm (8 in.) beyond the other

end of the Daw. Strains around the flaw were typically higher in locations of high residual stress
(particularly at that end of the flaw where the extension of the Raw plane lay along the edge of the repair ;

I

!
'

.
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Fig. 4.34 Estimated burst pressures of an intermediate test vessel with a through the-wall axial crack
with results of tests V-7, V.7A, and V 711.

i

weld) than in symmetrical but unprestressed locations. Strains in the plane of the crack in V 7A were about

the same as those measured at comparable pressures in V 7B at the end of the flaw away from the repair
weld (the Gange end in Fig.4.9).

Table 4.4 compares the strains at similar locations in V-7 A and V.7B at a pressure of 144 MPa (20.9 ksi)

(the maximum pressure in V.7A). The strains at both ends of the V-7A Raw are about the same as those at

!

. .
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Table 4.4. Comparison of strains at similar and symmetrical locations
relative to the flaw in vessels V 7A and V 7B at 144 MPa -

Dome end of flaw g.lange end of flaw
(edge of weld in V-78)

Gage location Strain (%)gg g)
Gage N ' *E# '

V-7B V-7 A
V-7 B V 7A

In flaw plane
203 mm from notch XL100 0.19 0.17 0.16 0.18 XE107
127 mm from notch XE 101 0.53 0.34 0.27 0.38 XE105

b25 mm from notch XE1038 2.20 1.61 1.29 1.50 XE104

7.5* from flaw planec

in base metal XE108 0.67 0.45 0.81 XE109
in repair weld XEl10 0.60 0.59 XEl11

8V 7A gare XL81.
D 7A gage XE79.V
cl 3.2'' in V-7 A. i

|

|

respective locations at the flange end of the V-78 flaw. Ilowever, the two ends of the V 7B flaw were
subjected to significantly different strain conditions (see, for example, Figs. 4.11 through 4.13).
Nesertheless, the crack geometry in V 78 remained approximately symmetrical throughout the test, as

indicated by COD measurements (Figs. 3.8 and 4.16). These data suggest that axial tearing was not
extensive until about the time of rupture and that it proceeded from both ends of the flaw almost
simultaneously. Markedly different strains at the two ends of the flaw did not produce significantly
different tearing.
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5

Summary and Conclusions

Intermediate test vessel V-7 was the seventh in a series of eight flawed 152 mm thick (6-in,) steel vessels

tested hydraulically. The test section of the vessel was fabricated of ASThl A533, grade B, class I steel

plate. The test Oaw was a trapezoid shaped external surface Gaw 135 mm deep (5.3 in.) and 457 mm long
<

(18 in.) on the surface. A sharp crack tip was achieved by hydrogen-cracking an electron beam (EB) weld

placed around the perimeter of the Haw. After the initial test, which resulted in a leak without unstable

rupture, the Dawed region of the vessel was repaired in accordance with the ASME Boiler and Pressure

Vessel Code, Section XI, weld repair procedure without postweld stress relief; a new Daw, identical to the-

original, was placed in the test sectmn in base metal 135 from the original flaw. The repaired vessel,
designated V-7A, was tested pneumatically and again resulted in a leak without rupture. The vessel wa.:

again repaired by the Section XI procedure and designated as vessel V-7B. The V.7B Gaw was geometrically

identical to the Daws in the two earlier tests but was placed as nearly as possible within the heat-affected

zone (llAZ) of the second repair weld.

Vessel V 78 was tested hydraulically at about the same temperature [87 C (188 F)) used for V-7 and

V-7 A. A stainless steel patch was welded to the inside surface of the vessel beneath the flaw to prevent

leakage after ligament rupture, thus allowing pressure to be sustained. The vessel was tested on July 14,

1977, through two pressure cycles, one to 72.5 MPa (10.5 ksin and the other to 151.8 MPa (22.02 ksi).

Vessels V 7 and V-7A leaked at 147 and 144 MPa, respectively. At peak pressure in vessel V 7B, a leak

developed through the Gaw as in the two previous tests. Thereafter the pressure was sustained relatively

constant for about 2 min by means of the patch; then the patch ruptured, allowing the vessel to
depressurize completely. Unlike the behavior of vessel V-7A under sustained load, the Gaw in vessel V 7B

apparently continued to tear in the axial direction after the rupture through the ligament became complete,

indicating that a burst condition was being approached. All three tests demonstrated that the Dawed vessel

was structurally stable, at least up to 2.15 times design pressure; the V 7B test demonstrated stability up to

2.27 times design pressure.

Posttest ultrasonic and visual examinations of the flaw region showed that the initial sharp flaw was

within the llAZ, as desired, and that both ends of the V 7B crack had extended axially by tearing an I

average of 76 mm (3 in.). This brought the total crack length close to the calculated instability length for

the maximum test pressure achieved. This amount of axial crack tearing exceeded that previously observed

in the V 7 and V 7A tests it was also found that the path of axial tearing had proceeded immediately from

the original crack tip in the repair weld llAZ into the adjacent weld or base metal, thereafter reentering the

ilAZ only infrequently so cross it. This behavior had also been observed in precracked Charpy V-notch

|
|

|

|

_ _ --___ _ _ _ - _



-. - - .- - .- . _ . . - - . . . _ - . . . .- -.- - - --

92

specimens tested before the vessel V.7B test, indicating that the crack tearing resistance of the liAZ
material was greater than that of the adjacent weld or base metal.The axial crack extensions followed the

weld-base metalinterface closely,even where it deviated from the plane of symmetry of the Daw.

Pretest residual stress measurements made on the inside and outside surfaces of vessel V-7B near the
Daw and on through-thickness sections of companion test welds indicated circumferential residual tensile

stresses of near yield point magnitude adjacent to the repair weld but considerably lower residual stresses in

the repair weld itself. Measurements of strain changes induced by the machining c : the V-7B notch implied
that the residual circumferential stresses in the ligament were at least slightly compressive. For the high

toughness conditions of the V 7B test,it was predicted that the plastic strain in the ligament would be so

high prior to rupture that residual stresses in that region would not appreciably affect the leak pressure. Tha
|

variance of the leak pressure in V 7B from those of the two earlier tests was,in fact, small and was probably

a result of a combination of slight differences among the three tests.

This series of tests demonstrated that, provided fracture toughness is adequate, half-bead weld repairs

made in accordance with Section XI of the code can perform satisfactorily under an overload even with a

Daw in the repair zone. At comparable pressures the vessel response in terms of strain and crack-opening

displacement was about the same in the three tests. The stability of vessel V-7B was compared to that of
vessel V 7A at its maximum load. It was concluded that vessel V-7B with the flaw in the repair zone was as

stable and as capable of carrying the load as were the other vessels up to their maximum test pressures.
7

|
Observation of acoustic emissions indicated that the initial half. bead repair weld (unflawed) was quiescent

| in both the V-7A and V-78 tests and that the prepared flaws, regardless of whether they were in a repair
l

rone or not, behaved essentially in the same manner as a source of acoustic activity.'

