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ABSTRACT

A carbon steel storage canister has been designed for the dry
encapsulation of spent nuclear fuel asgsemblies or of "logs" of
vitrified high level radioasctive waste. The canister desigo is in
conformance with the requirements of the ASME Code, Section III,
Division 1 for a Class 3 veesel. The canisters will be loaded and
sealed as part of a completely :emote process sequence to be per-
formed in the hot bay of an experimental encapsulation facility at
the Nevada Test Site. The final closure to be made is a full
pevetration butt weld between the canister body, a 12.75-~in 0.D. x
0.25~io well pipe, and a mating semiellipsoidal closure lid. Due to
8 combination of desigo, application and facility constraints, the
closure weld must be made in the 2G position (cavnister vertical).

A process selection study and process verification testing
program culminated in the selection of plasma arc weldiog, using the
autogenous keybole techunique, as the welding process to be developed
for msking the final closure weld., Specifications were prepared for

*ork sponsored by the U.S. Department of Energy under the
following coutracts:

e Experimental Demonstratiovn Package Program, Contract No. CPFF-854
{(with Rockwell Haunford Operations, Division of Rockwell

International).

e Commercisl Waste and Spent Fuel Packaging Prograsm, Contract
No. DE-ACO8-81NV10171.
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a completely automatic, programmable plasms arc welding system
iocluding an aytomatic welding bead custom designed to interfacs
with the cavister closure coofiguration. A system conforming to
these sopecifications wes then procured on a competitive basis;
delivery to Westinghouse AESD/Pittsburgh was in April, 1980. A
program of experimental welding was then initiated in which a oumber
of welding procedure details were investigated and, more sigonifi-
cantly, the capabilities and shortcomings of the welding system were
assessed and appropriate improvements made and/or defived.

In October, 1980 the system was shipped to the encapsulation
facility at the Nevada Test Site, operated for USDOE by Westinghouse
AESD/Nevada. Here the final phases of equipment seystem modifica-
tions and welding procedure development were counducted. These
efforts resulted in the definition of a completely automatic welding
procedure for performing the subject closure weld with the loaded
canister and welding head located remotely in the encapsulation hez
bay. The weld is performed using the keyhole technique, and is
autogenous except for a small filler metal addition made at the
point of final keyhole closure to permit meeting the maximum
allowable undercut limit imposed by the controlling specification.

The welding system is described, and the final welding procedure
is described and discussed in detail. Several aspects ind results
of the procedure development activity, which are of both specific
and general interest, sre highlighted; these include:

o ‘The critical welding torch features vwhich must bde
exactly controlled to permit reproducible evergy ioput
to, and gas stream interaction with, the weld puddle.

e A comparison of results using automatic arc voltage
cootrol with those obtained using a mechavically fixed
initial arc gap.

o The optimization of a keyhole initiation procedure.

® A comparison of results using an autogenous keyhole
closure procedure with those obtained using a filler

metal addition.

e The sensitivity of the welding process and procedure to
variations in joint configuration and dimensions and to
variations in base metal chemistry.

Finally, the advantages aud disadvantages of the plasma arc
process for this application are summarized from the current view-
point, and the applicability of this process to other similar appli-
cations is briefly indicated.



INTRODUCTION

" To support of the Nuclear Waste Terminal Storage Program a car-
bon steel dry storage canister, compatible with curreotly licensed
truck-mounted shipping casks, was designed for the packaging of
spent light water reactor fuel assemblies to be emplaced iv various
eovisioned geo!ogic repository experimento and demonstrations. A
later expansion of scope resulted in the design of av altervate (but
externally identicsl) version for plckagmg of "loge™ of vitrified
high level radioactive waste.

The selection of a joiving process to be used for making the
final bermetic structural closure of the canister was an important
aspect of this design effort. Early in the progrsm, & process se-
lection study was performed® which resulted in the identification
of three viable process candidates., These were plasma arc welding
(PAW), using the autogenous keyhole technique; pulsed-curreot gas
metal arc welding (GMAW); and pulsed-current gas tungsten src weld-
ing (GTAW) with filler wire addition. A verification testing task
was then vodertasken in vwhich the feasibility of each of these can-
didates was experimentally assessed and demonstrated, Finally, a
trade study sud evaluation was performed which resulted iu the
selection and recommendation of PAW as the preferred approach.

The implementation of this recommendation included the procure-
ment of a PAW equipment system, a demonstration of the ability to
perform a fully sutomatic closure weld using this system, the devel-
opment of a detailed closure welding procedure, and the installation
and qualification of the system and procedure in the field facility
where remote encapsulation operations will be performed. The
details of the implementation sequence constitute the balance of

this paper.
CANISTER DESIGN DESCRIPTION

The carbon steel storage canistev design configuration is shown
in its two alternative versions in Fig. 1. Each cavister (less
contents) is an assembly of six components: body, lower end cap,
support ring, closure 1lid, assembly (backing) ring and lifting
pintle. The body is a section of ASTM Al06 (or A53) Grade B pipe,
nominally 12.75-in 0.D. x 0.25-in wall x 160-in long. The lower end
cap ie fabricated from a standard 2:1 ellipsoidal end cap made from
0.38-in thick ASTM AS516 (or A515) Grade 70 plate. The support ring
is 0.5-in thick ASTM A36 plate. A canister body subassembly is wmade
from these three parts by tack welding the support ring to s tapered
seat machined ioside the lower end cap, and then joining the lower
end cap to the body with a full penetration structural weld.



LIFTING PINTLE

o

LIFTING PINTLE -~ _-— SPOTFACE FOR ‘SPOTFACE’ FOR ALIGNMENT/
, ALIGNMENT ATTACHMENT OF WELDER
4. OF WELDER -
- . 3 CLOSURE LID
S ELLIPEOID . CLOSURE LID §I\_ 2:1 ELLIPSOID
: ASSEMBLY RING
\ CLOSURE LID
| N ASSEMBLY RING
LIFTING BAIL - i BUMPER '
‘H— CANISTER MAIN BODY
VITRIFIED HIGH o ,T
LEVEL WASTE T Il ~ CANISTER :
CANISTER i MAIN BODY '~ PWR FUEL ASSEMBLY
ADAPTER
LOWER .
N O - AING = LOWER SUPPORT RING
LOWER END CAP G
2:1 ELLIPSOID Q SR FuD AP
HIGH LEVEL WASTE VERSION . SPENT FUEL VERSION

Fig. 1. Storage canister design configuration.

The closure 1id is fabricated from an end cap identical to that
used for the lower end cap. A bhole bored in the center of the cap,
and a surrounding flat machined surface, are used for aligning the
ASTM A108 Grade 1018 lifting pintle which is then joined to the cap
with a full penetration structural weld. The weld preparation ca
the bottom edge of the closure 1id is machined parallel to the upper
flat to permit use of the flat surface for mounting and aligning the
sutomatic closure welding head. A closure lid subassembly is then
completed by tack welding the asssembly ring (made from any of a
number of carbon steel grades) inside the lower edge of the lid.

Details of the closure lid/canieter body weld joiont configur-
atiorn are shown in Fig. 2. Due to a combination of encepsulation
facility constrainte and concerns related to tiltiog and rotation of
an unsealed canister containing a spent fuel asssembly, the closure
weld is made in the 2G position (canister vertical). The weld
preparation is a 10-degree butt joint, angled upward from outside to
inside through the canister wall. The close-fitting assembly ring
spans the joiot ionterface, and contains a deep circumferential
groove located directly bebind the interfsce. The ring serves three
purposes: it facilitates assembly and aligoment of the closure lid
vith the canister body, provides & shield to prevent weld splatter
from impinging oo the canister contents, and provides (via the
groove) &n escape plenum for the plasma gas column which penetrates
the cauvister wall duriong welding. The plasma gas contaived in the
groove also provides an inert atmosphere purge which prevents burn-—
ing of the weld root surface. This is somevhat esuperfluous in the
current application, since the assembly will be backfilled with av
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Fig. 2. Closure weld joint configuration.
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inert gas mixture prior to welding, but could be very eignificant in

other applications vuhere the inert pgas backfill would not be
utilized,

CLOSURE WELD REQUIREMENTS

Two key factors influencing the selection of a canister closure
welding process were the requirement for completely remote welding
in the encapsulation facility hot bay, and the requirement that the
canister design meet the intent of the ASME Boiler and Pressure
Vessel Code, Section III, Division 1 for a Class 3 vessel. The
first of these dictated that the process be highly reliable and
amensble to fully automatic equipment system operation and welding
process coontrol. .

