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EXECUTIVE SUMMARY

A technical approach to address the issue of primary water stress corrosion cracking (PWSCC) on the
ID surface of reactor vessel closure head penetration tubes has been outlined by the Westinghouse
Owners Group (WOG). In addition, the WOG has supported NUMARC at the iadustry level in taking
4 proacuve role in resolution of this issue. In structuring an approach the WOG has supported root
Cause evaluations, investigated how WOG plants are impacted, submitied a generic safety evaluation,
developed plant inspection criteria, and solicited volunteers to perform pl 't inspections. Also, via the
weld overlay program authorization (MUHP-5017), the subject of this report, the WOG is providing
genenic guidelines applicable for penetration tube repair and potentially 2 methodology to mitigate
PWSCC in the penetration tube ID.

This part of the program provides a weld design package which can be applied to repair reactor vessel
Closure head penetration tube ID initiated PWSCC. The weid design package provides the criteria for
the repair of the penetration tube ID either through the application #» local weld repair or via the
application of a 360° weld overlay. The local weld repair process is targeted at restoring the mininum
required design thickness of the penetration tube wall. The 360° weld overlay is intended to provide a
remedial measure to mitigate PWSCC in the Alloy 600 penetration tube ID by eliminating exposure of

the highly stressed regions of the tube wall to the prnimary water environment.

If an = dividual utility decides to perform volumetric inspections of vessel head penetrations
indications could possibly be encountered which wou'd require disposition in oruer  permit plant
start-up. Indications detected via penetration tube volur etric inspections need not necessarily
immediately be repaired. Each penetration tube indication nesds to be evaluated against the
established industry acceptance criteria. Dependent on indication position, depth, and orientation it 1s
quite possible no immediate corrective action is required. In fact no corrective measure may be
required for the remaining design life of the plant. If however corrective action is required the first
course of action would require removal of the defect by excavation. Excavation by itself is an
acceptable corrective measure as long as the minimum required design thickness of the penetration
tube wall is not violated, approximately 0.3 inch. If the minimum required design thickness is violated

the ntegrity of the penetration tube wall needs 1o be re-established. i.e via the local weld repair
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In support of the weld repair rrocesses the following has been investigated; 1) Excavation geometries
and various depths as related to flaw geometry, 2) Limitation of the weld repair with respect to crack
length, 3) The definition of welding process parameters, 4) The definition of aliowable weid filler
metals, 5) Weld surface finish, 6) Requirements relative 1o the surface profile of the penetration
inside diameter, 7) Industry suggested parameters for shot peening, and 8) Weld inspection
requirements. Shot peening was examined as a post weld sarface treatment to mitigate the residual
stresses induced by welding, In addition to support the repair process, Westinghouse performed 2
generic 50.59 Safety Evaluation such that 2 utility could license such a repair on an as needed basis.
The definition of the above items along with the safety evaluation provides a comprehensive package
such that the utilities can independently implement and or contract such services, i.e. local weld repair
or 360° weld overlay.

Conclusions of the program are:

. An acceptable weld overlay process has been developed and qualified to Section IX of the
ASME Code.

. The welding process specification developed as a result of the qualification is applicable for
both locs! weld repairs and 360° weld overlays in the reactor vessel closure head penetration
tubes.

. Multiple repair geometries exist, each repair required should be individually specified. An
individual utility needs to specify repair requirements based on the technical merits and
economic impacts of each repair situation.

= An excavation only repair is suggested up to a depth of |  pa
= Itis suggested that if excavation 10 a depth of | ]** does not remove the entire
defect, excavation should continue until the defect is removed or until | 1*€€ inch of

tne penetration tube wall remains.

= A weld overlay repair needs to restore the minimum required penetration tube wall design
thickness.
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. Repair welding pro.<4=< an overall increase in the surface principle stresses in the penetration
tube. Dependent on weld thickness and circumferential extent the principle stresses will vary.
These residual principle stresses for any of the geometries considered are comparable in
magnitude to the residual plus operating stresses estimated via the elastic/plastic analyss for the
outerniost penetration tubes.

. Arcas of the penetration tube adjacent to the weld may be more susceptible to PWSCC than the
alloy o) base material not impacted by the welding process. However the susceptibility of
adjacent material quickly dissipates due to the drop off of residual stresses as you move away
from the weld.