The significantly greater axial tearing of the Maw in vessel V 7B may be the result of one or more of the

following factors: (1) higher pressure, (2) residual stresses, (3) inhomogeneous material with respect to

mechanical properties near the flaw plane, and (4110wer fracture toughness (possible undetected variation).

The V 7B test data suggest that the major portion of the axial tearing was not promoted by the higher
|

strains at one end of the Daw, which tends to discount localized residual stiess as an important contributor, l

Assessment of the relative importance of the other factors would require data and methods cf analysis that

are not presently available.

|
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Appendix A

Test Data

1
1

A complete tabulation of data recorded during the vessel V-7B test has been produced on microfiche

and attached inside the back cover of this report. The data recorded on the computer-controlled data

acquisition system (CCDAS) consist of 1093 scans of temperature, pressure, crack-opening displacement

(COD), and strain measurements recorded on magnetic tape. Ten additional channels of strain data were |
recorded on Vishay equipment; these data consist of 26 scans, the times and pressures of which were
recorded by hand from the CCDAS.

The data on microfiche are divided into 8 tables:(1) temperature,(2) pressure and COD,(3-7) CCDAS
,

striin, and (8) Vishay strain. Each line of a table presents a scan number, the lapsed time relative to CCDAS |
Iscan number 1, and a set of measured data in Si units. Conversions are given in Table A.I. The data tables

occupy 1 fiche with 18 columns. An index to the data is given in Table A.2.

Data known to be erroneous are identified in Table A.3.

Table A.I. Conversions from SI to English units

St Multiplier of Si value I nylishy,,gg
unit to obtain i nglish value unit

Pressure M Pa 0.14504 ksi

COD mm 0.039370 in.

Strain um/m 1.0 pin./in.

Temperature (l') = 9/5 ltemperature ("C)} + 32

Table A.2. Index to V-711 data on microfiche

Column No. Table No. Description
_

1-2 1 Temperature
3-4 2 Pressure and COD
5-6 3 CCDAS strain, XI:33-42
7-8 4 CCDAS strain, XE43-64
9-10 5 CCD AS strain, Xl 65,72. 86-96

11-12 6 CCDAS strain, XL97-107
13 -14 7 CCD AS strain, XE108-124

15 8 Vishay strain, XI:74-82
16-18 tilank

.-.
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Table A.3, Erroneous data
e

Sensor Scan No.

XE 36,39,42,55,73,75 All
PE30 213

XE 33 869-1093
XL44 707-1093
XE 65 119-1093
XE 74 12

XE|02 944 -1093

__-- _ __- -_ _..__
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Appendix B
,

Acoustic Emission Measurements for HSST V 7B :

Intermediate Vessel Test

P.11. Ilutton * J. F. Dawson * R. J. Kurt:* '
e

Introduction

Measurement and analysis of acoustic emissions (AE) generated during testing of the llSST V.7B |

intermediate vessel was performed under the auspices of the Nuclear Regulatory Commission. There were
- )

two purposes in moi toring AE: (1) to provide r:al-time information to the test manager of any notable
indications of distress in the vessel at locations other than the machined defect, and (2) to acquire AE data

for analysis relevant to development of AE/ flaw relationships for inservice reactor monitoring. Two AE

monitor systems were used to more effectively meet the two requirements. A Dunegan/Endevco (D/E)

1032 computerized monitor system (Fig. B.1), which provides point source location and a count of all AE

signals received, was used in support of the first objective. This system should be capable of detecting AE

from any point in the vessel. The BNW multiprameter digital memory AE monitor (Fig.B.2)was used to

achieve the second objective. This unit measures five AE parameters (total event count and valid event

count, energy, rise time, and amplitude) plus a nicchanical parameter (vessel pressure) simultaneously and

j stores the information in the digital memories. By means of a source isolation feature, valid signals are

restricted to those originating from a predetermined area -in this case, the vicinity of the machined defect.

Total event count is a count of all acoustic signals detected without limitation by source isolation.

Procedure

ILocation of the AE sensors on the test vessel is shown in Figs. B.3 and B.4. Installed instrumentation

prior to the test is shown in Fig. B.S. Pressure coupled metal wave guide sensors (8 in. long) were used with

the D/E 1032 system, and surface mounted PZT 5 sensors were used with the BNW system. Since the

function of the D/E 1032 system was only to detect and locate AE sources, wave guide sensors with the ,

attendant potential for wave form distortion were chosen for insurance against temperature effects. The ' )
vessel surface was about 200*F. Wave form is more critical to the BNW system for comparison with

'

i

'llattelle Pacific Northwest laboratories.
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laboratory specirnen data. Sensor calibration curves in Fig. B.6 were generated in the laboratory with the

sensors mounted on a 12 X 12 X 6 in. steel block using alumina grit blast excitation.

The AE sensors were connected to preamplifiers located within 15 in. of each sensor. Output of the

preamplifiers connected to the monitor systems through cables about 100 ft long. |

The ASME guide for acoustic emission exandnation during application of pressure was followed in )
|setting up the instrument systems preparatory to testing. An electronic pulser was used to inject acoustic

signals into the vessel wall. The artificial signals served the functions of(1) verifying that the AE monitor j
systems were working and (2) providing a reference for setting system gains and/or detection tFresholds.

Operational parameters for the two AE monitor systems are presented in Table B.I.

i
j

Table B.I. Operationa: parameters for AE rnonitoring systems

Parameter D/E 1032 IlNW digital

System gain, dll 85 91 |
Controlling sensor sensitivity, dB |

(reference IV/ubar) -70 -70 !

Detection threshold (peak), V I5 1.4 |
Monitoring bandwidth, Mllz 0.25 -1.0 0. 2 - 1.0
| ffective sensitivity, ubar 0.27 0.14
llackground noise (electronic),

V(peak)
Channel A 1.0

11 0.8
Array 0

Channel 0 0.5
1 0.6
2 0.85
3 0.5

Array |
Cl nnel 0 1.3

1 1.2
2 I.2
3 0.8

Metnory update period, see 32 (Ph.1) ,

64 (Ph. 2)
Cahbra' ion salue at 0.1 usec 2400
Maximurn at at 0.1 usec 2640
liard maximum at at 0.1 usee 2800
Delay, msee 20
Zone isola tion, usee

Channel A 310
Channel 11 310
Zone Width. in. I9

Rise time limits usec 1, 5,10
1%Ise height limits, V (peak) 1.3, 2. 5, 5
Parameters recorded AE event count AE event count

at (tota 18and valid 8)
Sourn coordinates Valid AE energy
AE count (ringdown) Valid AE rise time
Time (36-see increment) Valid AE amplitude
Pressure Pressure

*lotal event count is a count of all acoustic signals detected by one sensor with no source isolation
control. Valid event count is a count of signals verified by source isolation limits.

