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'Successful half- or temper-bead,
technique weld repairs pei-formed to Sec-
tion XI of the American Society of Mechan-
ic:.] V.ur'. net-)1:', !"•.'" i 1 c r: and Pressure Vessel
i'tj'ie rui'i'.'liue:-; were :;i<iuu to i.wo Heavy-
Secti '"' Si,eel 'i'vehnolo-̂ y Program vessels
.•i.n<; a qualification prolongation. Inter-
mediate sized vessels, equivalent in
thickness to nuclear pressure vessels,
were re;..iai.r welded and subsequently flawed
and pressure tested to approximately 2 1/1)
times design pressure before leakage
ocfinrred.

i'iscussou :i,re the standards and
procedures used with half-bead repairs,
resultant Induced metallurgical and stress
effects, flaw test criterion, pressure
test details •i.nd result:*, and recormaerida-
tions for further development work for a
s peed ier apnlicati on process .

Key Words: ASME Code Section XI Weld
Her~vi rs; half-bead welding; half-bead weld
repairs; H3ST vessels, weld repairs;
nuclear vessels, weld repairs; pressure
vessels, weld repairs; temper-bead weld-
inn;; temper-beau weld repairs.

PREFACE

Tne in situ repair of a flaw in a
.lur;".' nuclear pressure vessel could be a
complex undertaking. For normal sliop
fabrication, a thermal stress relief is
used to reduce peak welding stresses;
however, accomplishing this task under
field conditions could result in diffi-
culties related to warpage of the vessel.
Consequently, Section XI of the A2ME
Boiler and Pressure Vessel Code (.1) has
provided guidelines for making major

r>-pairs by welding without a subsequent
thermal stress relic f. This repair weld
procedure employs a technique known is the
"half (or temper) bead" technique. In
principle, this procedure involves apply-
ing each weld pass in such a manner that
it tempers the preceding weld pass. Thus,
brittle transformation products created
during welding will be rendered more
ductile. Although this technique is
currently used in the repair' of petro-
chemical pressure vessels, a demonstration
of the practicality and effectiveness of
this repair technique has not yet been
made for a full scale nuclear pressure
vessel.

The Heavy-Section Steel Technology
(llSST) Program conducted by the Oak Ridge
National Laboratory (ORNL) and sponsored
by the Nuclear Regulatory Commission (NEC)
lias been pressure-testing deliberately
flawed intermediate sized vessels having
wall thicknesses of 152-iun (6-in.). One
such vessel, ITV-7- contained a deep
external surface flaw oriented in the
axial direction, and was hydraulically
pressu zed to failure. Leakage occurred
when tl ± vessel, was pressurized to 2 1/1+
times tne de ign pressure (2). The through-
wall flaw ira., subsequently repaired accord-
ing to Section XI procedures and the
vessel reflawed Identically, away from the
repair weld. The repaired vessel, redes-
ignated vessel ITV-7A, was pneumatically
pressurized to failure, with leakage
occiu-ring through the below-flaw ligament
at a pressure almost identical to the leak
pressure of vessel V-7. No abnormalities
were noted in the region of the half-bead
weld repair {'i). Following another Sec-
tion XI through-wall half-bead weld repair,



'.his same- vesso?. vas or.'~-e more fJawed in
an identical manner, "xc'̂ iji; for the loca-
tion of the flaw ir. the heat—affoet<'d zone
of the sei'(;r.'i V'-ld re1:,air. The /essel,

hydraulic orossurizat i.on again failed in
the same rri.-i.nnor and at. nearly the same
pressure as in the previous tvo te:;;,s (h) .

The half-head veld repair made in
preparation for tin? Y-7'A test was per-
formed by Combustion r!ng i neeri ng, Inc., in
Chattanooga, Tennessee, and L::e weld
repair made in preparation for the V-7B
test was p.':r for;::ed by tii1: V.'-.-s i. ing'nous.e
:i.!Lecti'ic C''jrporation in Tampa, Florida,
'.-.'ostinghous.e also performed rt.n approxi-
mately half-wall thickness Section XI
re-pair to now intermediate test vessel
V-e, filling an .axi'i/l l.y oriented repair
cavity centered, on em- side of tin- cJi• i;~I —
na.l fabrication seam veld in the vessel's
cylindrical section. ORiir, developed and
administered the repair specifications and
procedure qualifications for the work
according to Section XI guidelines,
'••/elding vas dene In the horizontal posi-
tion for the Combustion work, .'..rid in the
vertical position for the V/c-sti nghouse
v*>r. . ORKi, also performed extensive
str in gage monitoring during all phases
of i.he repairs, and subsequent flawing, and
conducted extensive material—characteriza-
tion and property tests on the vessels, and
vessel re-pair qualification prolongation
cylinders. OATX/GARD, Inc., used acoustic
emission equipment to observe and record
sounds emitted during the TTV-7U repairs
without observing any abnormalities.

The feasibility of performing Geetion
XI repair welds vas demonstrated for
horizontal or vertical vessels. This
report documents details of the procedures
used in the half-bead veld repairs, dis-
cusses resultant metallurgical and stress
effects, fiaw criterion, pressure Lest
details and results, and offer.; recommenda-
tions for further deve.lopt.-ien'; work toward
a speedier application process for veld
repairs.

BACKGROUND

Description of Test Vessel
Intermediate test vessel V-7 repre-

sents one1 vessel in a series of ten ves-
sels produced for the ORNL HSGT program.

The design of the intermediate test vessels
ni'ovider. for (l) material variation in
"base material and vcldin.-" seams, {'d)
cyl indrical siiell thicknes.s aptjro/amat'Vly
the S.'IIIK: a.; lir;ht-vater reactor ' I V/I-;)
vessels, ("j) special head and closure
design to jylve reasonaijle assurance t'uat
these components would not fail prior to
failure of the cylinder at the test i'lav/,
•••in .'. (M achievement of economy by com-
petitive lump S U M "biddini".