. The extent to which a utility wishes to pursue post weld surface treatment(s), such as shot
peening needs 10 be an individual atility decision based on the technical merits and ~conomic
impacts. The Westinghouse owner's group may consider such a program in the future.

. The final geometry and surface finish of the repaired area needs to be such to facilitate base.
and potential future volumetric inspections.

. Weld design depths, geometry, location, and circumferential extent can be varied in an attempt
to minimize the impacts of the associated welding residual stresses. These variations are
outlined on the associated design drawings provided in Appendix B. The WCAP report which
follows is intended to provide the in depth information required 1o wuucistand these impacts.
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14 INTRODUCTION

Prcviously.lakuchubmrepoﬂedﬁ'ommAlloyﬁ(I)mvemlclomheadpeneuﬁonmhc
in 2 French plant during hydro testing at elevated pressure. Subsequent inspections of the leaking
mmmwmwmofmdauhmmim&mofunmm. Cracks

extend above and below the penetration tube to reactor vessel head attachment weld. The leakage has
beendewrminedwremhfmmmwallyoﬁcwdnmgh-wﬂlcnckinﬂwpeneuﬁonmbewall.
thxofd\emdlyaiendehubeenmibmedmwmmmssca'rotioncncking
(PWSCC), driven by both steady state operating and residual stress. The residual stresses have been
attributed to the ovality in the penetration tube which is a direct result of bending introduced in the
penetration tube due to the offset geometry of the attachment weld. Reported data from inspections of
headpemuaddiﬁomlplmsmmthmhplmmdpldeeﬁngmdeﬁgn)m
established the presence of axially oriented cracking in additional nenetrations.

The plants of Westinghouse design with reported reactor vessel head penetration tube inside diameter
PWSCC are | J*€. A review of available inspection data would
indicate that flaws have been detected in approximately 2% to 3% of the penetrations inspected. A
review of the reported inspection results also indicates that the majority of flaws were detected in
penetration wbes located at the periphery of the reactor vessel closure head, This finding is consistent
MmeﬂmmnMdMsmmamcwpuipl\aﬂmﬁmbxmﬂuoﬁminw
(or angle of) attachment weld is greaiest at these locations.

Reactor vessel closure head penetrations on all Westinghouse supplied plants are of similar
construction as that of the French plants and Westinghouse designed piants that have experienced
cracking. Thus, based on the character of the cracking and the known potential of the Alloy 600
material for susceptibility to PWSCC this phenomenon may be possible on all Westinghouse piants.

Currently the WOG has undertaken an extensive program (o examine and manage the phenomena of
PWSCC initiated from the inside diameter of the reactor vessel Alloy 600 penetration tubes. The
WOG's position has been that U.S. industry should take a proactive but logical approach to addressing
the issue. Thus the WOG has initiated various project authorizations, outlined below, which are
intended 1o address the various aspects of this issue such that the issue can be technically and
economically managed to a successful resolution.
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. Understand the cause and extent of cracking experienced by the French in their plants. From
this phase of the work the "VOG concluded that the issue could impact selected US plants,
howcmﬂwexmandlo;ﬁmefnmeoouldnotheimmediuelqu&ﬁed.

. Assess the safety impacts of the issue. Detailed engineering analyses were conducted to
understand the extent and safety impacts of cracking. A generic safety evaluation was
performed and presented to the NRC. The conclusions were that the issue does not represent an
immediate safety issue. The significarce of cracking is that it can result in leakage which could
result in wastage of the carbon steel vessel head. The WOG estimated wastage corrosion rates
based on analysis performed by Westinghouse and experimental data provided by the
Combustion Engineering Owners Group. The conclusion was that wastage could alter the
reactor vessel head however the ASME Code Allowable stresses would be n rintained for a

minimum of 6 years.