, -
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Source location accuracy of the D/E 1032 system was tested using the electronic pulser. The ASME
guide requires the accuracy to be within 5% of the maximum distance between the affected sensors.This

would be 0.05 X 28 or 1.4 in. in the subject test. The maximum deviation was 2.0 in, and the average for
ten signals was 1.2 in.

The BNW digital system does not perform point source location. It selects AE signals on the basis of the

indicated source being within a preselected area. The pulser was used to verit'y the source isolation zone
limits.

Results

Acoustic emission data are surnmarized in Tables B.2 and B.3. Table B.2 gives data produced by the

BNW digital system with associated vessel pressure, and Table B.3 shows data from the D/E 1032 system
and corresponding crack-opening displacement (COD) values. The column headed " Flaw area" shows the

Table 11.2. IISST V 7B vessel test - BNW digital system AE data

Rise time (usec) Signal amplitude (V) Total
Pressure Total energy
(psig) valid Al; <1 1-5 5-10 > 10 <l .3 1. 3 -2.5 2.5 -5 >5 (10 0 ya .s3

-

l'hase 1

0 0 0 0 0 0 0 0 0 0 0
1,000 13 6 5 1 1 7 4 1 1 1,736
2,000 21 11 7 1 2 12 4 3 2 3,24 7
3,000 64 33 20 8 3 34 15 6 9 9,241
4,000 126 78 31 12 5 79 21 9 17 17,111
5,000 221 128 65 22 6 136 34 27 24 29,776
6,000 324 180 100 30 14 197 46 46 35 41,665
7,090 421 228 127 45 21 255 58 62 46 54,687
8.0til 516 278 159 57 22 301 73 81 61 67,318
9,000 665 369 194 70 32 389 , 89 102 85 84,216

10.000 782 430 230 87 35 4 55 97 125 105 99,168
, 10.500 821 448 239 98 36 4 75 102 135 109 103,945

l'hase 2

0 0 0 0 0 0 0 0 0 0 0
5,000 10 6 4 0 0 6 2 1 1 1,401 |
8,000 18 10 6 1 1 10 2 4 2 2,274
9,000 34 18 13 1 2 18 3 8 5 4,620

10,000 46 23 19 2 2 27 4 10 5 6,497
11,000 113 48 49 14 2 SI 15 35 12 15,015
12.000 169 74 68 20 7 83 19 41 26 22,244
13,000 223 94 97 24 8 109 31 52 31 29,134

|
14,000 313 137 129 26 11 157 43 69 44 41,027

,

15.000 406 184 162 48 12 205 56 85 60 49.690 1

16,000 491 223 190 64 14 25 0 64 10 70 60,170 |
17,000 593 276 226 72 19 306 77 129 81 73.884
18,000 699 329 262 79 29 362 95 153 89 86,479

,

19,000 819 'd 6 306 92 35 419 108 181 111 101,511 |
20,000 905 428 338 100 39 463 119 194 129 111,200 |
20,500 955 445 359 til 40 483 126 206 140 117.014
21,000 1067 491 407 126 43 534 137 228 168 130,307
21,500 1232 552 478 149 53 599 152 268 213 150,091
21,750 1555 734 594 165 62 779 183 321 272 195,050
1 ailure 1788 862 672 183 71 898 209 366 315 219,945

l

1

. _____ _ _



.

106

Table B.3. IlSST V-7B vessel test - systern AE data D/E 1032

COD (mils) AE event count
Pressure
(psig) ZT 127 ZT 128 Z l' 129 l' law area All array 0

Phase 1

0 1.00 0.50 1.00 0 0

1,000 3.00 4.00 3.00 0 1

2,000 6.00 8.00 6.00 1 3

3,000 8.50 12.00 8.50 7 13

4,000 11.50 16.49 11.50 14 26

5,000 30 52

6,000 17.49 25.49 17.49 51 87

7,000 20.49 29.99 20.99 62 105

8.000 24.49 35.99 24.9 9 81 118

9,000 28.99 42.48 29.49 119 147

10,000 29.99 43.98 30.49 157 231

10.500 35.49 30.98 35.99 171 250
|
|

Phase 2 .-

0 10.50 11.50 11.0 0 0

8,000 28.99 41.48 29.99 1 1

3,000 30.59 44.98 32.49 2 2

10,000 33.99 48.98 34.99 5 9

11,000 36.99 53.48 37.99 9 15

12,000 42.98 61.98 44.48 58 70

13.000 49.48 70.47 50.98 68 82

14,000 56.48 79.97 58.49 93 114

15.000 65.98 91.9' 69.47 125 152 ;
'

16.000 75.97 104.46 80.4 7 145 178

17.000 86.97 118.46 92.97 165 200

18.000 99.46 133.95 107.96 195 232 j

19.000 116.96 153.94 127.45 228 269

20.000 135.95 175.94 148.45 264 327

20.500 143.45 183.93 155.44 288 353

21.000 164.94 205.42 175.94 343 429
I

21,500 196.93 236.41 204.92 394 498

21,750 229.92 267.90 235.41 519 666 .

'

l'ailure 339.38 307.89 334.38 556 711

count from array 0, which was associated with the flaw by the source coordinates given in the computer f

printout. The "All array 0" column shows the total count for array 0 which encompassed the flaw. Array I

showed only limited scattered indications and is ignored for analysis. Vessel pressure is a common
parameter for cross correlating information in the two tables. It is evident that the total AE event count
from the D/E system is roughly one-third tliat from the BNW system. This is reasonable on the basis that

the D/E system was purposely set up with about half the sensitivity of the BNW system. It was desirable to

operate the BNW system with sensitivity similar to that used in laboratory specimen testing to facilitate
data comparisons. This, however, made it subject to possible problems with unexpected vessel test system
noise. With this in mind,it was decided to make the D/E system less sensitive to minimize the possibility of

total loss of AE data in the event that a noise problem arose. In actuality,both systems operated without ;

problems.
Plots of AE count and vessel pressure vs test time for each set of data are shown in Figs. B.7 and B.8. In

addition to the fact that the AE count parallels the pressure curve quite well, there are two other features
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to note. Going from phase 1 into phase 2, the influence of the Kaiser effect is evident. In phase 2, AE

activity does not reappear to any degree until vessel pressure exceeds that of phase 1. This is an AE

phenonwnon associated with repeat loading within the grossly elastic range to the same stress level where

most of the detectable AE will be generated in the first load cycle. Dr. Kaiser nrst identified this in the

early fifties in Germany. Since that time, evidence has been gathered to show that the phenomenon is

reversible under appropriate time and temperature conditions. Also, the effect does not hold with repeated

loading to the extent that fatigue damage develops.

The other feature to note in Figs. B.7 and B.8 is the sharp increase in AE as vessel failure at the Raw is

approac ned. This provides a finite warning of impending failure. The detailed data indicate that both

systems sneved the increase in AE at the same point - as the pressure exceeded 21,250 psig.