The general features of the 99-cm
(3y-iu.) outside; .'iiuin, 11̂ .Li-cm (u-in.)
vail tiiickness •< 2^)i-cm (100-in.) overall
len^tli vessel .are shown along with the
various veld, repair and flawing d'.itails in
V'\r.. 1. More detailed design and procure-
ment activities for achieving the fore-
(-oin̂  objectives arc covered in Hef. 5 arid
f'. The ••i.sseinbled vessel veighs a'bout
]3,3OO ].bs. Vessel weight less head is
approximately lG,hOQ lbs. Vessels consist
of AniM A5O8 class 2 forgings for the
hemisjiiierical head, the cover closure, and
the cover flange and of either A5O8 class
2 forging cr rolled AGTM A533, grade B,
class 1 ]ov alloy plate for the cylin-
drical test sections, the latter being
used for vessel V-7. The two prolonga-
tions used in conjunction with the two
vessel repairs were cut from two vessel
cylindrical sections, and. were manufac-
tured and heat treated concurrently.
Except for vessel V-6, the cylindrical
shell courses each contained one longi-
tudinal sea.ia weld. These welds and the
two circumferential seam velds joining the
head and flange ends were velds made with
submerged-arc E 8 m 3 NM filler rod. The
fabrication sequence consisted of welding,
preliminary v/eld seam ultrasonic inspec-
tion, veld repair, conventional post-weld
heat treatment, intermediate weld seam
ultrasonic inpsection, radiography, hydro-
static testing, final veld seam ultrasonic
inspection, magnetic particle inspection,
and leak testing.

The V-7 Test
The initial test of ITV-7 was a

crack-initiation fracture test in vessel
shell plate material with a sharp outside
surface flaw Ii5.7-cm (l8-in.) long and
about 13.5-cin (5.3-in.) deep, leaving a
minimum wall-thickness ligament of approxi-
mately l8-mm (O.T-in.) depth for flaw



propagation. FIM.W location, shape and
dimensions are shown in Fig. 1. The
vessel war, heated to 91°C (19D°F) and
pressurized hyirauliealJy until leakage
through the below flaw ligament terminated
the test at a peak pressure of 1^7 MPa
''21,350 psi), a failure pressure equaling
2.2 times design pressure. The vessel, as
expected, did not, burst.. Upon depressuri-
zatlon, the rupture ligament closed so as
to maintain static pressure without lenk-
nge fit about 129 MPa (18,700 psi). The
Lest demonstrated leak without break, at a
loading for which the inside surface of
the vessel war, about to yield, and at a
test temperature higher than the Charpy
upper-shelf temperature which was chosen
fcc provide toughness in the specimen
similar to that in a operating reactor
vessel. More- complete details of the V-7
test are covered in Ref. 2.

V-7 REPAIRS FOR V-YA TEST

Underlying In formation
Vessel V-7A was the first of the

intcM'.;iediate test vessels to be produced
by repair of a vessel (Vessel 7) that had
been previously tested to the point of
failure. Vessel 7 was suitable for fur-
ther testing because, in the initial test,
the vessel had developed a rupture through
the wall only immediately beneath the
prepared flaw and gross residual distor-
tion and plastic deformation of the vessel
was limited to the region of the flaw.
Thus distortion did not affect the removal
and resealing of the head, or the repair
of the flaw itself. After being repaired,
vessel V-7 was redesignated V-~A.

The cylindrical test section in
regions remote from the flaw had reached
strains of 0.29 to Q.hlf? on the inside
surface and about 0.1* on the outside.
Permanent set in the vessel prior to weld
repair indicated strain distributions of
0.3<T, on the inside and -O.Q2# on the
outside iii the location 135° from the
original V-7 flaw which was therefore
selected for the V-7A flaw to minimize the
influence of residual strain en the V-7A
test. The V-7A flaw location, relative to
the old flaw, and typical flaw details are
shown in Fig. 1.

Weld Repair Program
The original flaw in vessel V-7 was a

25-mm-wide (l-in.) machined trapezoidal
shaped notch sharpened by a cracked elec-
tron-beam bead. The cross section of the
flaw lay in a radial-axial plane of the
tent section l80° from the longitudinal
submerged-arc vessel seam weld. Considera-
tion was given to making a repair of the
fracture zone by the most economical means
consistent with the objectives of the
subsequent test. Alternatively, the
vessel could have been repaired by pro-
cedures applicable to nuclear vessels.
The latter course was chosen, since the
test being planned for V-YA would be a
rare opportunity to test a repair weldment
to a. high overloa.d.

A repair weldment was designed for
vessel V-7 to utilize the half-bead pro-
cedure prescribed by Suba.rticle IWB-U-120,
Procedure Number k, "Welding Low Alloy
Steels," of Section XI of the 197h ASME

Boiler and Pressure Vessel Code (1, This
procedure is intended to be used for
repairing components for which it is
impractical to perform i,he usual post-weld
heat treatment at 590 tc 63O°C (1100 to
1150°F). ORNL Welding Specification No.
W-HB-100, based upon this procedure in the
Code, was written and issued especially
for the repair of vessel V-7 (3).

The welding procedure incorporated in
the specifications war, developed with the
advice of the PVEC Advisory Task Group on
Weld Repair of Pressure Vessels, under the
chairmanship of E. Landerman of Westing-
house Electric Corporation. The Electric
Power Institute (?]PRl), as subcontractor
to Union Carbide Corp., Kuclear Division
(UCCND) under purchase order, had the
repair ma.de by Combustion Engineering,
Inc., (CE) at no cost to z'nc government.
R. E. Smith was project leader for EPRI,
and W. D. doins of CE directed the weld
preparations, procedure qualification,
repair welding, and nondestructive exami-
nation. A detailed ui_count of the work
done by CE is .given in Ref. 7.

Section XI of the Code requires the
preparation of a welding procedure quali-
fication piece similar to the repair
weldment. The cylindrical prolongation of
intermediate test vessel V-9 was chosen
for this purpose, since it was fabricated
from the same heat as vessel V-7, whose



prolongation had already been cut up for
material characterization. Ci.ncc vessel
V-T was not a "Code" vessel in the strict
sense of its future use in fracture tests,
the vessel dia nut demand a Section XI
repair. Ueru:-i, the procedure qualifica-
tion piece was not pretested a.;-; required
by tiii".' Code for the purpose of qualifying
the procedure used on the vessil; instead,
both the vessel and the prolongation were
•prepared and welded concurrently. The
prolongation was eventually sectioned for
nome material property tests of the type
normally required by Section XI, for other
material property studies, and for the
measurement ;^f rr~.;idual stresses.