. The experimental data used to estimate crack propagation for the thick-walled Alloy 600
penetration tubes, which was used in the flaw tolerance evaluation portion of the safziy
evaluation, was based on thin-walled Alloy 600 tubing. The WOG chose to investigate crack
propagation rates in thick-walled Alloy 600 tubing to verify that the crack propagation mode)
for thin-wailed tubing was valid for use. Thus the WOG initiated a crack propagation testing
program to investigate this phepomenon. This work is scheduled to be completed in the fourth
quarter of 1994,

. The WOG had the opportunity to confirm the mechanism of cracking in ™~ penetration tihes
The | J*¢ plant, a Westinghouse supplied plant, has also experienced cracking
and has undertakea a program 10 investigate the cracking. As part of the Ringhals program
boat samples were removed from the ID of a penetration which has experienced cracking. The
WOG was offered the opportunity to perform a failure evaluation on one of these boat samples.
Westinghouse performed this work under authorization | J*“* This work further
confirmed the French findings that the cause of cracking was PWSCC.

. The WOG has authorized a report outlining a Flaw Evaluation Procedure which is intended to
identify the techniques required to estimate the propagation of any flaws detected by an
inspection.

m 2506w wpf:1b-111095 1-2



. The WOG has supportec an industry initiative coordinated by NUMARC to develop acceptance
criteria for flaws detected along the inside diameter of reactor vessel closure head penetration
tubes. These acceptance standards have been provided as the standard for acceptance of any
flaws detected during an in-plant inspection. Additionally, EPRI has applied these acceptance
standards in developing a qualification program and standards for utilities o use in the
qualification of vendors offering inspection services.

. The WOG has also solicited utility volunteers to perform pilot volumeu.. inspections of their
reactor vessel closure head penetrations. The WOG .intends 1o evaluate inspection results and

assess the impact on the pilot and other W plants.

ﬂmughMpromm&nWOGhnmmpwdwcbmm.mwwaysigmﬁmof
this issue, develop inspection and acceptance criteria, provide a mechanism to Qualify vendors offering
inspection services such that interpretation of results across the industry is consistent, and make
available pilot inspection results such that the future actions/requirements with respect to this issue
relative to the U.S. nuclear industry can be formulated. Lastly, the WOG authorized a program to
develop a weld repair methodology for penetrations which have experienced cracking. The following
documentouﬂincshmgmmandmmondumﬂmofﬂnweldrep&pmm.
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20 PROGRAM DESCRIPTION

2.1  Objectives

Thobjecﬁveofmepmgrmmlopmvideaweldd&signpachgewhidlmbe(ppuedtompdr
reactor vessel closure head penetration tube ID initi'ters PWSCC. The weld design study has
investigated repair of partial through-wall and full through-wall cracks. The objective was o
investigate = jocal weld repair prco:.s and a 360° weld overlay process as part of the weld design
package. In addition to the weld repair process, information regarding excavation geomettes and post
weld surface treatment was investipated. Excavation serves two purposes; 1) It provides access for
application of the weld, and 2) It serves to remove any existing defects. For the purposes of this
project authorization the post weld surface treatment investigated was shot peening. The objective of a
post weld surace treatment such as shot peening is 10 negate/mitigate residual stresses induced by
welding.

In support of the weid repair processes Westinghouse investigated; 1) Excavation geometries and
various depths as related to flaw geometry, 2) Limitation of the weld repair with respect to crack
length, 3) The definition of welding process parameters, 4) The definition of allowable weld filler
metals, 5) Identification of the weld surface finish, 6) Requirements relative to the surface profile of
the penetration inside diameter, 7) Industry suggested parameters for shot peening, and 8) Weld
inspection requirements. The definition of these items provides a comprehensive definition of the
process such that the utilities can indzpendently implement such a repair.

In support of the repair process, Westinghouse performed a generic 50.59 Safety Evaluation such that
a utility could license such a repair on an as needed basis. Also, this program provided engineering
justification of the process through the preparation of a full size penetration mock-up to provide
engineering data to enable evaluation of effects on penetration residual stress and deformation due to
the weld overlay. The change in stress was measured using a Hole Drilling Strain Gage Method in
accordance with ASTM E837. Mock-up testing was also used to investigate the extent of weld
shrinkage associated with the weld overlay process and the extent that the weld overlay process
impacts the shrink fit between the penetration tube and reactor vessel head.
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2.2 Weld Repair Program Outline

Thcdeveloplnemofnveidremirdedgnpackue was structured to investigate specific weld process
parameters and provide engineering justification for the various associated technical issues. In order to
investigate the weld process parameters and technical issues several major program tasks were defined.
Each of these tasks along with a brief description follows:

Task 1 Development of Weld Overlay Repair Process Spcification:

The Westinghouse weld repair process specification defines: A weld thickness of
[ 1w )**“inches, defines critical welding process parameters, defines
allowable weld fiiler metals |

" and identifics weld surface finish requirements and inspection requirements.