The visual display of AC source location indications on the D/E 1032 CRT screen relative to pressure

increments is shown in Figs. B.9-B.16, which were generated by replaying test data from a digital cassette

tape. Authenticity of the recorded data was verified by comparing the accompanying printout with the
real-time printout from the test. The ACOD shown in the lower left corner of these illustrations is the

increase in COD during a given pressure increment compared to the previous condition. In comparing Figs.
1

H.9 and B.10, the Kaiser effect discussed previously is very evident. The same pressure range is involved

with the second pressurization occurring within about 30 min of the first. The second pressurization :

produced very few AE indications.

The primary significance of Figs. B 9-B.16 is to demonstrate AE response to flaw development. Up to i

18,000 psig, most of the AE comes from the center section of the Haw. As the pressure increases above

18,000 psig, the AE indications begin to move to the outer ends of the Haw. The last two photographs

(21,000 to 21,750 psig and 21,750 psig to failure) show evidence of potential crack extension from the
ends of the Haw. Figure B.17 shows that thia did occur.

Signal wave forms processed by the BNW system were obtained with an associated transient wave

analyzer and oscilloscope. Samples of these are presented in Fig. B.18. An important observation is the fact j

that these are generally similar Io AE signals observed during testing laboratory specimens of the same type

of material. This tends to lend credence to the usefulness of laboratory data in developing preliminary
AE-fracture mechanics relationships for application to heavy-section vessels. Signal 8 is considered to be a

noise signal from an unidentified source it is classified as such on the basis of the gradual increase in
amplitude without any sharply defined signal front. This is the type of signal observed previously from

'

known noise sources such as movement at the interface of two metal objects. One noticeable difference

between these signals and those observed from laboratory specimens is the predominance of
lower frequency components (N300 kilz) in the signals from the vessel test. Signals from laboratory
specimens show higher. frequency components as well as the lower frequency. This is probably a
combination of the innuence of high frequency signal attenuation in the longer travel path in the vessel
material and electronic system characteristics.

Analysis

A limited amount of analysis relative to Daw growth parameters has been performed at PNL This
concerns two areas - relating AE to COD measurements and relating AE to stress intensity factor.

The AE count vs COD is shown in Figs. IL19 and IL20. Figure B.19 shows the AE event count from
both the BNW and the D/E systems plotted against an average of the COD values for phases I and 2. Figure

11.20 shows AE energy data from the BNW system plotted against average COD for both phases. Except for

one point corresponding to 21,750 psig, there appears to be a icasonably good hnear relation between COD

(

.- . - - -_



. .

109
,

HSST VESSELV-78 TE5T pm:~ ,ptjgg' p' pygo;&pyy;n5:euw$051{i::'" jAE SOURCE LOCATION y' p"D '
~

' ". ' 'if lj:SECil0N OUTLINEPm,
y ' ' ' ''

VESSEL TEST M- 'C

DIE 1032 SYSTEM '

PHASE 1

$ ' y!f;@j|dggc@l j
$fJgfi" #.

PRESSURE RANGE i
'

0 TO 10,500 psig ! $, AE SENSORh% |
g p m m.a r # ;,..q
g 7

- AE SOUgS.COD SENSORS ,;,

I O ' - O S i: 10lNCHESp d!

!w.;.6 [}%" ;KM ies.n|$4W
g ff w a ga{f M p ufj%o

y u.i nyg
eJ 3 Wpm ..
Q,LppgepgiggjQ,,f j f . ;31sfs 's.'i[ a

ea gg p

Sh{jf,g
'

4

$ k ,1% . OPEN END .

'N;C4 @& 56]; FLAW 4}Q.379.g}yq>n;
, f]

hb0 #E $ i0'2 -

0 .

$McN;;]t f' , , - s? 'M .q.g
y $-

,j.p .;,3p"^ . , I
g

5 J' M e @
M $g$l, d,

'

h 0.li t; o,
'

9 $ | j g -%gj k 'O]
a

798 .2 c; - M .

iMb[dlM 'A]
!9;

'O

2"
5

+{;;j%;{L,g4,lhsigf]][g$
~ | T

'
..

4

f$$V'ddoeo V
1 hr! <d<%)C00 SENSOR

[a%ib.%g%LuddE$$%5Ndurabh:absMMSb$ (
'

Fig.11.9. IISST V-7tl test AE phase 1,0-10,500 psig.

ORNL PHOTO 4866-78
x . . y:: Sytyt .:

HSST VESSEL V-78 TEST
- ' 1,j

AE SOURCE LOCATION ,
DIE 1032 SYSTEM
PHASE 2

PRESSURE RANGE
. ~ Ij, -

O TO 10.500 psig E,
'

$C00 SENSORS
.

NN .

. 9,

'
-

7 ,

. .

EllEDE E
'

. y
0. 2 -

'

.[
-

m

$ - NE -

, 0.1 9
''

g ,

u .
..

N #
o o e
s a &

@ D@ '

>
C00 SENSOR -

--.
.

Fig. B.10. IISST V 7B test AE phase 2,0-10,500 psig.

_ _ _ . . _ _ _ . . _ - . _ - _ . -



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

110

c ,,, wo w-n

HSST VESSEL V-78 TEST . .-| 0 < o ?n i" M - .- . VESSEL TEST . h
'

.-

AE SOURCE LOCAil0N g
- -SECTION OUlllNEk;r;irg

D!E 1032 SYSTEM
'

' T-;g(g|;jg .
.: f :- c:: b-

,
pPHASE 2

'

'-' ' N; 7PRESSURE RANGE
'

Al SENSORLp; -
10,500 to 15.000 psig

t. AE 500RCEspp
" 10 INCHES [9hlC00 SENSORS

' '

'

:

. . . } c '. f|t..h.y:{.;.}. .db j ' [-
: ..r,, h,$ . :

.,

:.,~. _ hh '' ., 'b%;3%%fy'
FLAW . . .

-- o.

j 2: \ ' ~||.?
2 s .-

.p. .,,;.

y *.
'

'5* ' . .4

.hft.[,'^I }

,

,

0. 2 - , . . -
..

-

.

.

.Ly(jky:&| ; .C;' T,; , . .', L. ' %' .d , . ,

o- _., v.w5-

' . , .. gpp
c .. . mfqp)
- ' ::f.*$,$pqjj

.. .)r
-

!) . i.; ' . i

; 0,1- _
. 9 wr

:: : . yg;jfwd
5

. ,

0
. bibf

' * *

O' g - ' ;. , .

C00 SENSOR (f.g C JLgk . V Ai.1-s AMS 1;/tm>J

Fig. B.I1. IISST V.7B test AE, phase 2,10,500-1 S,000 psig,

|ca.a wo n n

HSST VESSEL V-78 TEST VESSTL TEST $3
AE SOURCE LOCAll0N CTION OUTilNE I9
0I 1032 SYSTEM
PHASE 2

fPRESSURE RANGE ,

AE SENSOR15,000 7013.000 psig

^I '

C00 SENSORS

(D O : 10 INCHE S g

\YbT |
|

N END . j

w

0. 2 -

~

r
~

,

Y ~ |
i$ . |
T 0.1 F ; ,

8 ; E
v if o o

4

0' O O (D
I

C00 SENSOR

Fig.. B.12. IlSST V-78 sest AE, phase 2,15,000-18,000 psig.

l

. . _ . .