Due to the r.:hort length of the pro-
longation [Ci35-i'iin (25-in.).), it was neces-
:;ary to weld re:;traints nn each end, prior
to repair:;, to simulate the Y-7 vessel
restraint. IOLI-HM Oi-in.) square carbon
steel bars were welded to the ends of the
prolongation with shielded metal arc
fillet weld:.;, with the prolongation pre-
heated to li(9°C (300°?) for this work.

The cavity containing the vessel 7
flaw was enlarged using a conventional
wanual air-carbon arc process to provide
Jiccesn for manual shielded metal arc half-
bead repair welding (8). In the air-
carbon arc process, a D.C. arc I.; main-
tained between the work piece and a copper
coated carbon electrode. The molten
material is blown away by high velocity
jets of compressed air. The vessel
prolongation test piece (V-9 prolongation)
cavity wan also excavated using the air-
carbon arc process, and an oxygen lance
(8) was used to pierce a starter hole
through the prolongation. Preheat was
maintained between 177 and 2Pi(°C (J50 and
U00°F) during lancing and air carbon-arc
gouging. The surfr.ee intersections of the
final air-arc enlarged cavities were
rectangle:-,, approximately 102-irim * '-195-mm
(^-in. * 19 1/2-in.) on the outer, and
approximately O.S-mm "• 2'-il-mm (3/8-in. x
9 l/2-in.) on ttie inner vessel surfaces,
and approximately 102-mm x 292-mra (H-in. x
11 1/2-in.) and y.5-mm "• 38-mm (3/8-in. >•
1 1/2-in.) on the respective prolongation
surfaces. Longitudinal cavity ends were
sloped at approximately 130° included
angles with the cavity bottom and the
sides at approximately 105°.

In order to assure complete removal
of the air-arc surface, carburination, and
any heat-affected zone resulting from the
aii'-iirc process, a minimum of o.h-mjr. (l/'-i-
in. ) of metal vu.:j ground from trie surfa.ee.
Metal removal wan gaged by grinding grooves
into the cavity vails 6.U—imri (l/U-in.)
dee:). The cavity was then ground smooth
after the grooves were completely elimi-
nated. Liquid penetrant and magnetic
particle examinations followed. Final
vessel proropair cavity dimensions are
shown in Fig. 1, along with 6.h-mm (l/k-
in.) thick steel backing liars which were
tacked to the vessel and prolongation
inside surfaces.

The prolongation's "interior and
exterior was instrumented with strain
gages adjacent to the renuir cavity. In
addition, a pair of circumferential gages,
one inside and one outside, were placed
l8u° from the repair cavity. Four outside
surface gages were used near the cavity's
edges. CE installed thermocouples at each
strain gage location to allow for adjust-
ments of apparent strains for temperature.
AILTECH type SG '-125 (900°F maximum tem-
perature tolerance) gages were used within

5-mm (2-in.) of the cavity and type GG 125
(600"F maximum temperature tolerance)
gages for other locations. A total of 6
high temperature and 8 intermediate tem-
perature gages were used. Strain observa-
tions wen.1 made at several stages of the
repair process and were used subsequently
in the residual stress study described in
Section 5-

Two 11 kilowatt electrical resistance
heaters were placed inside the vessel.
Channel element resistance heating for the
vessel and prolongation were subcontracted
by CE to Ifeat Engineering, Inc., sub-
sidiary of Electric Arc, Inc., hea.t-
treatment specialists, of Cedar Knolls,
N.J. The heaters were tack welded to
supports placed inside the vessel and
welded to the vessel weld cavity backing
bar. Two additional units of 1 1/2 kilo-
watt each were placed in the flange open-
ing to trim and balance the heat flow in
the vessel. The prolongation was preheated
by placing five 3 1/2 kilowatt heating
elements across the end braces. Approxi-
mately five hours were required to bring
both the vessel and prolongation from room
temperature up to the required preheat



t<T.:erature raru-o of l'i'i' to 2Guorj (350 to

Regions of base mei.ai adjacent to a
veld are known a::- weld ;r..-at-ttffected zones
(liAZ) "because they are heated to a tem-
perature above the lower critical trans-
formation temperature during v.--.•!ding. Tn
.•i 11.7 larg'- mo'al oi'.iec,, a relatively small
v."/ L'l beau uuiij..; ai.nust instantly upo:i
deposi.1'.. korm.aliy, an .:levatod temp, vra-
tu:1'.' post.wold ir-a4. treat;:,-.-.•it, is performed
after veadlnr to temper any transf\<rmation
r.i-!..ri,ict-,n !.ii thi' HA" and to relax the veld
in :ueou f'ji-.i'iuuj. sv.re.-,£•.•::. V,'hen an • le-
va'."': temperature pos'.vvl-i h.-at treatment
eu:.:iet In.- :,• .•• p' ';":r.- .".i, as in '.ho ease o:n i. Vie
'/• •.;:•••.;. V - V r e p a i. r s , '.'•.Ti: •''I'lTl'* o f t.'ie ::A/,

i.; I )•.•.'• I'or-.'.t.-i ov' .;.jnL.:'ijI.i. I n g Liji..- v e l d iieat

'rii'iii, fro;:, :'n:.:"e':;ient \-!< •.].<] l a T e r : > •: i i •; :LLJ

call'.: t t':.'-• half bead tei^per pj/oceduri;.
:;':ie e;itir'_- cu'/! t.v 1:: f.ir;-.t "Luttere-i"
(covure-i) WLI'.;I \/>..I'.i metal u:3in/j; a :'::iall
c.i a::.eter --xect r'-.ii-.- to firoduce a r.hallow,
un.i. Torni !iA7.. Ap:iroxl::tt"1y one-half of
thJ:: r.i.r:;t la;/-e- i.:: removed \y .'-riniliri'f,
thun allov;in;r V,.-- he'..t from a -econd
butter i ;v" jay:" v.o i"i.:ni;tra.te and t̂ ;,.per
any trvu::; forn.a.t I on product:; present, i;i the
v/eld HAZ. A l-u-.-̂ r eil.^ctrode i;-. tuon used
for trie next vela layer to provide add i-
t. nal },• at in:;nt nor lu\Z tfcinporinn. ';'"ne
thi re! and reniain:.:;[- lay-r;; are deposited
u::in/; act ill larger electrode, viiere
poni'.jliif.', to nruvid'.- add lti.ona.-i. tenipv-r in[i
of tiie K/vZ. Improved weld rod cheriiir.;try
i:' aluo ui'.od to mi niinize transformation
product problem:; and to blend r.uccersr.ive
veld de;,o::;i;. layers without induciiif;
r.irtti fi c.'iut intf'r-layer adverr.e effects.