Also, shot peening as a post weld surface treatment available for mitigation of post weld
residual stresses will be discussed. The documentation also defines target shot peening
process parameters. Target shot peen process parameters were provided as a result of
mwmmndﬁomwﬁdmdﬁnmawmmrdddmpeenvcndorandworkpufomedby
Westinghouse, independent of this program authorization.

Task 2 Define Penetration Excavation Geometry:

A drawing is supplied to compliment the penetration repair process to define such items
as: the excavation geometry and depths for both an excavation only repair and excavation
followed by a weld repair, the required ID profile of the penetration ID after the
application of the weld overlay, and any limitations with respect 10 positioning the weld
overlay relative 10 projected stress profiles in the penetrations.

In addressing excavation of the penetration two aspects were addressed: 1) It was
imperative that the structural adequacy of the penetration was not compromised, this was
investigated via a review of available ASME code stress reports on the reactor vessel
closure head, and 2) The excavation geometry was defined such that adequate
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Task 3

Task 4

Task §

penetration material was removed such dhat, application of the weld does not restrict the
flow area in the penetration or thermal sleeve movement is not impacted.

Provide Evaluation of Applying Weld Overlay Over Existing Cracks:

The effect of applying weld material over existing partial through-wall and full through-
wall cracks was invertigated. The applicable ASME Code paragraphs were investigated
which discuss leaving cracks in the pressure boundary were ->viewed. Also EDM notches
mﬂwadinmoch:psmmimmonmewelmngplm.

Penetration Mock-up Tests:

A full size penetration mock-up was fabricate The mock-up was fabricated using an
ﬂloyGOOpencMonmbeweldadinapmeoflowuloywbonmlusingmepam‘al
"J"-groove geometry for the attachment weld. The mock penetration tube was skewed to
the surface of the plate to simulate the weld offset of actual penetration tube assembled in
the reactor vessel closure head. The mock-up was used to investigate the application of
wcldmneﬁa!inaimilumymwmmmbc,qunmﬁfymelddiﬁonof
any residual stresses on the ID adjacent 10 the weld repair.

Several mock penetration tubes were also fabricated to investigate the application of
various weld thicknesses and geometries. The various weld thicknesses were evaluated for
Cladding integrity via a cross-section taken through the weld thickness.

Generic Safety Evaluation:
A generic 50.59 safety evaluation was performed to aid WOG members in implementing a

weld overlay repair at their specific plant sites. The Safety Evaluation is provided as a
stand alone document.

In completing the above tasks the stated goal was to identify engincering justification and appropriate
specifications for implementation of a local weld repair and a 360° weld overlay. Both weld repairs

involve an appropriate amount of excavation from the penetration inside diameter followed by
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application of filler metal in the ex “avated area. In the case of the local weld repair the repair is
targeted at restoring the minimum required penetration tube wall to maintain the pressure boundary.
For the 360° weld overlay the intent is o provide a remedial measure for mitigation of PWSCC. The
360° weld overlay would cover the entire inside surface of the penetration tube most susceptible to

PWSCC over some given length.
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306 APPROACH FOR DEVELOPMENT OF PENETRATION TUBE WELD REPAIR AND
JVERLAY DESIGNS

ln&Wunmmmmmfmwmwmwmmm.m
basic designs were targeted; 1) A local weld repair process and 2) A 360° weld overlay process. The
halwﬂdmpnproomismmndwrenaeuwmidmmmquhddaignmmmu
penetration tube wall. 1he360°weldovcrluyrepoﬁisintcndedwprovidcammedwmto
mitigate PWSCC in the Alloy 600 penetration tube ID. Refer to Figure 3.0-1 for an overview of the
mcwtveaelclomhudlopewuuionunxgeom.