~ . . . . . ~ _ - - . ~ . ~. .- .- . . . --

11

" """ " "
HSST VESSEL V-7B TEST .

. . .- . . . - - - ,v 9,7 ..

,

AE SOURCE LOCATION - - -
' lDT 1032 SYSTEM ..f,

PHASE 2 -. '" a
ifPRESSURE RANGE '^

18,000 TO 20,000 psig . '.
4

C0D SENSORS i

go -

ta!EEE (.

w mannes :.
.

M,

==
0.2 -

- .}j

O . ' .M
5

~

5z -

70.19g ; g j .

*'

8 2 . @
v ;g o e
< | | A

,

I I -55
O' @ @ @ $

C0D SENSOR 3.,

Fig. B.13. IISST V 7B test AE, phase 2,18,000-20,000 psig.

OR*it PHOTO 4870 -79

P3*T VESSEL V-78 TEST ***
VESSEL TEST f

' SW2CE LOCAT10N SECTION OUTtlNE h
Dt 1032 SYSTEM 'ji?id
PHASE 2 J;-} !J.

PRESSURE RANCE
E SENSOR N20.000 TO 21,000 psig gg4
E SOURCES)

C0D SENSORS Mau -' -
10 INCH [S h,g :

'

.....t

J-,w

* ']f
)Pf N EN

h.FLAW
.e
l' 9

0.2.- ~

'v
0 .

(11

h [
T 0.1; *

o E e
8 ;E E 2

d<3 o o

! I

O' @I@ @
C00 SENSOR

Fig. B.14. IISST V.7 B test AE, phase 2,20,000-21,000 psig.

. . - . _ . - . , . .-_. . . . . _ . . _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ . _ _ - _ _ _ _ _ _ _ _ _ _ _ _ _ -



, - _ - _ _ _ _ _ _

112

O#NL PHOTO 4871- 78

HSST VESSEL V-7B TEST y + ?P.N : NWSM*$ VESSEL TEST [-

AE SOURCE LOCATION O.....,.,.n. .., . q..; .g..g SECTION OUTLINE

, !- . g?;$ $Mp* yQ"td
'- ~DIE 103? SYSTEM .. 'TP,Tpi.; - .

.

' ^ "?PHASE 2 -
-

-

,

21,000 TO 21,750 psig - .' {|A{NIN5YR jfPRESSURE RANGE
, ~ ~ < - ' '

'

. . . .* ' AE SOURCES j
- - '' '

C00 SENSORS - - -
. ]0bE ~).

[
'

'

. ci .

- . &:g]. .- . . , , , -

Fl.Af
..

. . $1
-

'

,.- . - . .

<
.

, ::c a..

'.v .' ' yb.h.. .
,

|~g _ ats -

' ~3
-

s

'

d0. 2 -- 0
- .ysg .

. 5
-

g' ' (:(-C ;
'

1.5
'

:

,0
'

'

E .1_ - 5 -
4 @lg
.

.; . -

1.t8
-

a;
.

-

. - n.gp
e +

v e o

[{Mb
I | | .

.'#
..

@ @ Q . .
', . ' ' ' . . 'j .

,

C0D SENSOR jf g,;; . f f .j 7 .
.

' - s J}gf{

Fig. B.IS. IISST V 711 test AE, phase 2,21,000-21,750 psig.

ORNL PesOTO A872-75

HSST VESSEL V-78 TEST ..:'. w : n .,1 . %M,Gg
SECTION OUTLtNE f]is

[SfAE SOURCE LOCAT10N
NUhs

'

DIE 1032 SYSTEM yq ;

PRESSURE RANGE '

21,750 TO FAILURE psig
.

- '.
'

-| AE SENSOR [j
- - '? ' r4 04

'

-

'" AE SOURCE !

'h,(C0D SENSORS /
~ .)-' ' y ',- '

. , . . . ' - ; .
'

FLAW ..
-

'

.j?ffi
'

g
-

,

.
.

'A.''t.,,,,... -
-

pg
, ,

, % ' ggf- 13!!fC1N|||S ]@j
. . >

'' i
7

. . - s w
. .t g

0.2.-f y
'

( f .' , - |-[).- .

a
.

-

p ; - ~ ' 1! . .- g;

E .
.o

* ,

70.11 * ' . n>[ih.

E
- ' . dh;ig a

.
- -

..
-

'

.,g
U _

. i.yA
. . . ?* h_

o- s -

:.A
.s

.;: , , ., ' , . . . , . . .,. .,
-

, , y [,.M_ ,. ? k
ps

, _ : '' t
' * '

C00 SENSOR
.

.

,p, .

Fig.11.16. IISST V 78 test AE, phase 2,21,750-failure psig.

_ _ - _ _ _ _ _ - _ - .



--A-" *. - ,s a - _.,-a , , . , ,
-

113
I
:

|
.

/ 7"? , 3,p
7n

s. > r - $"j
- . . > ~

,

, ,0

a.- .

g, p
f

'
,, ,,m< p u wj ~qct

}I) [[ 'YU |f. f ,

; p y p y '5;y[** V,f. a[.h, y'f@p; fwm- . s a 8
.

-

. .[ ...M..,.!
'

q|
J

--- -.
-jf}g; 'u .ri

.

fQ
'' '

, ; ;;,
, : ;, ;, ., r e'

.P'''*
(a st 4 re ,

,J 175 ; a
r (i f); a ,

$i "
(, ,i 'ky*

;, .s .,gW~ . ' ~ . n' f g' .) y ;
,

pe n-..
.y g R .q\ ppmN, y

-o - ),.
#

Oh,5, , t 'y 3., _ y& N ' '

, ;j _!..'' ''

N;- f
\.:

.

|f(/N fg
Of$$d$b; M L} '

a'an n
/W h4 g.y1 , ,.Nd ''|g4

'\ ".~st,y + H *:/e.!|pg
n . -

g ~ ,t,,+ y yg

? 'yh|;|
3 -

i~-

..



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

1

I
1

; ORNL PHOTO 4873-78

I I

b|||| |I |
: ,-

I!g [g. .t . .m.. _ .

@ PHASE 1 - 4500 psig @ PHASE 2 - 12,500 psig @ PHASE 2 - 21 psig
.

! ..[ A.a..A.a.i._aa__ $

@ PHASE 1 - 5500 psig @ PHASE 2 -20.000 psig @ PHASE 2 - 21,500 psig
HOLDING HOLDING

2 VOLTS!DIV.
n P ;

-
. .

.

@ PHASE 1 - 10,500 psig @ PHASE 2 - 21,250 psig @ PHASE 2 - NEAR FAILURE
| HOLDING HOLDING PRESSURE

Fig. B.18. Sample AE signals - IISST V-7B sessel test.

|

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



- _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _

|
.