';!uli\u;i vaj accomplished by the
r.ariual ::;»L'_-l<i> •') mctai. arc r.roceas. The
v--i i cavi'. i>.'.-. -.•/ere "u^tL-r-jd" with 2.33-
t:.r-u Lain {-'/̂ --.'n.) elec s.rouec;. Ail eld-
iri;- van done in the flat, or "horizontal
;•'):: i t Win :-/v_ie. i\ead sO'r.î nce:; started
;'ri'':. tiie inside diameter cutout:;, atop the
ij;i''kir.,'* t.ars, first alorif; the short end
s!'-)pos, t:,en .alMn;- the longitudinal, sloped
ends. Initially, one-half oF the cavity
was buttered with the horizontally posi-
tioned vessel rotated for flat position
wo] din/;-. Thereafter, the vessel was then
rotated 180° to butter the other half of
the cavity. Punched reference gage marks

were applied and ";sed for measuring the
cavity dimensions before and after butter-
ing. A fuj'e- was placed in the cavity and
measurements were r.aken from each side
wall reference point to tne cavity center-
line. Approximately one-half of the
buttering layer was removed by grinding
and additional measurements were taken
after {rrindin;.; to assure that the remain-
ing weld thickness was appropriate. It
proved rather difficult; to take accurate,
reproducible measurements in the cavity at
about ;:^;°C ()|OO°F).

After one-half of the layer was
(rround off, the cavity was inspected by
n:a/"netic particle ['AT) examination and
then a second weld 1-i.yer was deposited
over the cavi'cy surface usirv; a 3-lB-mm-
diam (l/ij-Ln.) electrode. The vessel
rotation.and weld bead sequences used for
the second layer were the same as for the
first. Bead starts, however, were star,-
.-rerod from the initial passes. After the
second layer of 'butterin;: was completed
and MT inspected, the cavity was rotated
to the 12 o'clock position and the welding
completed using 3.i8-mm-cliarn (l/8-in.) and
3.9T-mm-dia;:i (!3/32-in.) coated electrodes.
The first he-ad deposited in each vertical
layer was. placed next zo the cavity side
wall and the subsequent beads were se-
nuenccd inwar i toward tile center of the
cavity. iiT inspection was performed on
alternate layers and on the final ground
layer. '?].^'r^ wen.' no i-iT indications
detected In either cavity at any inspec-
tion point.

CE took special precautions to keep
the electrode moisture level as low as
practical to reduce the oossibility of
hydrogen delayed cracking. Tostweld X-ray
and ultrasonic examinations (UT) showed no
i ndIcat ioin; of aivy such cr:icking. All
coated electrodes were baked is accordance
with the timo-tempernrure parameters
specified in paragraph IVrb-'.'i23v 3) (d) of
I'ection ':'.i of the Awi-ib Code (l) and then
the electrodes were placed in sealed
vacuum package:;. After removal from the
vaccum packages, the electrod.es were
placed in portable heating ove.,s operating
in the temperature range oT 10? to 11J9°C
(225 to 300°F). Electrodes left in a
portable oven for over an hour were dis-
carded. Electrode samples were periodi-
cally removed from the portable holding



ovrns and the moisture in the coating was
measure! using the moisture test specified
in paragraph 2'j of uKA-S. 5 , "specification
for Low Alloy :jt,<.•'•.• "I. (\rr"V^d Aru-V.'elding
i'ii.ectrudos," ASMi-l Cod'.- Section II ('.'}.
Tiifi results of those overehecks were
compared with ;.!:•.• 0.08?' maximum moisture
level iii i,;ie electrode coatings "prior to
vacuum packaging. 11.1; -: i •_-: 11 moisture u'eter-
:u\ nation was Q.±K'>, about a factor of
threw lu:;:; tiian the !).h~,'j maximum specified
for thin type of work.

After the '.-,'eldi n(" was completed, the
weld ;;urf:ice vu;; -"found smooth while
maintaining the temperature in the range
of ITT to ;?uLior (3>o to 500 UF). The final
ground surface:: were r-insp<jcted by MT
c-xanrinations and the welds wer*.? then
heated in tii'- ti_-;a["-r.'!.tu."'_- ran//'.1 of '-ji.'-_' to

(•', ;•") ur four hours.
temperature of the vessel and prolongation
repair welds were controlled within -L!11K
(±2u°y) of the vessel average tr-iapei'ature
at all tiifies. T'ne heatup and coolciown
rates wer« aporoxiifiatoly lUK (25°F)/hour.
Finally, the Lac kin n; bars wore ground from
the ve::sel ID's ur,int; a pole grinder. The
final ground inri.ii' surface:: were i-:T in-
spected usini" an AC yok'-; so as not to
leave prod marks on the final ID weld
surfaces.

The entire weld and l/2'L1 of adjacent,
base metal of both the vessel and prolonga-
tion were examined ultrasonically in
accordance with the requirement of para-
graph IWA-2232 and Appendix 1 of Gcction
XI (l). The required examiriation was
performed three times: (l) as soon ao the
vessel and prolongation surfaces reached
room temperature; (2) 1(8 hr after both
surfa.ces returned to room temperature; and
(3) approximately It weeks later. There
were no recordable indications detected
during any of these inspections.

Hadio^rapliic examination was per-
formed with a T 1/2 MeV V'arian linear
accelerator and Kodak "M" film in accord-
ance with the requirements of fjarayraph
IWA-2231 of Section XI (l). No major
defects were found in the vessel w e M , but
minor porosity was detected near the
inside surface of the weld in the prolonga-
tion. It is believed that this porosity
was caused by the restricted access avail-
able to the welder in the deep, narrow
portion of the cavity.