31 Local Weld Repair
In designing 2 local weld repair several considerations were taken into account:
. The weld repair has to restore the minimum required design thickness. The governing design

rupﬂremcmuddxrespecttohepemﬁonmbcisdeﬁgnpcme. An examination of a typical
4-loop vessel head indicates that the required penetration tube thickness to meet design pressure

requirements is approximately 0.29 inch.

. Slots were examined in | J*“* Reference 6, as a potential repair for the reduction
of residual surface stresses in the penetration tube ID. The maximum slot depth examined was
| %€ inch.

. The industry flaw acceptatce criteria developed for penetration tubes identifies the depth of an

allowable flaw to be 75% of the tube wall thickness or [ 1*® = | J*¢* inch.
Thusaweldoverhytepnirinapcnwujonexclvaedwadep(hof[ ]*“€ inch may be
required.

. In specifying the circumferential extent of the local weld repair designs, the stress analysis
results reported in WCAP-13525, Reference 5. were taken into account as well as the slot
widths examined in | J** Reference 6. For the purpose of the local weld repair
the intent was to position the toe of the weld in an area of the penetration tube ID having
relatively low hoop stresses. Thus circumferential extents of 45° and 90° were selected, such
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that the toe of the weld could be approximately located on the 45° axis of uie penetration tubes
where the hoop stresses were estimated to be low.

. Additionally, lengths of 4 and 6 inches were selected to investigate the variations which might
occur due to changing the overall weld length.

Based on the above considerations local weld repeir design geometries with varying weld thicknesses
of J*“* inch, overall lengths of 4 to 6 inches, and having circumferential extents of
45° through 90° were considered for investigation.

32 360° Weld Overlay

In performing a 360° weld overlay repair the two items taken into concideration were: 1) The weld
overlay depth should be thick enough to provide a boundary which prohibits exposure of the Alloy
G(X)bmmnaduwnwpimuywwovuuappuedlengthofwrepw,mdb The depth should
be minimized such that any associated weld shrinkage minimizes the residual stress in the base
material and does not negatively impact the interference fit on the OD of the penetration tube between
the reactor vessel closure head and penetration tube.

Based on the above a [ ]*“* inch weld thickness was judged as appropriate to meet the above two
criteria. A thickness of [ ]*“* inch is approximately [ ]*“* weld passes. However, an overlay
need not be limited to [ ]*“® inch. Weld overlay thickness of | 1““*€ inch were

investigated for lengths varying from 4 to 6 inches.

The perceived advantages of the weld overlay are; 1) Application of the weld overlay can be a
continuous process using a spiraling application, and 2) both ends of the weld overlay can be readily
positioned in lower stress regions of the penetration tube ID.

3.3 General Program Goal

In order to evaluate the above defined design geometries a series of tests and measurements were

identified for investigation of a weld process which could be qualified to the ASME Section IX Code
requirements, Reference 2. Additionally, these test and measurements were used 10 assess technical
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impacts such that the specification of weld repair would not negatively impact the penetration tube
geometry. "ihese tests and measurements involved the fabrication of penetration tube samples and a
full size reactor vessel closure head/penetration tube mock-up as well as the investigation of
methodologies for performing weld overlay repairs. The following sections provide the details and
results of these investigations.
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Figure 3.0-1 Reactor Vessel Closure Head to Penetration Tube Geometry



40 PENETRATION TUBE SAMPLE & REACTOR VESSEL HEAD/PENETRATION TUBE
MOCK-UP MBRICATION

4.1 Preparation of Penetration Tube Sampies

Figure 4.1-1 depicts the geometry of the grooves machined in the 10 inch penetration tube samples.
The grooves were machined using electric discharge machining (EDM). As shown in Figure 4.1-1 the
tube wall wi. machined tc the defii.cC depth and made use of a [ ]*“° taper to blend the excavation
depth into the original tube inside diameter (2.75 inch). The [  ]*“* taper was applied both
circumferentially and axially. For the groove depths of [ [**“inchand [ [*“inchthe [ [*¢*
taper resulted in an acceptable geometry. However, for those samples with a groove depth of

[ ]*““inch the taper was reduced 10 a ratio of [ '*. The taper was reduced because the

[ )™ taper v as impractical from the standpoint that it extended two far around the penetration
circumference, requiring too much weld filler metal to fill in the taper transition area. After
performing weld repairs on the [~ ]*“* taper geometry process time was still 100 long and too much
weld filler metal was still required, thus an alternative transition design was identified for blending
from the excavation depth to the inside surface of the penetration tube. The alternative transition is a
typical weld "J" preparation applied in the industry and is depicted in Figure 4.1-2.