Consideration of the second factor led to the stipulation that
the design would exsctly conform to Code requirements except in
areas vhere those conflicted with the functional requirements placed
on the canister for acceptable performsnce in its intended applica-
tion. This affected the closure weld in the areas described -below.
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Weld Joiont Desigon

The gselected joint configuration is consistent with those
allowed by Section III, Article ND 3352.

Weld Procedure Qualification

The final detailed welding procedure, with the equipment system
ionstalled in the remote encapsulation facility, will be qualified in
accordance with the requirements of Section IX as specified in
Section II1I, Article ND 4300.

Weld Inspection

Inspection is relevant both to qualification and to the accep~
tance of production welds. Techniques applicable to the completed
weld joint fall into four categories, as summarized below:

Visual Examination - The requirements for s Class 3 vessel are o
stated in Section III, Articles ND -4424 and ND - 4426.1. With
reference to Fig. 3, these are basically as follows:
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Fig. 3. Definitisa of closure weld festures.




@ Weld bead surfaces must be free from coarse ripples,
grooves, overlaps, porosity and abrupt ridges or
valleys.

® Undercut shall not exceed 1/32 in and ehall not
encrcach on the required section thickness.

® Reinforcement shall not exceed 3/32 in.

e Concavity onw the root eide is pernitted when the
tesulting thickness of the weld is at least equal to
the thickoess of the thiunner member.

Nondestructive Surface Examination - The applicable techniques
sre liquid penetrant and magnetic particle testing. These "hande-
on" procedures are not feasible for inspection of production welds,
since the radiation 1levels preclude personnel access to the
unshielded canister following closure welding. For procedure
qualification, it was judged that neither technique would provide
gsignificant information beyond that obtained in the other exsmina-
tions and tests to be utilized. Thus noundestructive surface

examination was not performed on this program.

Nondestructive Volumetric Examination ~ The  applicable
techniques in this category are radiography and vltrasonic testing.
Although not required for weld procedure qualification, welds were
radiographed in accordance with Code procedures to provide addi-
tional verification of weld joint integrity. In production welding,
radiograpby is not feasible due to the presence of a diffuse, high-
iotensity radiation source inside the cavister. Elimination of
radiographic inspection is acceptable provided that the weld proce-
dure is qualified and that a reduced weld efficiency (45 percent in
thie case, per Section III, Article ND 3352.1(c)) is uvsed in design
calculations. Ultrasonic testing is conceptually feasidble for
volumetric examivnation, but ie wot a Code requirement. Since
standard ultrasonic testing equipment is not available for the
configuration and encapsulation conditions of this canister, ultra-
sonic examination was not included in the inspecticn requirements.

Destructive Examinstion aud Testing <= The applicable
requirements, as stated in Section IX, Article QW451 consist of
tensile tests, bend tests and certain documentation actions.

The tensile test specimen definition for pipe welde is provided
in Section IX, Article QW452.1(b), together with the requirements
placed ou the tensile testing procedure. The acceptance criterion
is that measured tensile otrength of the welded specimen must be
greater than the minimum allowable teusile strength of the weaker
base metal (in this case, the canister body).

-~ Section IX, Article QW466 provides the vecessary bend test
specimen definitions, a listing of which tests must be performed and
the requirements for the bend testing procedure. The acceptance




criteria for all bend tests is that all "open defects” must be less
than 1/8-in deep after beunding, except for cracks initisted at the
edge of the specimen which did vot ivitiate at elag inclusions or
ioternal weld defects. (No limit is placed ov the gsize of edge
cracks vhich ivitiate in sound weld metal.)

No elongation measurements, bardoess testing or metallographic
exsmination is required by the Code for weld procedure qualifica-
tioo, However, these were performed on qualification weld specimens
to develop a more complete characterization of the setructure aund
properties of the cavister closure weld.

PLASMA ARC WELDING SYSTEM

System Procurement

Following the preparation of an appropriate equipment specifi~
cation?, based oo the canister design and on the pbysical and
environmental coustraints of the application and the eucapsulation
facility, a competitive procurement cycle was initiated. This
culminated in the placement of av order with Hobart Brothers, Inc.
of Troy, OH. The Hobart gystem included automatic welding heads
designed and fabricated ou a subcoutract basis by The General Atomic
Company of San Diego, CA. The system was delivered to Westinghouse
AESD/Pitteburgh, PA in April, 1980, where acceptance testing was
successfully performed to complete the procurement activity.

As-Delivered System Description

The priocipal compoments of the welding power supply/ countrol
system are shown in Fig. 4. The features and fuunctions of these
component s are briefly described as follows:

Hobart Cyber-Tig CT-300 DC Power Supply — Rated for 300 amps/20
volts at 100 percent duty cycle, with 80 volts maximum a8t open
circuit. Dual welding current ranges (3-30 or 3-300 amps). Module
also contains programmer gud meters for welding current and power
supply output voltage.

Hobart 800 Series Programmer - Provides basic capability for
programmed sutometic control of the closure weld cycle, including
current upslope during weld initiation, current taper during main
weld cycle, and current downslope during weld termination. Also
cootrols prepurge and high-frequency arc starting. Provides appro-
priste ioterfaces for cycle features controlled by other system

component s,




Fig. 4. Welding power supply/control system. (A) Power supply,
(B) Programmer/meter panel, (C) Plasma control unit, (D) Arc voltage
control unit, (E) Motor speed coutroller, (F) Four-chanuel recorder.

Hobart HPW-400 Plasma Coutrol Uunit = Regulatcs and metere the
plasma and shielding gas flows to the welding torch; cootrols and
displays pilot arc current and voltage; and cootrols the downslope
of-plasma gas flow rate during weld terminatiovn.
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Cyclomatic Model 266 Arc Voltage Coutrol (AVC) Unit ~ For PAW
closure welding, this unit establishes and msintains the arec voltage
in the transferred arc welding mode by continuously adjusting,
through a feedback control system, the electrode-to~work separation
necessary to maintasin the arc voltage at the precet value. Two
cootrol ranges, 5-30 aod 5-50 voultes, are provided. A voltmeter
continuously displays the average arc voltage as measured at the
seunsing leads on the welding head. A maonual in/out torch~position-
ing setup control is aleo provided.

Hobart Cyber-Tig Motor Speed Controller - Coutrols the drive
motors mounted on the auvtomatic welding head vhich provide head
rotation, filler wire feed and vertical torch travel. Contains set
point potentiometers for the drive motors, master weld cycle timer
for programming the duration of the complete weld cyzle, programming
controls for ivnitiation and termination of filler wire feed, and
override switches to permit manual operation of all three motors.

Gould 2400 Series Four-Chaunnel Strip Chart Recorder =~ Records
weld head rotatiov drive motor voltage, weld current, arc voltage
and filler wire feed drive motor voltage.

Two additional system compovents are shown in Fig. 5. These
are:

Fig. 5. Welding system components requiring location in
bot bay. (A) Recirculating torch coolant system, (B) High-frequency
arc start booster. :

Thermal Dynamics HModel HP 100 Water Circulator - Provides the
necessary cooling water to the PAW torch. A recirculating system,
installed in the hot bay near the welding statiom, is required due
to-restrictions (arising from nuclear criticality concerns) on flows
of water through the hot bay shielding boundaries.

Y id



Hobart Model 1611 Remote Arc Starter —~ This booster umnit for the
bigh-frequency pilot arc ignition process, interposcd between the
power supply/control eystem and the PAW torch, is needed becauvse of
the long (v 65 ft) electrical cables required for remote hot bay
installation of the automatic welding head.

The Geveral Atomic auvtomatic welding head, mounted on s canister
closure mockup assembly, ie shown io Fig. 6. The functionel compon-
ents of this head are described as follows:

Fig. 6. Automatic welding bead. (A) Liftiug bail, (B) Attachment

hardware, (C) Rotation drive motor, (D) Eddy current proximity
gsengsor, (E) PAW torch, (F) Trsiler shield, (G) Torehb tilt aogle
adjustment, (H) Torch lead/lag angle adjustmeut, (I) Manual torch
infout controls, (J) Cables aud boses supported by overhead boom,
(K) AVC drive unit, (L) Filler wire feed system.