To provide sufficient material for
characterizing the properties of the weld
metal, two additional test plates were
also welded and. heat treated, usinr, the
same parameters that were used to repair
tlie vessel. MT examination and radiog-
raphy revealed no rejectable indications
in thjse plates. The base material in
these plates came from the 3/'('i' depth of
section orFil of HSST plate 02 (lO,ll), a
plate quite similar to the A533 plate
sections of the vessel and prolongation.

Repair V.V-'l.'i f';iarac tr.-rizM.t. ion
The welding procedure qualification

prolongation and one of the two weld metal
test plates prepared by CE were used for
characterizing the properties of the weld
repair /.one ami for investigating the
throiigk-the-tnickness residual stress in
the weliiuent. Ultimate and yield stresses,
Charpy impact energy, and lower'bound
(equivalent energy) fracture toughness
measurements of the weld metal were made.

V-TA test plate (weldrnent W-l repair
weld material) tensile test results, for
the W orientation (axis perpendicular to
the welding direction and parallel to the
plate surfo.ee) and for the temperature
range from -73 to 1TT°C (-100 to 35O°F),
are shown in P'ig. ?. Charpy V-notch
specimen:'., with the notches located at the
weld center-line, were tested in the V/L
orientation (axis as in the tensile speci-
men, crack propagating in the weld direc-
tion). Charpy V-notch impact properties
are given in Fig. 3. Precracked Charpy
specimens of the same orientation were
also tested statically with the results
shown in Fig. h. The fracture toughness
and hardness data proved to be very simi-
lar to trie results from the V-7B repair,
hence these are discussed in Section h of
this report. Detailed accounts of the
V-TA repair characterization studies are
given in Chapter 3 of Ref. 3.

V-TA Test Summary
The V-TA (weld repaired vessel) test

was generally a repeat of the initi : L V-T
test, with identical flaw preparations in
a base metal region of the vessel cylin-
der, and a. vessel test temperature of 91°C
(196°F), except that pneumatic pressuri-
zation was used instead of hydraulic
pressurization. The V-TA test was a



load t e s t lastinc for a period
of approximately 80 hours, compared with
2_2 hours for the V-7 tent.. The V-7 test
is fully described in Rcf. 2 and the V-7A
test in

The v_7A with t h

( Q j ^ ^ "if
above tire pj'cclicfcd rupUu~ A ; . . ~rt ,-n
rligutly 3 eir than g£> below fcllo original
V-7 3eoi: pressure o-f lk<{ ;:?& (21,35X3 psi).

During the Y-7A test cracli growth in
the remaining ligament became noticcable
at about 115 Iffa (lu,70G psi). Axial
cracK extension was iiegH igible below 138
MPa (2^,000 psi) . Before the final maxi-
mum pressure was reached, there were
ultrasonic indications of about 9 ism (0.35
inr) "oi "axiuL'e'iicusiono from oacli end oT
t'ne f]an> Acoustical em-ins ion monitoring
.̂«w>-ded several eveats during the tes t . ,

*"nr were detected, from both ends of
\*ii' i'L'i.: .'uid from th& longitudinal (fabri-
cation) welet Q:f ttoe vessell!s cy/linder..
The halfbead welci repaired zone was qtiiet..
Strain ineanui-eruents on the weld repair
inner surface zone indicated that yielding
began there only well above design pres-
sure ESfS.,9 MPa (9710 psi)] , when consider-
able yielding had already occurred in
other tffiflawed parts of the test vessel
cylinder.. In evaluating the nonlinear
•behavior of the weld repair i tself, one

rtTaB&es produced by tJie repair itself,.
17ul alro tlie fe&"iauaf. ctTrcIsT Cicia, in blfe
large rcc1-0!! aroirnd thej repair as a result
of blTc ol'lginal V-7 tetit.

A vodgH Specimen containing the
fracture sui-faces or the flaw region was

from, ¥-7A after the pneumatic
oad test.- The specimen was

chilled in liquid nitrogen, split in a
press-brakes, and examined by light micros-
copy and scanning electron microscopy.
The fracture surfaces of the flaw region
formed during the test have a, dimpled
morphology that i s characteristics of
cracks extended by ductile tearing.
Posttest ultrasonic examinations of the
weld repair- areas revealed no irregulari-
ties.-.

V=JA ilEPAIBS FOR V-7B TEST

General Informat ion
'Following the V-7A tes t , vessel 7

"7-eininud -aui table Tor 1'urUner test ing,
because, Co in tHc^lS'li'cT -two

. vessel =aad jlevelopjpd a rupture^ j ^ ^
in Lhe jfyieraJ^vncLnity "of **"t tTc
lj',f~anrl /xx'o ŝ dintorXiantahd11- "_

ic uc* ... ux the ve'jl.el-wao" , £_-
to thic region. Pcl'maifejH yLrain__

encounter ad -In Was region approached 1% ~^
on the vessel's inner cur-face, and 3/k% on~̂ _
the ouLer sm-face. Pormanent strain, at
the boundaries of the subsequently pre-
pared cavity for V-7B haIf-bead weld
repairs was on the order of 50$ of those
values.

A through-wall wedge piece, approxi-
mately 114-iEii wide ^ 527--m long {k 1/2-
iti. x 20 3A-in.) contciining the V-7 A ~
fliar vaa removed, irom Ike vessel, "by a i r -
arc gouging for detailed studj- of crack
propa-gafciaai. Both eads of the wedge
cutotfii cavity were gottge-—ffcapereii at 112° ~
(head end) and ll»?° (dome end) included
angles for a 768-min-long (30 lA- in - )
vessel top surface cavity opening. Cavity
sides were cut on radial surface planes.
Thereafter, an additional 6 to 8 mm (l/k
to 5/l6 in.) of material was removed by
grinding or milling alon^ and-adjacent to
the cutout's ooundary surfaces to elimi-
nate flame induced carburization and heat-
af-f-ected sone&. Maehiae sitlling vac- - ^
selected along "clie i"adial plane surfaces 2
of the" longitudinal eavit-y edges to estab- *
l ish accurate reference planes for flawing .
within the center portion of the heat-
affested zone of the vessel V-7A weld
repair for the V-7B tes t . The main ob-
jective for the V-7B test was to demon-
strate the structural integrity in the
upper shelf temperature ranpe of a vessel
containing a large flaw in the heat^-
affected zone of an insorvice repair weld.
The preweld repair cavity is shown in Fig.