4.2  Fabrication of Reactor Vessel Closure Head/Penetration Tube Mock-Up

A full scale mock-up of the reacior vessel closure head and penetration tube was fabricated to depict
the most peripheral penetration in a 4-loop reactor vessel head, thus indicative of a penetration tube
with the greatest offeet in the antachment weld, i.e. therefore the maximum residual stress. Fabrication
sketches of the mockup are provided in Appendix C, Fabrication Data Package for the Penetration
Mock-Up & Penetration Mock-Up Skeiches. The fabrication data package includes as-built
dimensional data.

To validate the applicability of the mock-up, measurements were taken of the penetration tube inside
diameter to measure the ovality which occurred as a result of performing the mock-up attachment

weld. As in the actual reactor vessel head geometry, a "J" groove weld prep was used for the
attachment weld between the penetration tube and low carbon steel plate. The maximum ovality

m 2506w wpf 1b ' 11095 4.1



(major diameter less minor diameter) which occurred in the mock-up was | 1*° mils ([ | g
inch) as compared to the maximum approximated ovality of [ J*“* mils ([ J*“* inch) estimated
from the linear regression equation for ovality which was developed based on actual plant ovality
measurements, Reference 1.
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50 WELD PROCESS SPECIFICATION

A welding process specification, which can be used for either the local repair or application of the
360° weld overlay in the reactor vessel closure head penetration tubes was generated and is attached in
Appendix A of this WCAP report. The welding process specification is written to provide guidance
for the qualification of welding procedures 10 be used for the performance of welding in Westinghouse
PWR reactor vessel closure head penetration tubes. The parameters recommended in the specification
were based on the welding operations performed for this feasibility study. Therefore, the parameters
were qualified for the intended applications to the extent as discusse ' ‘n the following paragraphs.

5.1  Selection of Welding Equipment

An automated pulsed gas tungsten arc welding (GTAW) system designed and manufactured by The

[ J*“€ (power supply model 215, Figure 5.1-1, and model 94 ID cladding and
welding head, Figure 5.1-2), was selected . program. The model 94 weld head is designed for
spiral cladding and groove welding inside « . ..sters as small as 2 inches. The model 94 provides arc
rotation, axial(linear) travel, filler wire feed and arc voltage control (AVC) for arc gap control. The
combination of axial travel and arc rotation provides a spiralling effect directly applicable for use in a
360 degree weld metal overlay process.

To demonstrate the capabilities of the selected automated welding system and identify target welding
parameters a pipe ID weld overlay was performed on a 2 inch nickel base alloy pipe with inconel

82 filler metal. The current design of the model 94 weld head feeds a 0.030 inch diameter weld wire.
The filler metal of choice for this program, | ]*“€ was not available in 0.030 inch diameter

at the time of the demonstration. A 20 Ib. spool of 0.035 in. diameter | J*<€ filler metal was
vbtained and reduced to the required 0.030 inch diameter.

5.2 Qualification of the Welding Parameters

The intent of qualifying the parameters at the beginning of the program was to ensure that the starting

parameters were appropriate for use with the | J*€ filler metal. The starting parameters
were based on the parameters used with the | J““* filler metal during the demonstration of
the welding system. This approach was taken due 1o the limited supply of the | 14<* filler
m 2506w wpf: 1h-111095 5-1




wire at the beginning of the program, and the long lead time required o reduce the diameier of the
available weld wire to 0.030 inh. The weld wire situation prevented any practice welding to establish
welding parameters in advance with the | Juee,

Two alloy 600 pipe assemblies were welded using | J** filier metal to qualify the
parameters to the ASME Section IX mechanical test requirements. Four S-inch long pipe samples
were machined with 37.5° grooves as shown in Figure 5.2-1. The 37.5° groove was machined starting
frommelDofthep‘peudﬁm‘sm'ogme;moveuunODofﬂuﬁpesollmmezmovccouldhe

welded from the pipe ID.