Hobart Model HPW~400 Plasma Arc Welding Torch -~ Performs the
canister closure weld. Mounted on brackets which permit adjustment
of torch vertical tilt &nd horizountal lead/lag angles.

8



Cyclomatic Model 266 Arc Voltage Control Drive Unit - Drives the
Plasus torch toward or away from the weld joint as required to
maintsin the arc voltage at the preset value, and provides controls
to manually adjust the torch/workpiece gap during setup.

Head Rotation Jrive Motor - Drives the torch carousel through
interaction with a stationary ring gear, thus rotating the plasma
torch along the weld joint ioterface.

Vertical Torch Travel Motor - Drives the torch iu the vertical
direction (for setup or emergency adjustments) through a
rack-and-pinion arrangemeot.

Filler Wire Feed Syetem - Delivers weld filler wire to the weld
puddle when/if required.

Eddy Current Proximity Seusor =~ Provides capability for
establishing torch/workpiece separation gap at the preset dimension
prior to initiation of transferred arc welding mede.

Attachment Mechaniem - Three-clamp system for attaching the
wvelding bead to the closure 1lid such thst the orbit of torch
rotation is councentric with the 1lifting pintle axis and the plane of
the orbit is parallel to the plane of the edge of the closure weld

preparstion.

Lifting Bail - Provides a means for liftiog the welding head for
installation on and removal from the closure lid, either manually or
using remote manipulator-actuated equipment.

System Modifications

During the course of welding system installation, checkout,
calibration and procedure development activities, certain highly
desirable or mandatory modificatious were identified and imple-
mented, While many of these were considered normal for the process
of making a complex custom-designed system operational, & few were
of fundamental significance in the ccotext of achieving acceptable
system functioning and performance for the intended application.
These latter items are briefly described in the following paragraphs.

The as-delivered system contained a master weld cycle timer for
programning tie duration of the complete weld cycle. During the
early procedure development experiments, it was determined that the
accuracy and repestability of this timer were unacceptable for
providing the necessary control over the points at which various
weld termination sequences could be initiated. Analysis and vendor
diecussions led to the conclusion that no substitute timer bhaving
adequate range could be identified to provide the nuecessary

capability.
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Accordingly, su alternate control scheme based on azimuthal position
sensing was conceived and implemented. Through incorporation of a
microswitch and tripping pio on (respectively) the rotating and
fixed elements of the weldiog bhead, plus restricted-duratioo
precision timers with appropriate coutrol system ivtercoomecticos,
the following cycle control sequence was established:

® Establish asv exact aszimuthal atertiog pamt reference
by ivitial tripping of the microswitch pr1or to weld
ivitiation.

® Seuse exactly 360 degrees of weld travel by again
tripping the microsvitch as head rotation procecds
during weldiog.

¢ Ioitiste and cooutrol the weld termivation sequence
ueing restricted-range precision timers actuated by @
signal from the ebove event.

A second area in which eignificant modifications were required
was the control of weld travel speed as determined by welding head
rotation rate. Despite a number of attempts to improve the accuracy
and repeatability of the as-delivered open-loop motor speed coutrol
subsystem, iv-cycle speed variations of up to B8 percent from the
meen, aod cycle-to~cycle variations of similar magoitude at a fixed
speed control setting, contiunued to be experienced. Variations of
_this maguitude, with thair attendant effect ov weld heat input arnd
bead shape, were judged to be intolerable for this application. The
situation was resolved by replacing the entire as-delivered sub-
system with a closed-loop control system incorporating an iontegrated
gearmotor/tachometer drive unit. The functioning of the closed~loop
system has subsequently been found to be entirely satisfactory.

Modifications were also required to the filler wire feed drive
and countrol subsystem. The positiovning mechanisms provided for the
wire guide system were found to be inadequate for making the pre~
cise, repeatable guide settings vnecessary to feed wire into the
keyhole closure vregion during weld termination. This was corrected
by designing, fabricating and installing a rveplacement positioning
system incorporating a dovetail slide and other precision adjustment
capabilities. In addition, the wire feed control timer circuitry
was reconfigured to permit the initiation of wire feed either before
or after the ivnitiation of fival current downslope, in ovder to
provide maximum flex1b111ty in the development of a weld te'nnmlt:.ou
procedure incorporating filler wire addition.

Finally, it was necessary to modify the plasms tovch orifice
bodies in order to achieve predictable, repeatable energy input to
the weld joint. This is discussed in detail in the section on
procedure development.

13



WELDING PROCEDURE DEVELOPMENT

Materisls

To provide specimens for procedure development and related
investigations, mockups of the canister body and closure 1id were
designed as shown in Figs. 7 and 8. Body mockups were fabricated
from seamless pipe, with both ASTM Al106 Grede B (3 heats) and A53
Type S Grade B (1 heat) materials represented in the specimen
population. Closure 1id mockups were fabricated from end caps which
were formed from plate; ASTM A515 Grade 65 (2 heats), A515 Grade 70
(3 heats) and AS516 Grade 70 (4 heats) were included. Eond cap
fabrication practices included cold forming with and without a sub-
sequent stress relief heat trestmeont, and hot forming.

- 12.700 % 015 DIA, —————e~

N
125!3 10° 0° 30° l ¢

\7‘ 1.0%03 '
N
J 45° t5°7z_ N

-

Fig. 7. Canister body mockui:.deaign.

The specification requirements for chemicsl composition,
together with the heat analyses for all mockups used in the proce-
dure development end qualification work, are given in Table 1. No
basic weldsbility problems were experienced with any of these
materials, although (as noted later) some significant grade-to-
grade variations in weld bead shape were obtained with given welding
parameters. :

Filler wire, used in the keyhole closure region of a number of
developmentsl welds and in the final procedure, was 0.035-in dia.
AWS Type ER805-D2, Thie was used for reasons of experimental con=-
venicace; sny of & number of lower strength grades could have been
satisfactorily substituted,

14
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Fig. 8. Closure 1id mockup design.

Procedure Description and Terminology

For coouvenience of discussion, the overall weldiung procedure
will be divided into five separate parts, defined ss follows:

Setup = Welding head is attached to the closure 1lid aund
adjusted; the head/lid assembly is then placed on the canister
body. Final adjustments are made autometically. An  inert
atmosphere is established inside the canister assembly, and the
system is ready for initiation of the welding procedure.

Tack Welding - Closure 1id is tack welded to canister body.
Weld Initiastion - Switch is made from pilot arc to transferred

arc welding mode, keyhole is established and weld travel 1is
initiated.

_ Main Weld - Autogenous butt weld is produced ss the torch is
rotated around the joint circumference.

15



TABLE 1 Chemical composition of canister mockup materials
for weld procedure development and qualification

Composition (weight percent)

C Mn P s Si
Canister Body Spec. 0.30 max 0.29/1.06 0.048 max 0.058 max 0.10 min
ASTM A106 Limits )
Grade B Heat 0.16 0.83 0.009 0.013 0.19
Analyses 0.17 0.82 0.008 0.012 0.19
0.17 0.82 0.007 0.012 0.19
Canister Body Spec. 0.30 max 1.20 max 0.05 max 0.06 max -
ASTM A53 Limits
Type S Hesat
Grade B Analysis 0.24 1.00 0.010 0.015 -
Closure Lid Spec. 0.27 max 0.85/1.20 0.035 max 0.04 max 0.15/0.30
ASTM A516 Limits
Grade 70 Heat 0.23 1.09 0.005 0.011 .27
Anslyses 0.24 1.01 0.006 0.017 0.25
0.25 1.10 0.010 0.016 0.23
0.24 1.06 0.008 0.017 0.25
Closure Lid Spec. 0.28 max 0.90 max 0.035 max 0.04 max 0.15/0.30
ASTM AS515 Limite
Grade 65 Heat 0.20 0.79 0.011 0.028 -
Analyses 0,19 1.13 0.005 0.0:3 0.27
Closure Lid  Spec. 0.31 max 0.90 max 0.035 max 0.04 max 0.15/0.30
ASTM A515 Limits
Grade 70 Heat 0.22 0.47 0.007 0.022 -
Analyses 0.27 0.75 0.010 0.023 0.22
0.27 0.77 0.008 0.021 0,22

16



Weld Termination - Weld travel is termivated; weld current aud
plaema gas flow are terminated; keyhole is closed; weld bead shepe
ivo keybole closure region is sdjusted through filler wire additiov,
if vecessary, to meet spplication requirements.