V/eld Repair Program
Westinghouse Tampa Division (WTD),

under contract to UCCND, ORUL (Contract
UCCED P.O. 75Y131*91*V)>. used in "Half-Bead
Temper Welding Technique" to weld repair
two intermediate tes t vessels and one

prolongation, vith all of the]Z-
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the vi ,r e l Y-P ]ior.b "ropTTu v«J ci^ijTo^fam'^"""" «tioif ;rrvc lX"ar;'"aii/"' ne^ u-alfcctctL zone

a c t i v i b i t s art_ [iLiidiiy; >'n 1_ vx3 1 be fp- " l§^jlM£L!5lX£2I!L"Sj£l^1^JI^^^ !
ported in UIL Putmc7 - llie-prol on^ation - JKduisi'ne'Tiagne.tJia, p a i i i c i e ^inspec

•n/j :~deGFract Lvcly t e s t ed a t ORITL t o geber- Trere conducued for each, of the f i r su tliref
mine—nv-rhailLcu.l, "ph^Tc^al—'iridiistructlural Ti/̂ ld pasbtis tliere.df fcex., on. a l t e r n a t e _•_

"propertiu^^lif ' t l la ^lcTrr^axi&" and passes . Final nondestructive r epa i r •""'-=
fRpi-oby" ar?o ae)"YCd to qualify-TJTD's inspections were held a mmiMUtn of US ^^

-we'lding-ffjxoceduros. Jhours after the .vessels had cooled to : _••
-.1 jS ĵf-frifri (6=in.J t h i ck (ASMS SA533, ariibient temperature. Magnetic p a r t i e l e ;,

l ) mater ia l was s t r i n g e r -
* welded ~_for_"each. of "the~repliif 5 in "the 1 _£ooperlieat Cpmpany,- Cooperheat Eastern-

v e r t i c a l pos i t ion using 2. U-ram-dia,m.-J£3/3&- Diyigiojl,_ 955--^at;tT,Hazglwood Aye.j__Eahway,
" i n . )-Typc 8O18-C3 electrodes forjtlie"TTirst'^^f ew J o r c e / - OTO65." """r^i"—-•,"^_^ ^ _ - ^
layer and 3.2-mm-diarn ( l / 8 - i n . ) for nub-^r^ . 2 PWHT ac tua l ly infersjarpostweid'^t'emper-
sequent' passes and for completing the_ ~ ing treatment only. — — " -r^"-^_



of ,:.' .•• •:-;J.;I\; rcvealei no

f l ec t i -odes Then v t - Idmp i n d i e licr'2Ottl>tf.l
) I t ion '."D w e l d r ^ r wcldinp v e r u x c ^ l l y

:-«*! 'V* i ii 1 l i t aft> r burnin (
T a l4-nai ( 5 / 3 2 -

• . ' (-v-;-t.ro;io for about 76 rnm (3 i n . ) ,

-o. u
1

OATX/GARD, Inc, , J used acoustic
emission equipm--;it to reoora sounds emit-
ted >iurir»r vel.1jr.f> No nifniif icant or

.1 inaications were identified.
fa--.- In"trumentution to record

per'itio:.-:reduced residual stresses
t.-if,-:.-.-'! for tlit- repair operation.; and

. 1 1.1 a

- i.ve i H ( ' -
\ t J c ' i J t c

t i Ll C ul i lUO .

. g e , i»Cjv>
ri \/i 1 ,

v.<a:;
hi

reduce Ui' Ley I fi 'U-T
Level h^ \l\~ v I. - 1 / •"'!
mede J I C™1J ejueT*"r ib-4 "ZZi U~LO ̂ u n
a'«,; hence j i Ttt. d^cic^ut1 to uo ii.lt,
\reldi2ig opc.rat.ions using 3.2—*flyi—Ji&
in.) eleci.i'odi-s enclus-'ve'iy. If. xs
portant tc rote that l.'cstinghouat;
required 62 t o t a l layers to f t i l t .£ V-7B
cavity, compared to a 68 layer f i l l by

Fufiuerring relders for the

_ :?{j||g: -©K©eut,ion of the haliMseati
rl- wsid repairs? (l) the dmterndnation of

liOV" to me?i.sure or judge when, half of the
butter-layer vac rrounu off, (?) welding
with It-jsitt-diain (5/3?-in.) coated elec-

_. trodts in the V(;rtica,l position, (3)
porosity format I on L; osperially in weld
r.tart ;uvl ::top ana in Lacking plate sloped
end boundaries, and (U) problems of limn-ed
or roctr icted a.'c.-S3 for tha weldc-r to
reach Dottorn areas of a through-wall
repair..

1. The determination of wiien the
fi rs t or "Latter" layer ha:-; Le< n ground
off ends up a.3 x ludgmpnt drcicion. I t is

reproducible depth neasiu er>enijs XB a
reijair c&-_ty PU ITT ^o-^i^tto^^C350 io
Jf-OOD7). Additxondi de mlopr^n* vavk i s

fccl to ^cst C'3 t-erna /C tsfli* xnucs

per par" th^i the CE ̂ fclilex-, vho i/hui
-̂elCxng homontriJly, depofitedlcss

per pass, l
electroae.

j. PieCd-utionaiy rneasiues to stsagger-
weld layers and to contain starts and
stops within a layer (and at the corners)
in-line for ready grxndout did not elini-k:
natc porosity foi nation problems entirely.
Despite continuous acoustic emission
•mr" .".j-lance and alternate pass magnetic
particle inspection, some porosity formed

-in—the^ e^locaJiQnj^ and^ernained—initially
undetected.'"" SuchpgrgSity" ^orrrations were

to the ""bui-bei" layo . Care can oe exer-
cised not to p-ina off the en (ire layer.
Actual ground layer measurements.,-, tliere—
after,, should not be required. The use of
small electrodes for the- ta&teririg layer
followed by a second buttering layer
applied wiLV- a larger diameter electrode
may achieve adequate tempering to the
ini t ia l layer and the adjacent base metal.
It may even be possible to omit grinding
for the f i rs t layer altogether.