Starting process parameters for welding the pipe assemblies with the [ }°* filler metal were those
process parameters used in the demonstration with | J*“*. The parameters were adjusted as
welding progressed. Some difficulties were experienced in welding the first assembly, during the
initial two lzyers burn-through and stuck wire in the weld puddie occurred. Once the parameters were
adjusted based on the difficulties, there was no problem with the subsequent layers of the first
assembly or the second assembly. Upon completion of welding the two pipe assemblies, mechanical
test coupons, i.e., tensile and bend (face and root) specimens, were machined from each assembly in
accordance with ASME Section IX requirements. All bend specimens were free of cracks with the
exception of the root bend specimen of the first assembly. The failure of the root bend was attributed
to the difficulties experienced as explained above.

During welding of the qualification p'pe assemblies it was observed that inconel 52 filler meial has &
very sluggish characteristic, even worse than | 1. This may be due to higher contents of

Cr, Fe and deoxidizers such as Al and Ti in | 1*“* compared 1o | J*€ The

[ J*“# fille: metal mixed well with the alloy 600 penetration tube producing a relatively
smooth surface, as was observed in the first layers of the pipe assemblies. The subsequent layers,
however, started showing the sluggish characteristics which produced a relatively rough surface in

comparison.

I general the surface condition of a weld is controlied by grinding or machining operations after
welding.  However, considering the actual field applications of this proce s it was desirable 1o improve
the surface c~ndition through weld process controls such that no grinding operation would be required
after repair welding. As an attempt 1o improve the surface finish a | Pae
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mixture of shielding gas was tried during the welding of the second pipe assembly. The

[ J*“* mixture gas was tried because it was readily available for « similar application on a
nickel base alloy. The change in the shielding gas did not improve the surface finish of the as-welded
condition. Thus the shielding gas was changed back to | J*€€ gas. Welding process
mnmammadjumddﬂngwddiuo(ﬂwmbwqucmmmbenmplawmmmmmy
of the final surface finish.

53  Welding of Penetration Tube Samples

Table 5.3-1 shows the matrix of the eight | J** penetration tube samples and their respective
geometries. Repdrweldingofwmbenmplesmdwimnmuemmbcﬂ.whichmdl

360 degree groove of [ ]*“* inches deep. Although the welding system was capable of welding
the groove in one spiral operation the operation was stopped every one (1) inch or so to maintain the

‘nterpass temperature below | J*““ maximum. The | ]*“* interpass temperature was
selected because this is typical industry practice for minimizing distortion in stainless and nickel base
alloys. Those samples with a partial groove, | ]*“*, required a similar interpass

temperature control. It should be pointed out that the samples with a partial groove took a much
lonaertimcto\veldm:wmcsempmquiredfmevuypass. Each weld pass was performed
circumferentially for this program. The necessity of a sewp for <very pass could impose some
difficulties on actual field applications for repair welding and special attention should be given in
development of field tooling 10 minimize this impact.

As explained in the previous section during welding of the | J““ tube samples the parameters
were adjusted to improve the weld surface finish, such that the surface smoothness could be
maximized. Although surface finish appeared 1o be adequate, more improvement would appear to be
possible. Welding of additional samples for further adjustment of parameters would be beneficial as
well as investigating the use of other shieiding gases. Another possible shielding gas would be a
helium/argon mixture. Other options, such as a combination of [ 1*“€ with [ 1*“* and/or
[ J““ on the last layer should be considered.

As ndicated in the Tabie 5.3-1 tube sample number 7 and 8 included EDM notches in the repair area.

This was to study repair welding over | 1*“*_ Figures 5.3-1
through 5.3-5 depict the cross sections of repair welds over the EDM notches. The notches were
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approximately [ 1*“* inches deep and | ]*““ inch wide. The metallography samples of the
nxchcsmowcdnocncksorindicaﬁomgenemedinmeanoundingueaducwme welding.

C onsidering |
o
54  Welding Reactor Vessel Closure Head/Penetration Tube Mock-Up

Two EDM grooves, Figure 4.1-2, were machined in the penetration mockup 10 simulate weld repairs
in the plant. It was learned from the [ ]*“* penetration tube samples that a 360° groove would
bemndreaﬂutoweldrepdnsoppou<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>