Certain eystem or setup features and welding parsmeters were
fixed prior to the initiation of experimental welding, end main-
tained coustant tbroughout the program. These are listed below:

e Plaems gas composition: argon.
Shielding gas composition: argon.

Electrode: tungsten/2 percent ThO;, 0.125~-in dia.,
tip ground to a point, 60-degree included angle.

e Torch plasma orifice: 0.125-in dia.

Torch tilt angle: 10° (up).
Torch lead angle: 0° {perpendicular to surface).

Setup

To begin the process of making & developmental weld, the closure
1id and csnister body mockups are thoroughly clesned to remove #0il,
wvaxes, oils and other contaminaots, with a final joint surface
cleaning using oxylene or methanol solvent being performed just
prior to use. The automatic welding head is attsched to the can-
ister lid subassembly, and all mnecessary checks and torch position-
ing or other adjustmeuts made. (In an actual encapsulstion, this
would be the final bands-on activity prior to evacuation of per-
sonnel from the hot bay and iunitiation of the remote encapsulation
procesa sequence.) The bead/lid assembly is then lifted and placed
on the canister body mockup, which is positioned on e baseplate or
on a "full volume" simulator to be described later. (The actual
remote encapsulation process sequence will be described toward the
end of the paper.)

An ivert atmospbere is then established inside the mockup
assembly, either by purging through penetrations in the baseplate or
by evacuation and backfilling of the simulator., Helium was used for
this purpose throughout the development program. (Io an actual
encapsulation, either helium or a mixture of helium and another
ivert gas euch as krypton or vneon will be used. The belium will
provide & baesis for helium leak testing the canister after closure
welding, The other gas, when used, will provide a means for
assessing contioued canister integrity after shipment under
conditions where the detection of helium thaes ambiguous
implicatiouns.) .

Finally, the torch is auvtomatically driven in towerd the
workpiece wntil the desired torch/work separation distance (i.e.,
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arc gap)* ig established through a eignal from the eddy current
proximity sensor to the AVC drive cootrol. Welding is then
initisted as quickly as possible to minimize the opportunity for
helium out-leskage from the gssembly.

Tack Welding

A set of three tack welds was adopted to prevent the development
of sn axial gap at the joint interfscé in response tc weld solidifi-
cation shrinkage forces produced early in the closure welding cycle.
(Gaps ss large as 0.06-in were observed in mockups closure welded
without prior tack welding.) The 1- to 2-in long tack welds are
made in sequevnce at 90°, 270° and 180" from the point where closure
welding would be initiated. A keyhoie is not estasblished during
tack welding; instead, the 1lid and body asre melted to a shallow
depth aod then solidify to join the two pieces. The tack is
completely remelted during the closure weld cycle, so there is no
effect on the integrity of the final weld.

Two tsck welding procedures were iovestigated. The key
parameters of the first of these are:

Travel speed: &4 in/miv.
Plasma gae flow rate: 2-3 cfh
Weld current: 100 amp

Azc voltage: 28-30 volts

Torch/work distance: 0.25 in

AVC control: 1locked out

This procedure gave acceptable results for A516 Grade 70 closure
1ids, but crackiog occurred in a few iustances with A515 Grade 70
material. Accordingly, 8 second procedure was developed incorpora-
ting & filler addition to give a "0.010-in reinforcement. Thise
final procedure, performed with the AVC control locked out and using
an initial torch/work distance of 0.25 in, is shown graphically in
Fig. 9. This produced crack-free tack welds in all of the closure
lids used in the balance of the program.

* Throughout this program, torch/work separation distance is
defined as the dimension EW shown io Fig. 12, The actual arc
gsp is the dimension FW shown in the same figure.

-
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Fig. 9. Final tack welding procedure.

Weld Initiation

Three basic approaches to closure weld ivitiation were investi-
gated, ouly one of which yielded entirely acceptable results. The
first of these, shown graphically in Fig. 10(a), consisted of the

following steps:

e With torch statiovary, switch from pilot arc to trans—
ferred arc mode at a high weld curreunt level, 190 amps,
to establish & keyhole through the joint interface.

e With torch remaining stationary, after 7 second delay,
increase plasma gas flow rate from pilot level of 2 cfh
to main weld level of 7 cfb, . nd initiate weld curreot
downslope.

- @ Downslope current in 8 seconds from 190 asmps to main

weld current level of (e.g.) 150 amps; initiate weld
travel of {e.g.) 4 iun/min at the end of this downslope.
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Fig. 10. Weld ivitiation procedures.

Two features of the resultant solidified weld start region were
undesirable, and could not be satisfactorily improved with mivor
trial variations io initisl current level and/or downslope time.
First, a large residusl through-hole was left at the start, which
had to be assimilated into the weld puddle (in the overlap follovi.ng
the first 360 degrees of weld travel) before the weld termivation
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procedure could begin; and second, substantial sagging of the
starting puddle produced a "lymp" of weld reinforcement at the lower
edge of the weld bead face which violated the 3/32<in acceptance
limit for reinforcement.

To improve the appearance of the weld start region snd mivimize
the weld puddle pertyrbation during overlap, a second approach to
weld initiation wae developed. Shown graphically in Fig. 10(b), the
final vereion of this approach consisted of the following steps:

e With torch setationmary, switch to transferred arc mode
at very low weld current level, sufficient to produce
oonly shallow melting at the weld joint face.

e After 2 second delay, initiste weld travel of & in/min
and initiate weld current upslope.

® Upslope current in 4 seconds to maiv weld current level
of 140 amps; after 3 seconds of upslope, increase
plasma gas flow rate from pilot level of 2 cfh to main
weld level of 5 cfb. Keybhole is established "ou the
fly" as the current approaches 140 amps.

Several combinations of initial current, travel start delay time
and upslope time were tried, with best results obtained at the
values noted above. The AVC control was locked out for a period of
7 seconds after transferred arc initistion to allow time for the
plasms column to stabilize. (Without this stabilization period,
large fluctuations occurred during startup, producing a very umneven
surface.) Using this ivitiation procedure, no residual through-hole
wvas produced, and the excessive reinforcement resulting from puddle
sagging wae reduced somewhat. However, attempts to further reduce
the reinforcement through additional parameter optimization were
unsuccessful. This presented an intolerable haudicap to the devel-
opment of an ‘acceptsble weld termination procedure, so additional
weld initiation development was pursued.

The third and ultimately successful approach to weld initiation
was based on the councept of a hole premachined through the canister
wvall at the joint interface. By aligning the torch with such a hole
prior to initating the automatic closure weld sequence, it was
possible to establish and propogate a keyhole very quickly, with a
minimum of extraneous workpiece heztup and corresponding wminimum
initial puddle size, and with elimination of the puddle turbulence
aud splashback associated with the establishment of a keyhole by
directly melting through a solid wll with the high velocity plasma
column.

Tnitisl development wee done with premachined circular holes of
0.12 to 0.25-iv dia. having their sxes coincident with the plane of
the joint interface. The final coonfiguration is a 0.22-in dia.
semicivrcular hole penetrating ounly the closure 1lid half of the
joint. This is eimpler and less costly to machine, requires nuo
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matchup between closure lid and canister body, and iotroduces no
discervable penslty in weld initistion procedure complexity or in
acceptability of weld bead shape in the initiation region.

Figure 11 shows this finsl premachined hole configuration. (The
adjacent intercounected slot ie diecussed in & subsequent section.)
Figure 10(c) graphically shows the optimized initiaticn procedure
developed for use with the premachined hole; it consists of the
folloving steps:

0.22 DIA

~ag—— WELD DIRECTION

Fig. 11. Premachined keyhole starting penetration and
pressure relief slot.

e With torch statiomary, switch to transferred arc mode
at main weld current level of 140 emps, simultanecusly
increasing plasma gas flow rate from pilot 1level of
2 cfb to main weld level of 5 cfb.

e After 6 second delay, initiate weld travel of 4 in/min.
Main Weld

The main weld extends from the point at which a stable,
propogating keyhole is established to the point st which weld cur-
rent downslope ie initisted. The welding parsmeters are held con-
staot during this v 360-degree period (workpiece heatup effects
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are vot sufficient to require compensatory weld curreat tapering),
except for asrc gsp/arc voltasge adjustments made by .the AVC unit
{vhen used) to compensate for ovality asnd/or thermal distortiom.
The development of & main weld procedure involved the optimization
of varicus parameters, resolution of certsin equipment system
problems, and choices among asltervative procedursl strategies, as
discussed below.