2* Even, though Cl encountered few
problems using1 k-zm-dmzan (

3 - Crk'E\/_Gf.ViDfzln.c.-) iji
A v e l 7 " S 5 1 " ~

Forth Uatchez

•^generally of .extremely smal^
settled xnTxinstacLed arrays~to be ^passable
under~f̂ ode sperifiedpiccepfcance'provisaons.
Pola-sited-cut- alic e ^ r c a blie__ prolongation. 1
weld-5 reve"aledT an"drc.onflrmi_d sucli Gcat~v"
tered poxosity presence. Some problems
were also__encountered vith the_f.itup^ o^ _
two stacl-ed and contoured 3.2-mrn ( l /8-m.)
backing bar1- for the cavity bottom. lVo
bars were chosen for WTD repairs to elii/ri^-
nate time consuming postweld bar grindout,
based on CE is work experience during,
which only a single 6.35-mm (l/k-in.)
backing bar was used. The inner backing
bar distorted and separated from the outer
bar", resulting in. a gap, which, in. some
eases was easy^-i'o -burn-through-.

I7imiiecL r ac_ccs~s~hampers~manual —
p f l M g ^ e f f o r t s , especially fpr-..-.-^

vertical position welding. By comparison,



welding the • Uf-w&ll thickness^ cavity In
the nrolonpation -md in vessel V-8 did not
present urM-u'U w.-ldir«!: nrnhl'.-r:: (K.-caune,
T o r t ' i < • " < i - , " ' • ' ' ' J - _ ' ( J l ' r " -

i

v-8 prolon,7iUon xaA in "OG.T 1 V-7P,
however,, pi*ei»enLetl conBiae«ab.LC problems
for the welders., Their primary difficul-
ties were th'i'. of limited ace ss for
weldlriK,. the W.'-xma. repair depth, the
narrowne:::: of the aren to hu repaired, and
tht; 7 l/P° arî l'.-:: on each of the cavity's
side wall;;. Deep vortical repair welds
which 'ire to b'j 'i'/nr.- ::.'Uiually :;houl'i have
crfftt'-r !>.•••••:•.::: for wol^ir-r:: whicii c-tn b e

pi?Qi?ieI;eel "by usiss^ a larger wal]. angle-i, I fc
uhould be noted^ however,, that "through-
wall"' repairs are not permitted under Code
ruled,, hence, in "real life" it is quite
unlikely that problems of this nature will
occur., The Y-7A and V-JB vessel repairs
w*:re selected to produce extreme condi-
tions. Where such .repairs withstand
subsequent pressure tenting, confidence
can be fv-ined for repairs of lesser depth
as may "b-e required in operating facility
work.

ORfli./lUIRKG-TM-] 77 report (12) pro-
vides complete chronological listing:;, job
photographs, and discussions; of all tlie

performed by WTD during late Januaiy and

C!h;a^'actgri agifc ion

Fraeture toughness investigations. '

Htatic fracture tourhnens (KT ,) resu3.ts
" . led , ,

were also obtained ur:imj; r.recrac.-ced
f y ^ ^ r v - V ••j-r .r-irpr1 V ' i f l T'--P ffjtigUCCi

- '- - L -t-..-_ '±r * ̂ < i l ,S^- J~ '"* -'•*''•' ' '
_ - _ l „ O , ' J . , 1 - v -i ' — tjf ^ . ^ . ' 1 _

|ayegb-ijj;ajb-ion,s.> A t y p i c a l
t r ave r se taken across the

base metal- repair veld HA.Z of the V-7B
prototype half-bead r epa i r weld in the
V-8 prolongation i s shoi-m In Fifi, 5, which
Indica tes that the Jii'^hest hardness values
occur in the dark etched 2.29-mm (0.-090-
In«) wide region which i s the heat affected
zone., The highest DPH value, 3lU (R 31.6)
occurs tvrice with a d is tance of 0.25? nun
(O.OIO i n . ) . This i s in agreement with
hardness data obtained from three t r a v -
erses across a s imilar IIAZ in the V-7A
prototype weld in t h e V^9 prolongation.

o.°e {0 ^ - - " » '

1 O O i t "C^ t ? a r i * ^ l a t t c - Ci
foi the v - 8 s±inul<j.tion Trcld, T>rcatire c"i
.or 1 eratujrc > tMcwti-d tin p/orosea tfes
temperatures for vessels V-TB and V-8
respect ive ly .

fitatic f racture thou^hness ' ^T ( I ( J )
resu l t s from the V-7B weldrnent specimon
'.ested indica te u, range from 115 to 301
:-u:u /in (10^. tu 27'i I,SL t ' x O £ J6°
(—50°F), botli e::t-"a.jqs- qWT-r5""-ng ii.
repair "-eld «>ctjl. - "m-ttic 66 co ^
(150 to 250°P) teittpoiciLuie. range, tli^JL^ 1
values ranged between 219 to 382 MPa vst
(199 to 3%S k s i /ST. ).--53ie M-ghesL to irh-
ness values occur in the bare metal-rey^j^
weld HAZ and the lower values in the - ~*
repair weld metal-

The s t a t i c fracture toughness tests"!
from the V-8 weldment specimens indicatp-a
range from hk to 366 MPa /in {k0 to 333 k l i
^n".) in the -18 to -101°C (0 to -150°F) 1_
temperature region. The lowest KTCJ - 1
values were obtained from specimens r e - -•>•
moved XLSI!lJfc'!£î Ql=y;rl?Ml m
iieain.cn -^ lu metal" JTS-TEK
were obb-a\iied Jn^ ij.ie, l>J.&e pe-lal=i
weld I-GtZ. In fiie rspax^ weld, the IO-TU?
' 'icd v 'alt le ' :5 o c c u adjacent t o the RAZ~(ln
the weld itiGtal) and the highest Kj-ea -̂
valiic. occiu an the fd,baicdrfcion=iep0iT ">
weld HAZ. Al l of the values t h a t f e l l ^
below 110 ID?a -/m (lOO Ksi /xru.) _.weie __"
obtained in the o r ig ina l prolonga.tlon
fabricat ion weld. Also, the repa i r ve ld t
metal and the HAZ appear to be as tough-as
or tougher than the vessel base metal.