115

onut-owo n ism
,g

a

xn -

250 -

o a

f200 - D(' \^b 2

3 BNW
o
W

f 150
-

<

100 -

g ( p PHASE50 - D

i i i i i i i i i
o

0 20 @ 60 80 100 120 140 160 180 200

AE COUNT (0)

Fig. B.19. AE count vs average COD - IISST V 7B vessel test.

yg onNL onc is .insaa

30

250
o

r
i 2m -

8
* /
9
g tw --

< PHASE 2

100 -

PHASE I

- /-

"
O L i 1 e i i i , , ,

0 20 40 60 80 100 120 140 160 180 200 220

Al [NERGY-V0li -SEC (10-2,

Fig. B.20. AE energy (BNW) vs average COD - IISST V 78 vessel test.

_ _ _ _ _ _ _ _ .



- _ _ _ _ _ _ _ _ _ _ .

|

|

116

and AE. An interesting observation is the three distinct slopes to these curves.One slope is defined by the

phase 1 data. For the BNW data the slope increases for phase 2 for the segment from 11,000* to 18,000

psig and then increases further for the segment from 18,000 psig to failure, The final change in slope for the

D/E data appears to start at about 20,500 psig instead of 18,000, This is simply an observation at this

point, We cannot yet identify a cause or attach a significance to the pattern. Further review in light of
definable stages of flaw development may lend significance to the pattern.

The other area of analysis concerns relating AE to stress intensity factor. The pressure readings,
calculated stress intensity factors, and reduced AE count data obtained during burst testing of vessel V-7B

are given in Table B.4, The stress intensity factors were calculated by utilizing an equation developed by

Merkle et al:'

K=C p&, (1)
g

where C is the clastic shape factor for the flaw (1.572), r is the vessel radius (13,5 in,), t is the wall

* Phase 2 data froin 0 to 11,000 psig were not included because this is a nonrepresentative area Al due to the effects of

previo as loading to 10,500 psig on phase 1.

dTable H.4, Acousuc eminion and fracture mechanics data on llSST vessel V 78 burst test
. . _ . - -

HNW Al count HNW D/L AE count
Prenure K
(pup thivml

j ; Rise tune fusec) Signal a niplitude i V, energy gly
(10 " V' + s) I iJW

sahd cl 35 5 10 slo <l .3 1.32.5 2.5 -5 >5 array

0 0 0 0 0 0 0 0 0 0 0 0 0 0

1.000 14.45 13 6 5 I I 7 4 1 1 I,736 0 1

2,000 28 90 21 11 7 1 2 12 4 3 2 3,247 1 3

3,000 4335 64 33 20 8 3 34 15 6 9 9,241 7 13

4,000 57.80 1 26 78 31 12 5 79 21 9 17 17.111 14 26
.

5,000 72 25 22I I28 65 22 6 136 34 27 24 29,776 30 52

6,000 86.70 324 180 100 30 14 197 46 46 35 41,665 51 87

7,000 101.2 421 22H 127 45 21 255 58 62 46 54,687 62 105

H.000 185 6 516 27h 159 57 22 301 73 81 61 67,318 81 116

9,000 130.1 665 369 194 70 32 389 89 102 85 84,216 119 178

10,000 144 5 782 430 230 87 35 455 97 125 105 98,168 157 231

10,500 151.7 821 448 239 98 36 475 102 135 109 103,945 171 248

11,000 159 0 854 460 254 104 36 487 107 147 112 108.204 173 251

12,000 173.4 910 486 273 110 41 $19 Ill 153 126 115.433 222 306

13,000 187.9 964 506 302 114 42 545 123 164 131 122,323 232 318

14,000 202.3 1054 549 334 1 26 45 593 135 181 144 134,216 257 350

15,000 216.8 Il47 596 367 138 46 641 148 197 160 142,879 285 383

16,000 231.2 1232 635 395 1 54 48 686 156 219 170 153,359 307 412

17,000 245.7 1334 688 431 162 53 74 2 169 241 181 167,073 329 00
18,000 260,1 1440 741 467 169 63 798 187 265 189 179,668 354 462

19P00 274 6 1560 798 5II I82 69 855 200 293 211 194,700 387 500

20,000 289 0 1646 h40 543 190 73 899 211 306 229 204,200 425 55M

20,500 293.2 1696 857 564 201 74 919 218 318 240 210,203 442 578

21,000 303.5 1808 903 612 216 77 970 229 340 268 223,496 4 81 625

21,500 310.7 1973 904 683 239 87 1035 244 380 313 243,280 534 700

21,750 314 3 2296 1846 799 255 96 1215 275 433 37 2 288,239 609 8'7
22,020 318.2 2529 1274 877 273 105 1334 301 478 415 313,134 720 953

- . - - -. - - . _ _ - - . .- . - - _ . . -

1 he Al data reprewnt the cumulatisc Al obtained during two pressurization runs on vessel V-7H. During the rirst run the venci8

mn prevurved to 10,500 psi and then unimded On the nest run the vessel was preuurized to failure. All Al. data obtained below
10,500 psi on the second prenuritation were subtracted from the accumulated Al. obtained at higher pressures.

--________. _ _ _ _ _ _ _ _ _ . _ _ _ _ _ _ _ _ . - _ _ _
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thickness (6 in.), a is the flaw depth (5.31 in.), and p is the internal pressure. Substituting the above values

into Eq. (1) yields

K = 14.45 p . (2)f

In order to delineate the relationship between AE and a fracture mechanics parameter, graphs of AE count

vs the stress intensity factor were made (Fig. B.21). The D/E counts are plotted in Fig. B.21 as total array

count and Raw count. The total array count represents the total AE count obtained in array 0 regardless of

source location. The flaw count represents a manual accumulation of AE count in array 0 from sources near
- the flaw as determined by their source coordinates. A linear relationship between AE count and stress

intensity factor seems to exist over a broad range in stress intensity factor. Deviation from linearity occurs

at the extreme low and high ends of the stress intensity factor range. Deviation at high stress intensity

factor values is influenced by increasing AE associated with incipient fast fracture. The characteristic of

rapidly increasing AE as a precursor to fast fracture has been observed by a number of AE investigators in

several materials.'-3

The lines drawn on Fig. B.21 were obtained by a least-mean squares fitting on the data to an equation

of the form

%AE=a+hK . (3)f

The calculated regression coefficients and the square of the correlation coefficients are listed in Table 11.5.