Weld Travel Speed - Main weld procedures wre iovestigated ot
travel speeds of 4, 6, 8 and 10 iv/min. Equivalent weld heat iuput
levele sud bead shapes were obtsined using weld currents of spproxi-
mately 140, 190, 240 gnd 270 ampe, respectively. At speeds of
6 in/min and above, however, "double srcing" wae experienced, with
the frequency of iocidence increasing with increasing travel sepeed.
This is a pheucmenon uvique to plasma arc welding in which the
transferred arc established betweer electrode and workpiece suddenly
becomes diverted and eplit into two separate arcs, one between elec-
trode and torch orifice sand the other between orifice and workpiece.
Several .resultant effects, all deleterious, make it impossible to
prcduce an acceptable closure weld while double arcing 1is
sceurring.

Several approsches to the elimination of double arcing are
known; however, those which do wuwot raquire modifications to the
plasma arc torch (such as increasing plasma gas flow rate st a given
travel speed and weld current) were tried without success. Accor-
dingly, & travel speed of 4 in/min was sdopted for all remaining
work. No significant penalty was sssociated with this decision, as
the 10-minute weld time at this speed represents & minor fraction of
the time required for thte entire encapsulation sequence.

Plasma Torch Characteristics and Performance ~ Throughout the
early phases of the procedure development activity, problems were
experienced with lack of reproducibility of weld joints made with
nominally identical control system settings, and with the failure of
gystematic variations in certain settings to produce interpretable
results. Many of these difficulties were due to deficiencies in the
travel sespeed control subsystem, the resolution of which was
discussed earlier, and to various other minor electrical and
mechanical defects which were resolved in a straightforward maonmner.
The problems persisted, however, and & perception developed that the
source of these might lie in the plasma arc torch iteelf; one (of
several) reason for this was the periodic observation of the
occurrence of greenish coloration of the plasma columa sccompanied
by spitting sounds and plasma column fluctustions, all suggestiong
that torch cooling water might be leaking into the plesma gas
stream.

To investigate .the latter poseibility, au intensive etudy of
torch characteristics and performance was undertaken. The pertinent
torch components and dimensional festures are shown schemstically in
Fig. 12. For etudy purposes, the workpiece was a water=cooled
copper block, and sll tests were performed with the torch station=-
ery. A set of 14 orifice bodies, ss-received from the manufacturer,
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Fig. 12. PAW torch schematic.

was collected for evaluation. Using fixed weld parameters and
electrode positions within the torch, it was quickly determived that
an uynacceptably wide range of arc voltages was obtained over the
orifice bodies in the set. Representative test results illustrating
this conclusion are given in Table 2. Also, indications of torch
coolant leakage into the plasma gas stream were obtained with ome
orifice body and suspected with others. :

Dimensional and shape measurements were made to assess the
physical similarity of the orifice bodies. The results indicated
large variations in features which were judged to be critical to the
reproducibility of plasma gas flow characteristics and of the
electrode to orifice body relationship. The "As-Received” columns
of Table 3 indicate these varistions for the dimensions AB and AD.
Others included a range of "0.030 in for the orifice length CD,
several mils of variation in orifice diameter, a wuoncoplamnar
condition between the inmer and outer contact surfaces at plane A,
and nonperpendicularity between the contact surfaces A and the
orifice body mounting tbread axis,

To bring the set of orifice bodies into a reasonably standard
configuration, a hand forging die was designed and fabricated. Each
body was then forged to make the inner and outer contact surfaces at
A coplanar to wvithin 0.001 in. The effect of this operation on the
AB and AD dimensions is shown in the "After Forging" columns of
Table 3. Machining operations were then performed to bring the AB
aod AD dimensions to the "After Machining" values shown io Table 3,
and to standardize the orifice length CD and the orifice diameter.
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TABLE 2 Test vesults illustrating nonreproducible performance
obtsined with ss-received torch orifice bodies

Orifice Plasma Gas Plasma Cas Pressure (in Hy0) Arc
Body Supply Pressure Before Initisting After Initisting Voltage
Number (psig) Transferred Arc Transferred Arc {volts)
01 29.2 24 34 27.0
02 29.2 24 35 27.5
03 29,2 24 . 35 28.0
04 29.2 24 34 27.5
05 29.2 24 37 28.5
06 29.3 24 36 27.5
07 29.4 24 35 28.0
08 29.3 24 35 27.2
09 29.3 24 36 29.0
10 29.3 24 34 28.0
i1 - - ~ -

12% - - - -

13+ - - - -

14% - - - -

*Not tested prior to modification

TABLE 3 Critical plasma torch orifice body dimensions hefore
and after modification

Orifice Dimeunsion AB* (in) Dimension AD* (in)

Body As~ After After As~- After After

Number Received Forging Macbining Received Forging Machining
01 0.303 0.292 0.312 0.464 0.459 0.456
02 0.320 0.303 0.311 0.500 0.458 0.456
03 0.320 0.306 0.312 0.500 0.467 0.456
04%% 0,294 0.285 0.286 0.453 0.435 0.434
05 0.305 0.294 0.310 0.480 0.457 0.456
06 0.303 0.292 0.311 0.480 0.453 0.452
07%* 0,300 0.286 0.286 0.480 0.450 0.434
08%* (0,321 0.318 0.332 0.508 0.490 0.464
09 0.310 0.306 0.311 0.480 0.472 0.456
10%%  0.325 0.316 0.332 0.495 0.465 0.464
11 0.303 0.298 0.311 0.474 0.464 0.457
12%%  0.314 0.305 0.311 0.474 0.465 -
13 0.306 0.294 0.311 0.474 0.448 0.449
14 0.305 0.303 0.311 0.453 0.449 0.449

*Dimensions defined in Fig. 12.
*%As modified configuration judged unacceptable for further use.

r 3



With these modifications completed, it was possible to proceed with
8 systematic study and optimizetion of electrode to orifice body
relstionship, Listed below asre the final standardized and/or
optimized* ovifice body dimensions and electrode position relation-
ships, with pertinent comments regarding the establishment of each.
As iundicated in Table 3, five of the 14 orifice bodies were
disqualified from further use due to excessive variations from these
standardized/optimized valyes.

e Electrode stickout, dimeansion AF: Optimized value is
0.300 *+ 0.001 in. Values from 0.280 to 0.320 in were
iovestigated.

e Dimension AB: Standardized valuve is 0.311 # 0.00l in.

® Electrode tip to edge of orifice entry angle, dimension

FB: Standardized value is 0.010 :g'ggz in. The study

showed the following:

= Values in the optimum range of 0.010 to 0.020 in
produce stable, predictable arc voltages with no
discernable electrode tip erosion.

- At values greater thao 0,020 in, rapid tip erosion
occurs,

- If the electrode is advanced so that the tip falls
withion the orifice eutry angle region BC, unstable
arc voltage behavior is obsgerved.

® Orifice entry angle, region BC: Standardized value is
118° (included), the as-received value.

e Orifice length, dimension CD: Standardized value 1is
0.100 + 0.003 in. For a fixed arc gap FW, arc voltage
increased slightly as CD was varied from 0.095 to 0.103
in.

® Orifice diameter: Standardized value is 0.125 #+ 0.001,
established by reaming each as-received orifice body.

® Dimension AD: Standardized value is 0.457 :g'ggg in.

As a result of standardizivg dimemsions AF and AD, the arc
gap FW cav be conveniently established during setup by

*Note that thie "optimization" applies only for the complete set of
dimensions arrived at here. Other "standsrdized" dimensions could
bave been established, and corresponding different “optimized"
values developed, that would produce equally satisfactory results.
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fixiog the externally determinable dimension DW (or, as was dome on
this program, the externally determinable dimension EW with the
interrelating dimension ED under close control).

Table &4 gives rvepresentstive test results indicating the
performance repeatability among the (usable) members of the orifice
body set following modification and staundsrdization. Orifice bodies
conforming to this standardized configuration were used exclusively
through the balaunce of the program.