V-7B Test Summary
The V̂ -7B flaw was again iden t i ca l to^_

the flaws in the ea r l i e r two t e s t s , but --"
v;as placed centered in the heat-^affected
zone of" t h e second weld r e p a i r . Vessel-
V-7B was- t e s t ed -hydrau l i caHy a t about—the
sa^ |em^^tSe^_8j , o c ; i l88?F)v- - -as - - in V-7 *

•_iaricT V-7A.TAt V peal: pressure of 151.8 MPa
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flaw In V—TB had a resictaal efilSli^opSlffiHg
of from y t o 11 ram (0.35 t o OjtJ im-.,) aatl
wau tear ing nearly unstably but irtxll
slowly,, beninniru-; in the plane of the
ori i r inal flaw and extending alont^ e i ther
edi"<.- 'jfi:-':r>t met-.l and -weld metal, r e -
spect ively) of trie liAZ, frequently c ross -
Inr throui'.'i the zone at approximately

.-ilcji.t':: Id-- the ilA'.".

! o:;',-teL;t JO:.WI.I . Loi.ul ;,.] t rusonic

v e : " c - . ' l a n d c o n t a i n i n r t - . e r e p a i r v * - l i ,

:'l<.":"'iC': — ;• ;\<:'J'.': I '. '..TU'.:k a t 'i. r'e,jec*,able

level out". Idn th».- enas of the cavity, at
amplitudes between 20 and 63% of the
reference level. More sophisticated UT
schemes rioted that the cracks extend
approxima'.'-ly 80 and l6'"< ;nm (3 and 6 in.),
or even slightly more, from the respective
slot end:-,. Ra-ILo^raphy showed that the UT
detected cracks are of a ra^ed nature,
which cou.l'.i account, in part, for the
generally low .-^plitudes of nose of the UT
indication:-. HJ icon cut from the wedge
confirmed tne presence of a crack along-
side one side or the other of tne !1AZ of
the repair weld, extending about 80 mm (i
in.) beyond each end of the h57-mia-lonr;
(18 in.,) trapezoidal slot opening. More
detailed test results will be published in
Ref., k.

RESIDUAL STRESSES

General conclusions from residual
stress measurements in the vicinity of the
half-bead weld repairs made to the vessels
and prolongations ax-e:

1. Low tensile and conpressive
circumferential and axial residual stresses
existed in the repair weld metal;

2., The metal adjacent to the weld
repairs had tensile residual stresses
close to the yield stress;

3*- The highest tensile residual
stresses in the metal adjacent to the
repair welds tended to occur at distances
of approximately 25 to 50 mm (l to 2 in.)
from the heat-affectecUzoneT

Residual stresses were determined
rro:- 5'i-i- :i!id j>o:;t-weiu r.train ga^e mea-
..ireiiient.; arm (,un the prolongations) from
. a a1 e ' * u m i. )Li t i^r

nQTTtuta

»D&OS bastd on liole cteilD >zic i/nr
measure K-i.ts, including coli tct;i uns for
°ectionjng, vexe xn ccn^t VL i^KfiK'ii vith_
the ^mfaee swraxxi gage stiess detei'im-

ti'IT>lOi)S ,

With regard to residual stress mea-
surement techniques, it was noted that:

1. Tne hole drilling technique for
n;ea:;uring residual stresses is versatile
and effective. A compensation for ficti-
tious ntrennes that are introduced by
drilling should be employee! wlicn a mecliam-
cal drill is used. „—

2-. Cutting oi* gFinciJhg on. surfaces
.at are to be used as sites for hole-

drilling type residual stress neasuiementsj
can cause misleading results. ControLletT^.
gradual removal of surface inaterxal can be _
a very effective means for reducing or
eliminating these spurious skin effects.

Complete residual stress discussions
for these half-bead weld repairs -, includ^^
ing illustrations and stress values, are
published in Ref. 13-

HALF-BEAD WELD REPAIR PRODUCTIVITY

Half=?bead "weld"repair productivity isj^
extremely slow for all repairs. Comparing
half•s-bead weld repair •cime compilations
from CE (horizontal position mode) and WEEr
(vertical position mode) work at like ~"
cavity depth. a.nd compensating for cavity -
veldup volumes, one notes": -

1. More than double time is required
for vertical work.

2. Reduced—size through-wall pro-
longation "practice" repairs offer serious
welder access problems, hence take longer
to complete.

3* Based on actual arc time, large
volume vessel repairs progressed at fill
rates of 150 cu cms/hr (q.l cu in./hr) for
horizontal-mqcte_>relding:,_ and at 79 cu
cms/hr (k. 8 jm_in.JhrX for vertical york.
Fill rates__forrth"e--ismaller- sized"prolonged
t'ion^-through-wall -cavities^vere 58^ and
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f« 4e'6'mi.!.^ i, however%. as»e...:iiias;
r e a l i s t i c a l l y arcoimta to only 33$ of
vseM-er elooktime for vertieal-srssitia v«9ld;s=
i»K« and 50$ o f clochtime for hariso>Htai=
mode work., Productivity be,;;ed on welder
at. s ta t ion time, therefore, v.: about 1/3
to 1/2 of the stated rate; : , Combining
the:;e numt.er:: with an er.timut*- of two
welders per :;h!ft la permit. c>",;it,ir;uLty of

for" breaks,pro(rre.;rj, ana ,
etc., jiiu;; time for an approximately half-
time inspector, and the resuIt-iM, iiro-
ductivity, b.a::ed n;i per.-.onel •"«• ' '• 1 ,'̂ri--"J
(actual nanhour.' r xfj-'iri'i'-d r.>:i ̂ o b ) , 'ciun1,::
t.o only ••r^ HI,,! V . l/'^5, r-r-.p-.-eM y.-iy, of
tue iniLLally atuted rates.,

Kvcn though half-bea-i work offors an
adequate and successful means of repairing
vessels without conventional PV/iiT needs,
the execution requirements call for many
wei ler and inspector hours. If such work
were to become nenensary for a nuclear
system component in the presence oJ' a
radiouct Ivlty b-iekrround whieli limits
opera-or exponart- fun.-, many people would
have to bo trained and qualified. Addi-
tional research and development work
should be sponsored to n-duce the time
x-equired for such a repair, or to combine
features of the process, or a modified
process,, with accelei'te.tttid,. perhaps auto-
mated,: or semi-automated final welding
raetka&
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