It is evident from the data in Table B.5 that all AE parameters plotted in Fig. B.21 correlate well with the

stress intensity factor. In addition, linear regression analysis was performed on BNW AE count data that

were partitioned with respect to rise time and signal amplitude. The objective is to contribute to
identification of AE pararneters which most strongly relate to Oaw growth. Table B.5 indicates that all the

partitioned AE, except the slow rise time (>10 psec) and high amplitude (>5 V), correlate well with stress

intensity factor. This is consistent with results obtained to date in laboratory specimen testing under the

NRC-sponsored AE flaw characterization program at PNL

dTable H.5. trastsquares regression coerficients and correlation coefficients for AE vs K curves
f

HNW Al count us D/t. At: count

gmi Rhe time (usec) Signal amplitude (V) energy
-

Total
(10 '' Vi .5) l law

valui <l 1 -5 5-10 >10 <l 3 1.3 ~ 2.5 25-5 >5 array

a - 221 8 - 86 6 - 94.7 -31.1 - 9.3 94 4 - 23.0 63.5 -405 -24,791 -1050 -113.6
h 6 478 3.220 2.193 0 788 0277 3 462 0805 1.270 0.936 797.8 1,81 5 2.303

r' O.995 0992 0.994 0 994 0.979 0.994 0 996 0.993 0.988 0.995 0.990 0.992

f etween 4 3 35 and 303.5 ksi v'E8t Al = a + bK ror A tf

Again, the absolute signincance of these results to Oaw evaluation by AE has not been established. They

constitute an important input to the AE flaw characterization program, however, because they were derived

from a test involving a vessel configuration with a relatively thick wall (6 in.). The current AE flaw
characterization work by necessity uses primarily laboratory specimens up to IM to 2 in. thick. The subject

data contribute to assuring that laboratory results are valid and applicable in the context of a reactor vessel,
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Conclusions

Conclusions which can be drawn from the AE results include:

1. AE source location information wiiich is indicatiw of flaw development can be obtained in the

circumstances of this test.

2. Growth of a flaw in 6 in. thick A533H class I material at 200 F produced icadily detectable AE.

3. The AE signals detected from the V 7B vessel are similar to those observed in laboratory testing of

thinner laboratory specimens of similar material.

4. AE data show a good correlation with fracture mechanics parameters associated with development

of the machined defect in the vessel wall.

5. There was no AE indication of distress in the vessel at locations other than the machined defect

detected.
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Appendix C
Acoustic Emission Monitoring of HSST Intermediate

Vessel V-7B

D. J. Naus

introduction

Techniques for nondestructive testing of nuclear power facilities to evaluate safety and to assure
maximum availability have included dye penetration, computerized remote ultrasonic evaluation,
holographic techniques, and remote television coverage ' Application of many of these techniques is quite

time consuming and costly. Relatively recent advancements in nondestructive testing utilizing acoustic

emission (AE) techniques have made this technique potentially viable for in service monitoring of the
structural integrity of pressure vessels.

Acoustic emissions are small amplitude clastic stress waves generated during material deformstion
(plastic deformation or nucleation and growth of flaws) resulting from mechanical or thermal stimulus.The

stress waves are detected by transducers as small displacements nf the specimen surface. The emissions may

be of two types, continuous or burst. Continuous acoustic emissions are low-level, high signal-density

emissions such as might be observed during a tensile test of an unflawed specimen. Burst AEs are generated

when a plastie zone or micocracks form in the vicinity of a stress concentration. Chaecterization of the

stress wave emissions provides an insight into the type of inelastic deformation occurring. That is, rate of

emissions indicates immediacy of fracture instability; amplitude (oscillation counts) indicates magnitude of

the inelastic phenomena; total AE energy may be used as an indicator of structural integrity; and rate of

emission per unit time indicates the rate of flaw propagation. The capability of AE for monitoring the
thick walled pressure vessels tested under the lleavy Section Steel Technology (llSST) Program is being

evaluated as a secondary purpose of the program.

IISST intermediate test vessel V-7B was fabricated from ASTM A533, grade B, class I steel plate. The

test vessel had an outside diameter of 99 cm (39 in.) and an inside diameter of 68.6 cm (27 in.). A flaw
formed by hydrogen charging of an electron-beam weld in the heat affected zone of a previous weld repair

was the region ofinterest. Details of the test vesse. ar J flaw are presented in Figs. C.1 and C.2, respectively.

This section of the report presents AE data obtained using an in-house Trodyne multisensor comprehensive

data (MSCD) system. Results were obtained during the two pressurization cycles of the flawed vessel.



- - - . _ _ _

122

OR NL -D*G 78-1262
PL ANE OF V-78 F L AW

PLANE OF V-7A FLAW

WE LD REPAIR OF f 'xl V-7A F L AW k h h HE AD AND ACCESS NO22LESUB ASSE MB L Y
.

LJ
, --- d 15 m ID

-

k | 27 en tO

39 m OD
PL ANE OF V-7B F LAW '

I y
PL ANE OF V-7A F L AW

/ WELD REPA'R OF i '"
7ggye

V 7A FLAW .

$
t Anga

4o 9 ,n,-''- | 5 A ,;, ; .g
g/ !', I % 11.

/g LONGITUDINAL !o SUBMERGED I

'& @,m |
ARC WELD 77 nr.

,

')i,-|,[-/ y
,

',-

t ,'
m .

P4 d 9
g y

f'
'

. . , . s' ' 6-m -THICK W ALL
t

' '

- M
\,- ' ;;;gg[ SUPPORT STRUCTURE-

'l
b WE LD RE P AIR OF I2 I7 *

;

ORIGIN A L F L A.4 - w , y

SECTION A- A

fig. C.I. Intermediate test sessel v.71t

ORNL-DWG 76 7967

k
FLAW DEssGN

9m 9 ,n
5/16 o ~ '- *-5/16 m

Y f[ 43 45
M ACHINE D '
NOTCH

6m '"
dr d

[6 .n '
i E 8 WELD '

/././ / , ,,,, ,,, ,, , , ,

[ 4 .n
-

4m

l
i

l

l'ig. C.2. Flaw design for V 7. V-7A. and V 78.

1
:

- _ _ _ _ _ _



_-_____-______ _ _ _ _ _ _ _ _ - - _.

123

Instrumentation

The Trodyne MSCD system shown in Fig. C.3 was used for AE monitoring of intermediate test vessel

V.711. Each input channel of the system consisted of a sensor, preamplifier, and amplifier. The amplified

and filtered signals were fed into a processor which derived the individual AE parameters from the detected

signal, stored the data sets and their transfer to the computer, generated the control parameters for the
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entire N1SCD system, and performed discrimination functions. Discrimination functions consisted of sensor

activity detection (which establishes reset time to clear the system for the next data set), exclusion signals

(which accept only valid sensor arrival sequences), and range gate (which assures that signals are grouped in

complete sets within the instantaneous array). The N1SCD measured the magnitude of acoustic emission
events as a function of their location, time of occurrence, and parametric value. All derived AE parameters

were processed, stored for off-line analysis, and displayed on the CRT screen in real time as either raw data,

activity distribution, or magnitude distribution. Permanent records of the CRT screen contents were
obtained during the test as desired.