TABLE 4 Test results illustrating reproducible performance
obtained with modified, standardized orifice bodies
and optimized electrode-orifice relatiouship

—— —
—— —

Orifice Orifice Plasma Gas Plasma Gas Pressure After Arc

Body Length  Supply Pressure Initiating Trausferred Arc Voltage
Number  (in) (psig) (io Hy0) (volts)
01 0.101 29.7 32.5 25.0
02 0.102 29.7 33.0 25.0
03 0.10% 29,7 33.0 25.0
05 0.103 29,7 33.0 25.0
06 0.098 29.8 33.0 24.9
09 0.102 29.8 33.0 25.1
11 0.103 29.8 33.5 24.9
13 0.095 29.7 33.0 24.6%
14 0.095 29.7 33.0 24.6%

*The reduced arc voltsges for 013 and 014 are a direct cousequence
of their shorter orifice lengths, as predicted by earlier test
results.

Assembly Ring Configuration aund Joint Venting - To mitigate
concerns regarding internal pressure buildup which might lead to
weld puddle blowout, cousiderable attention was devoted to the
geometric coufiguration of the assembly ring and to venting of the
weld joint. The final assembly ring configuration, shown previously
in Fig. 2, is a 0.50-in radial thickvess member coutaining a 0.30-in
deep x 0.60-in high relief groove directly behind the joint inter-
face. This configuration evolved from the initial design configura-
tion, & 0.125~in radial thickness strip containing & 0.050-in deep x
0.250-in bigh relief groove, as a result of experiencing occasional
veld puddle blowouts with the Llatter coufiguration late in the
development program.
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The concern over internsal pressure buildup led to an
experimental eetup trausition from the lid/body mockup assembly
resting oo a baseplate penetrated ounly by purge gas inlet and purge
gas outlet/pressure velief ports, to the mockup assembly gasket-
sealed to a flange of s "full volume" simulator. The latter is
simply an evacuable/backfillable tank whose internal volume is
approximately equal to the net free internal volume of a canister
loaded with a spent PWR fuel asnsembly (less the internal volume of
the lid/body mockup). This ellowed a more realistic assessment of
the magonitude of ioternal pressure buildup effects due to the con-
tinuous injection of hot plasma gas "into the assembly ring relief
groove as closure welding progressed. Provision for an internal
heater also allowed an assessment of the additive effect of heat
geverated by the canister cootents.

Results of weld experiments made with the simulator indicated
that puddle blowout near the end of the main weld (or durivg the
weld termination sequence) was a credible possibility. To alleviate
this, a 0.5-in long x 0.010-iv bhigh venting slot, located at the end
of the main weld travel and intercomnected with the semicircular
keyhole starting hole, was incorporated into the clcsure lid weld
preparation. (This slot was illustrated previously in Fig. 11.)
Approximately 20 complete closure welds were made on the simulator
with mockups containing this venting slot, with no blowouts being
experienced.

Automatic AVC vs. Fixed Arc Gap - Through most of the program,
automatic AVC was used to maintain constant arc voltage as the main
weld progressed. As discussed earlier, the AVC cootrol was locked
out until a stable, propogating keyhole was established (using a
preset initial arc gap). It was then automatically switched on, and
functioned to iucrease or decrease the arc gap in response to
workpiece ovality, thermal distortion or other geometric pertur-
bations as required to maintain arc voltage at the preset value. At
the point of weld current downslope initiation, the AVC control was
automatically switched off, allowing weld termination to proceed
under (final) fixed arc gap conditioms.

Excellent results were obtained with the use of the AVC system
in this mavner, and it appeared that the system could adequately
compensate for much larger geometric perturbations than were allowed
or experienced in the canister closure hardware. Late in the pro-
gram, however, it became necessary to abandon its use. As described
further iv a later section, this resulted from the unsuccessful
attempt to develop & completely autogenous keyhole closure
procedure, and the subsequently determined necessity for adding
filler wire prior to the ivnitiation of current downslope.

The filler wire feed unit is fixed to the plasma torch mountivng
bracket, and consequently is fixed to the AVC drive unit. The wire
feed nozzle thus moves in coucert with the torch as the AVC system
fupctions. During the main weld, observations indicated that 4
continuous small, cyclic variation io keyhole size cccurred as the
weld progressed, and that the AVC system responded to this variatioo
by producing a emall, cyclic variation in arc gap. The effect of




this variation on the shape and acceptability of the autogenous weld
bead was completely negligible; however, its effect oc filler wire
placement proved to be intolerable.

Becsuse of this, rather than design and implement an altervate
vire feed unit mounting scheme or attempt to reduce the cyclic are
gap variations thorugh procedure parameter adjustments, the decision
to abandon use of the AVC eystem was made. No significant problems
were introduced by this decision for the subject application. The
main weld procedure was shown to be tolerant to arc gap variations
of + 0.125 io from the specified nominel value, vhereas maximum
canister hardwvare ovality is of order 0.020 iv sand the tbermal
distortions measured during welding were 0.005 in at most. The
final main weld procedure is thus based on a fixed initial arc gap,
and sutomatic AVC is not used.

Base Metal Chemistry Variations - In the course of main weld
procedure development, it was determined that emall but vital
adjustments were required in certain critical parameters to accom-
modate the differences in melting temperature and weld puddle
viscosity and surface tension among the various canister body and
closure 1id base metal combinctions investigated. Table 5 gives the
parameter variations required to yield acceptable main weld beads
for three base metal combinations. Based oo these resvlts, it
appears necessary to separately qualify a detasiled welding procedure
for each base metal combination allowed in the canister design avnd,
quite possibly, to qualify on a material heat basis if substantial
heat-to-heat chemistry variations are encountered.

Table 5. Main weld parameter variations required for various
base metal combinations

Closure Lid/ Weld Arc Toereh/Work  Plasma Gas
Canister Body Current Voltage Separation Flow Rate

Base Metals (amp) (volts) (in) (cfh)

A515 Grade 70/ 130- 25.5 0.19 "~ 5@ 40 iv H0
Al06 Grade B 135

A516 Grade 70/ 145 27.0 0.38 vl @ 35 in Hy0
Al106 Grade B

A516 Grade 70 140 26.0 0.25 5@ 38 in HZ0

A53 Tp. S Gr. B

Base Metal Temperature -~ Hegtup of the closure lid and canister
body before and during welding will result from three sources:
decay heat generated by the canister contents, normal weld heat
buildup in the joint region, and the continuous injection of hot
plasme gas into the aesembly ring relief groove as the weld
progresses. Test results on preheated mockupes indicated that a
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given main weld procedure produces acceptable results over an
initisl weld joint temperature range from room temperature to
150°F. Higher temperatures were not investigated, but it appeared
that a reduction in weld heat input would be required for preheat
temperatures much above 150°F.

Final Main Weld Procedure - The final maiv weld procedure, as
qualified for the A516 Grade 70/A53 Type S Grade B base metal
combination, is summarized as follows:

Shielding Gae Supply Pressure:  30.0 psig*

e
e Shielding Gas Flow Rate: 36 cfh*

e Plasma Gas Supply Pressure: 29.8 psig*
e Plasma Gas Console Pressure: 38 io HZO
¢ Plasma Gas Flow Rate: 5 cth

e Torch/Work Separation: 0.250 io*
e Arc Gap: 0.466 in*
e Arc Voltage: 26.0 volts
e Weld Current: 140 amp

e Weld Travel Speed: 4 in/min

As noted earlier (see Table 5), appropriate adjustments in weld
current and plasma gas (console) pressure would be made for the
other allowed base metal configurations. Figure 13 illustrates the
appearance of a typical mockup welded using one of these main weld

procedures.

Weld Termination

Three basic approaches to closure weld termination were investi-
gated, ovly one of which yielded acceptable results. These are
described and discussed in the following sectious.

Continguous Autogenous Termination - The simplest and most
desirable termination procedure would be a contigucus continuation
of the main weld procedure in which some optimum combination of weld
current, plasma gas flow rate and/or travel speed downslope (or,
conceivably, upslope) would produce an autogenous closure of the
keybole and & final solidified closure region bead which meets all
of the previously stated acceptance criterias A large number of
trial terminations was performed in which these parameters were

* "These values also used for weld initiation and termination
procedures.
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Fig. 13. Appearance of typical closure welded mockup.

varied and their interrelationships studied. Two main effects were
observed to work in opposition to achievement of the objective:

e After ivitiation of current downslope, as soon as the
keyhole closed (which closure always initiated at the
root side of the weld), the weld puddle changed from a
stable, conical layer to a turbulent, closed-bottom
pool agitated by the iucident plasma gas. In most
cases, this turbulence resulted in the developmeont of
unacceptable porosity during final solidification.

e Due to the conical shape of the keyhole (small end at
the root side), and the root-to~face direction of
solidification during terminmation, & certsin smount of
fece-side undercut (actually, underfill) was inevitably
present sfter solidification was complete.

The most successful attempt st & termination of this type wes
performed using the procedure shown graphically in Fig. l4. The
termination region wvas free of porosity, but the face-side undercut
remained excessive. At this point, schedular requirements dictated
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Fig. 14. Contiguous autogenous weld termination procedure.

that another termination approach be investigated, as discussed in
the next section.

Contiguous Termination with Filler Addition ~ The mnext level of
procedural complication was the incorporation of a filler metal
additioo into the keyhole closure region during termivation. In
this way, it was envisioned that an undercut conditicn such as that
just discussed could be overcome in the most expedient mauver.

Again a8 large number of trial terminations was performed iwn
wvhich the previously discuesed parameters plus filler wire feed rate
and wire feed position were varied and their ioterrelationships
studied. The most successful procedural approach of this type is
shown graphically in Fig. 15. Simultaveously weld travel was
terminated and weld current was reduced in & step change (as opposed
to a downslope). Also, at the ssme point, plasma gas downslope was
initiated at the maximum rate allowed by the control system, and
filler wire feed was initiated. This approach mivnimized the problem
of weld pool turbulence, but the undercut problem persisted. The
general results of this approach can be summarized briefly: when
porosity was eliminated, undercut was excessive; and when uundercut
was coontrolled, wunacceptable internal porosity was invariably
detected. Accordingly, thbis approach was 2lso abaundoned in favor of
the technique discussed in the next section.

Two~Pass Termination with Filler Addition = The final, successful
approach to weld termination was developed by Westinghouse  AESD/
Nevada personnel after the author's participation in the project
nad ended. Jhis and other later aspects of the program will ve re-
ported separately from this paper.
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Fig. 15. Cootiguous weld termivation procedure with filler addition.

The final termination procedure consists of the following steps:

e Stop torch travel, and simultaneously initiate plasma gas
flow rate downslope, weld current downslope and filler wire
feed. Pulsed weld curreot (a capsbility oot described in
this paper) is used to help minimize heat input.

e The above results io & closed keyhole region free of
porosity but having excessive undercut.

e Back the torch Vv 0.5 in (circumferentially) along the weld
travel path.

e Perform a second, v 0.5-in long melt-in filler pass to
build up the undercut region to an acceptsble level.

Although this approach is operationally more complex thao the
coutiguous approaches described previously, it enabled a successful
overall procedure qualification to be performed ovw the A516
Grade 70/A53 Type S Grade B base metal combination in accordaoce

with program requirements.
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WELD EVALUATION

At various points in the program, complete welded mockup
assemblies were celected for comprehensive evalustion. Following
vieual examination and x-ray radiography, each assembly was sec-
tioned in accordance with a detailed ssmpling pattern, and con-
verted into appropriate specimens for tensile and bend testing,
barduness measurements and metallographic examination. Results of
the evaluation of two typical assemblies will be described bhere;
these are representative of results cGbtained on 2all other mockups

evaluated throughout the program.
Tensile and Bend Tests

Tensile sud bend test specimens were machined to (essentially¥)
the procedure qualification configurations specified in Section IX
of the ASME Code. The curved {(closure 1lid) portion of each trans-
verse tensile specimen was flattened with a press prior to machining;
since this portion was part of a grip section of the final specimen,
the strain hardening introduced by flattening had no effect on the
test results.

Each transverse tensile specimen was scribed with a 1.25-in gage
length and then teated (at room temperature) to failure in a
Wiedemann tensile machine using a constant crosshead speed of
0.05 in/min. The strength snd elongation values calculated from the
test results are given in Table 6, together with the corresponding
minimum values allowed for the closure 1lid and canister body base
metals in their respective material specifications.

All specimens tested fractured in the canister body material
section, at yield and ultimate strength values well in excess of the
specification minimums for that material. The results are thus in
conformance with the qualification acceptance criteris of Section IX
of the ASME Code. The variations smong individual test results are
typical for welded steels of these general types. The reduced
elongation values (as compared to the base material specification
minimums) reflect the weld fusion zone hardening effects described
below. These elongation values do not sffect the acceptability of
the tensile test resulta with respect to the Code criteria.

Bend teet specimens were tested in a die/punch bending fixture
mounted ot 8 Wiedemsnn tensile machine. A crosshead speed of
1.0 in/min wvas used for all specimens. The results are compiled in
Table 7, and the surface appearance of four representative specimens
after bending is shown in Fig. 16, No cracks were seen in any
specimen, eo the results are iv conformance with the Section IX
qu_alification acceptance criteria.

*Some bend test specimen widths deviated slighbtly.

39



Table 6, Transverse tensile results and base materisl
specification minimums for typical welded mockups

Specimen Yield Strength (pei) Ultimste Tensile Elongation in
Number 0.2 pct. Offset Strength (psi) 1.25 in (pct.)
5513 47,800 " 66,800 18.3
55TT67* 50,100 66,500 14.1
5517 58,100 67,900 18.8
88T1 57,300 67,100 17.1
88T5 51,000 71,400 14.0
88TT67* 50,900 69,000 16.4

Base Material

Specification

Canister Body 35,000 min 60,000 min 27.0 min
Al106 Grade B
Closure Lid 38,000 mivn 70,000 min 21.0 min

A516 Grade 70

*Specimen located iv tack weld region.

Table 7. Bend test results for typical welded mockups

Specimen Number Type of Bend Test Test Kesults
55B1 Trausverse face bend No cracks
55B2 Traneverse root bend No cracks
S5BT45 Transverce face bend No cracks
55B6 Transverse root bend No cracks
88B2 Transverse reoot bend No cracks
88BT45 Transverse face bend No cracks
88B6 Transverse root bend No cracks
88B8 Transverse face bend No cracks

- 88LB34 Longitudinal root bend No cracks
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Hardness Measuremeots

Diemond Pyramid (Vickers) hardness measurements were made on
specimens from both sssemblies to characterize the softeniung/harden-
ing effects of the plasma arc welding process ov the canister mste~
rials, The Dismond Pyrsmid technique permits the determination of
accurate hardoess values and the mapping of bhardvess gradieots
through the relatively emall transition zones found in welded struc-
tures of this type. The test specimens were metallographically
polished and etched, and hardness traverses made aloog the prepared
surfaces beginning in the canister body base metal and proceeding
through the body heat-affected zone, weld fusion zone, closure 1lid
heat-affected zone and lid base metal.

Plots of the resultant hardvess profiles are shown for four
representative specimens in Fig. 17. In each case, the weld fusion
zone hardness values are at or near the highest level in the weld-
meot; this reflects a combination of alloying effects (the body and
lid base metal compositious are somewhat different, as indicated
previously in Table 1), microstructural effects and hardeving due to
phase transformations during weld cooling. The body base metal is
the softest region in each case; this follows directly from the
minimum strength specification values given previously in Table 6,
and the fact that hardness and tensile satrength are closely corre-
lated in steels of this type. The hardness gradient in the body
heat-affected zone forms a& monotonic transition between the low-
hardness body and high-hardvess weld fusion zove; the hardening ivn
this region is due to transformation effects, as evidenced by the
fact that the gradient iwncreases sharply as the weld fusion zone
boundary (where welding-induced temperature levels agnd subsequent
cooling rates are highest) is approached.

The bardness gradient in the lid bheat-affected zone is similar
to that in the body side of the weldment, snd a similar transforma-
tion effects explanation seems appropriate. The difference in
closure lid bardness levels between the two assemblies is within the
range expected from a combination of heat-to-heat chemistry varia-
tions and differences in detailed fabrication/processing parameters
duriog ellipsoidal 1id manufacture. No significant differences were
observed between bardness profiles in tack welded versus non-tack-
welded regions within a given sssembly.