Experimental Procedure

lhe cylindrical test section of vessel V-7B was instrumented with eight transducers. Six of the
transducers were used as active sensors and two were used as slave sensors to lock the system out to events

occurring outside the flawed region of interest. Transducer positions and locations relative to the flaw are

presented in Fig. C.4. hionitoring of the entire cylindrical section of the vessel could not be accomplished

during this test because the required heating elements covered most of the surface. Transducers were
attached to the vessel by means of epoxy shoes which had been glued to the vessel surface using an

elevated. temperature epoxy (Barco Bond AIB 100X epoxy adhesive from the Astro Chemical Company).
The location of active transducers (1-6) and slave transducers (SI,S2) are shown in Fig.C.5. Coupling of

the epoxy shoe and the transducer was piovided by a thin layer of Dow Corning 340 silicone heat sink
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compound. MSCD system specifications during the test were as follows:

Transducers: 250 kilz resonant frequence, single ended

Filters: 100-400 kilz
Preamplifier gain: 40 dB

Signal conditioner gain"

Channel 1 - 44 dB (S4 dB total)

Channel 2 - 47 dB (87 dB total)

Chaanel 3 - 47 dB (87 dB total)
Channel 4 - 55 dB(95 dB total)

Channel 5 - 43 dB (83 dB total)

Channel 6 - 44 dB (84 dB total)

Channel 7 - 43 dB (83 dB total)

Channel 8 - 56 dG (96 dB total)
Arrival time resolution: 1 psee

Sensor activity constant: I msec

Threshold: 400 mV

.1T range selector: 200 psee

Wave propagation velocity:t 250,000 cm/seci

Pressure was monitored throughout the test using a parametric input to the MSCD from a pressure

t ransducer.

Vessel temperature during the test was maintained at approximately 87 C. Testing of vessel V-7B was

done hydraulically in two pressurization cycles as shown in Fig. C.6. The first cycle was to 72.4 MPa, and
the second was to failure at i 52 MPa. Acoustic emission data were obtained during both cycles.

Test Results
.

Cycle 1: Pressurization to 72.4 MPa

The initial loading cycle consisted of pressurization to 72.4 MPa with intermediate pressure holds at
27.6 and 55.3 MPa for instrument scans. Acoustic emission data were obtained throughout the cycle, and a

total of 448 valid events were detected. Figure C.7 presents a histogram of event .4ccurrence for each 3.4

MPa loading interval, and Fig. C.8 summarizes occurrence and COD gage output as a function of pressure

Figure C.9 presents a summation of event magnitude voltages as a function of elapsed time! and pressure. A

two. dimensional grid displaying sensor and flaw locations and events and event magnitudes at conclusion of

the initial pressurization cycle are presented in Fig.C.10. The 20.3.cm base of the flawed region is noted as

a solid line, and the flawed region extending from the base to the vessel outer surface is noted by the

dashed line. Each square of the grid where events have been noted contains two numbers: the upper

number corresponds to the total number of accepted events and the lower number to the summation of the

voltage magnitudes for the events. Regions with the most intense activity have been highlighted in the

figure by shading (dots). It can be noted that all but one of ther regions were adjacent to the flaw and

'Lgnal conditioner gain was estabbshed by balancing thannels for equivalent background ' noise intensity,

ilitabhshed usmg software program

+t. lapsed tune wrre ponds to elapsed time as recorded by clock in the AI 53 stern.
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there appeared to be more activity for the upper part of the flaw than for the lower. The one region not

adjacent to the ilaw, showing intense activity, corresponds to the position where the stainless steel patch

was fillet welded to the inner surface of the vessel, and this activity may be associated with a weld defect.

Cycle 2: Pressurization to Failure

During the second pressurization cycle, the vessel was loaded as shown in Fig. C.6 until a leak developed

through the vessel wall at the flaw. The pressure was held constant for short intervals intermittently during

the test while instrument scans were taken. For the first cycle, AE data were obtained throughout the

loading cycle, and a total of 931 valid events were detected. Figure C.1I presents a histogram of event

occurrence for each 3.4 MPa of load. Crack. opening displacements and summation of accepted events as a

function of pressure are presented in Fig. C.12. It can be noted that the curves are of the same general

shape in that both the displacements and number of events increase rapidly as failure is approached. Figure

C.13 presents a summation of event magnitude voltages as a function of elapsed time * and pressure.

'As recorded by dock in the AE system.

.
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Two-dimensional grid displays were obtained for the second pressurization cycle both during and after
completion of the test. Figure: C.14 to C.19 present displays of events and voltage magnitudes as a function

of location for pressures corresponding to 124.1, 144.8, 146.5,148.2, 150 MPa', and at the conclusion of
|

the test, respectively. Notations in these figures are the same as for Fig.C.10. Significant event occurrence I

by location' as a function of pressure interval is presented in Fig.C.20. As noted in the figures, regions of )
primary activity were adjacent to the flaw.

|

Conclusions

The following conclusions may be drawn from AE monitoring of IISST vessel V.78.

1. Primary AE activity was adjacent to the flaw. Some activity was noted at a location corresponding
approximately to the region where the stainless steel patch was fillet welded to the inner surface of the

vessel. Data scatter may be attributable to both specimen geometry and the relatively close proximity of
the transducers. (Spacing of transducers was less than five times the vessel thickness.2)

2. Plots of COD gages and summation of events as a function of pressure were geometrically similar.

3. At impending failure, the slope of the summation of events as a function of pressure changed
drastically. This presides a possible technique for monitoring the vessel so that pressurization may be halted

prior ta failure. Also, as failure was approached. the magnitude of the emissions increased.

4. Results of this test tend to indicate that AE was able to identify regions where significant activity
was occurring.

* Significant event occurrence by location is defined to be a grid uguare in the figure where at least four events or an
event with a ruagnitude greater than 3.0 V has occurred during the pressure interval defmed.

-
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Fig. C.14. Grid display pressure cycle 2: P = 124.1 MPa,402 events.
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Fig. C.15, Grid display pressure cycle 2: P = 144.8 MPa,614 events.
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Fig. C.16. Grid display pressure cycle 2: P = 146.5 MPa,644 events.
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Fig. C.17. Grid display pressure cycle 2: P = 148.2 MPa,702 esents.
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Fig. C.18. Grid display pressure cycle 2: P = 150.0 MPa,759 events.
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Fig. C.19. Grid display pressure cycle 2: test conclusion- 931 events.
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' aConversion factors
,

SI unit l{nglish unit l' actor

mm in. 0.0393701
cm in. 0.393701
m ft 3.28084
MPa ksi ('.145038
M N m - 2/2 ksidn. 0.910048

~

|
J ft-lb 0.737562'

K *1' or * R I.8
' kJ/m in. -- lblin,' 5.710152

f m' Fat 264.17
. m' a s '' gph 15850

kPa f t (11 0) 0.334562

' W litu/hr 3.4121
kW hp 1.3405

|

| T G 10'
l T( 13) = 1.8 T(* C) + 32

d Multiply Si quantity by given factor to obtain
linglish quantito
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