Although the details of the harduess measurement results are of
considersble ivnterest from the viewpoint of characterization and
understanding of the metsllurgical effects and resultant properties
produced by the welding operation, the hardnese variations observed
are of no consequence in evaluation of the acceptability of the weld
joint. All of the counditions described above are acceptsble from
the mechavnical, metallurgical and ASME Code criteria viewpoints.

37



g ' a
& 260 260
T1T U711 LI T el w I
é 240 LB ) _ s 200 UL LI | LR DL
L220 - - ; 220 |- .
o 200~ - 5200 |- -
s 160 X0 - Fz
R PTY 4 2wl -
a
120 b~ HAZ HAZ - 912 |- A -
sooL BODY € Lo ] g 10 | 2007 MAZ1 e | MAZ o]
< TL 111 by I T W < {_ill Ll b1l
8 08 06 04 02 0 02 04 06 O 06 04 02 0 02 04 06
DISTANCE FROM FUSION ZONE CENTER LINE (IN} DISTANCE FROM FUSION ZONE
SPECIMEN 55M5, NON-TACK-WELD REGION CENTER LINE (IN)
SPECIMEN S5MT23, TACK WELD REGION
2 20
§2‘° 1T 1rtTrri UL l_
S 20 — -
5 180 z = —
& 160 & — —
-9 140 a o —
[~] a
§ 1o & '“ I “Boov ]
2 100} g
O T ] 1 1ot )]s Ty L1
06 04 02 0 02 04 06 082 08 06 04 02 0 02 04 06
DISTANCE FROM FUSION ZONE DISTANCE FROM FUSION ZONE CENTER LINE (IN )
CENTER LINE (IN) SPECIMEN 83MT2, TACK WELD REGION

SPECIMEN 83M7, NON-TACK -WELD REGION
Fig. 17. Harduess profiles across typical closure weld joints.

Metallographic Examination

Prior to making bharduess profile measurements, wmetallographic
examination was performed on specimens taken from each assembly.
The specimens were metallographically polished, etched to display
the microstructures of the various weld zones, and examined by
optical microscopy at various magnifications.

The cross-sectional features of a typical weld section are shown
in Fig. 18. The weld bead face of all specimens examined exhibited
slight reinforcement toward the canister body (lower) material, and
most exhibited slight undercut toward the closure 1lid (upper) mate-
rial. All of the reinforcement aud undercut ccnditions seen in all
of the specimens examined fall within the allowable limite specified

in the Code.
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Fig. 18. Cross-sectional features of typical closure weld joint.

The microstructures of the base metals, heat-affected zoues aund
weld fusion zovwes iv typical specimens are shown in Fig. 19. No
significant differeunces were seev either between assemblies or
between tack welded and noun-tack-welded regions within a given
agsembly. No porosity, weld-created inclusions or other undesirable
microstructural features were seen iv any of the specimens examiued;
all were judged to be metallurgically sound and completely accept-
able for this application.

REMOTE ENCAPSULATION PROCESS SEQUENCE

An aerial view of the experimentsl encapsulation facility
("E-MAD" Facility) at the Nevada Test Site is shown im Fig. 20.
This facility, built ivn the 1960's as part of the NERVA (ouclear
tocket engine) program, is currently operated for the U.S. DOE by
Westinghouse AESD/Nevada Operations. An appreciation of the scale
of the bot bay interior may be gained from Fig. 21, wvhich shows a
canistered spent fuel assembly (from an earlier program) being
remotely loaded into a shielded storage cask for an above ground dry
storage demoustration. The canister closure welding station 1ie
show in Fig. 22, vhere a epent fuel assembly is being remotely
loaded into an esrlier design canister prior to closure welding.
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Fig. 19. Microstructural features of typical closure weld joints.

The remote encapsulation process sequeuce for the caunister and
plasma arc closure welding system described in this paper is shown
ion Fig. 23(a) through 23(1). A brief description of each
illustrated item or step is given below:

. 23 (a). Weld pit general arrangement, with adapter for the
canister described in this paper.
23 (b). Canister body subassembly installed in weld pit.
23 (c). Evacuation/backfill collar iustalled on canister body.
23 (d). Photograph of evacuation/backfill collar.

23 (e). Spent PWR fuel assembly remotely instslled inte
csnister body subassembly.

23 (f). Automatic welding bhesd/closure 1lid assembly rvemotely
- installed onto canister body.

23 (g). Evacuation/backfill collar remotely positioned and
attached to backfill system. (Canister is then
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evacusted and backfilled with belium, after which
collar is deactivated and etripped down away from
closure weld joint.)

23 (b). Automatic plasma src closure weld made remotely.

23 (i). Automatic weldiog bead removed remotely from welded
canister.

23 (j). Evacvation/backfill collar removed vremotely from
welded canister.

23 (k). Vacuum chamber hood remotely installed. (Chamber is
then evacuated through mass spectrometer leak detector
to perform helium lesk inspection of welded canister.)

23 (1). (After remotely removing vacuum chamber hood), welded
canister is removed remotely from weld pit and
transferred to shielded storage or tramsport cask.

\
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Fig. 20. Experimental encspsulation facility.
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WELD PIT WIVH VACUUM CHAMBER AND
m’r"m WELD MT ASAPTIR FOR
12.78 0.D. TER

INSTALLATION OF 12.75 0.D. CANISTIR
BODY INTO WELD PIT ADAPTER

INSTALLATION OF EVACUATION/BACKEILL COLLAR
(DOWN POMITION) ON12.75 O.D. CANISTER 8ODY

Fig. 23. Remote encapsulation process sequence.
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INSTALLATION OF PWR FUIL ASSEMBLY INTO
12,75 O.D. SANISTIR BODY (COLLAR IN DOWN POSITION)

INSTALLATION OF PLASKA ARC WILDING MACHINE
AND 12.73 O.D. CANISTER CLOSURE LID
(COLLAR IN DOWN POSITION)

EVACUATION/BACKFILL COLLAR ATTACHMENT 7O
MELIUM FiLl CART FOR 12.75 O.D. CANISTER
BACKFILL OPERATION

PLASMA ARC WELD!NG OF12.75 0.D.
CANISTER BODY AND CLOSURE LID

Fig. 23. Remote encapsulation process sequence.
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REMOVAL OF PLASMA ARC WELDING MACHING
FROM 12.75 O.D. CANISTER ASSEMBLY

REMOVAL OF EVACUATION/BACKFILL COLLAR
FROM 12.73 O.D. CANISTER ASSEMBLY

LEAK INSPECTION OF COMPLETED
12.73 O.D. CANISTER ASSEMBLY

REMOV 1\t OF COMPLETED 12.75 0.D.
CANISTER ASSEMBLY FROM WELD PIT
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Fig. 23. Remote encapsulation process sequence.
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CONCLUDING REMARKS

The selection of plasna arc welding for this remote, automatic
closure application has been thoroughly substantiated by the results
described berein. The advantages of the single-pass autogenous butt
weld made using the keyhole techunique are vumerous in view of the
apparent difficulties in coontrolling groove shape/volume and filler
metal placement with the alternative GMAW and GTAW processes in the
2G position. Much has been learned regarding the equipment and
procedural requirements for such a demanding application which would
mske the design and implementation of a second generation system a
more straightforward undertaking. Nonetheless, the ovnly sigonificant
dissdvantage of the process is the present nvnecessity to use a
tw-pass, filler-added termination procedure. We feel that a
contiguous termination procedure is definitely acbievable through
further development.

Hardware baving much less precisely controlled joiont fitup
dimensions than described here can definitely be accommodated
through the use of automatic AVC, so long as the system is locked
out during the transient stages of keyhole initiation and weld
termination. In applications where bead shape requirements are less
restrictive, the applicability of the process (and of a simpler
termination procedure) appears even more favorable.

Although the wnominal carbon steel thickness of the subjert
desigon is 0.25 in, mockups baving up to 0.32-in wall thickness were
welded successfully. For significantly beavier thicknesses a
tw-pass approach would be adopted. Using & part-through groove
configuration, an autogenous butt weld would be made for the first
pass, thus rigidly fixing the geometry of the remaining groove which
would be filled with a second pass using the melt~in filler-addition
technique. Similar 26 welding of the other bsse metgls, incuding
stainless steels, nickel-base and titanium alloys, appears emivently
feasible,
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