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FOREVORD
One of a series 6f repoffs on research anq.devefopmenf\jn connection
| with the design'of fhe Pathfinder Atomic Power PIanT, this parfiqular
‘réporf deéls with the welding process developed for the end cloéure of
low eﬁrichmenT superheater fuel rods. The Pafhfinder plan% will Se
located at a site near Sioux Falls, South Dakota, and is schedﬁ]ed for
- operation in 1963. Owners andvoperafoés of the plant wili be the
Northern States Power Company of Minneapolis, Minnesota. ,AJlis-Chglmers
ié performing +he research, development, and design as well as being

responsible for plant construction.

The U.S. Atomic Energy Commission, Tt:\réugh c§>n+rac+ No. AT(II—I.)-589

wi+h Norfhern States Power Company, and CenTral‘UTilifiés Atomic Power
Assocfafes.(CUAPA) are sponsors of the research and development program.
"The plant's reactor will be of the Controlled Recirculation Boiling

Reactor type with Nuclear Superheater.
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1.0 INTRODUCTION

A research and development program'was initiated to develop a Idw'
enrichment fuel elemgnf for the Pathfinder infegral.nuclear Super=-
ﬁeafer. The design includes the use of ceramic UO2 fuel containing
3.5 w/o U235 which is clad wi+h thin walled stainless steel tubes.’
The fuel assemblies consist of seven fuel rods with a 1/4 iﬁ. diam,
and a length of 6 ft+ arranged in a circular bundle of approximate fy
| in. diam. (Fig. |). The development program covers three major
areas:

I. Rod tfabrication

2. End closures

5. -‘Assembly attachments.

2.0 OBJECTIVE
The object of this report is to deséf{be'work that was accomplished
to devéiop methods for consistently producing high infegrity fuel-
~rod-end closures that meet the severe enQEronmen+al and stress |

conditions imposed by a nuclear superheater.

3.0 CONCLUSION. .
The conclusions arrived at fn this réport pfovide a cleafer-uhdersfanding
of many fundamehfal welding prfnciple§ és appiied to components which
combine re|a+ivély large and small masses at the weid joint. The
following geheraf conc lusions can.be drawn from this .study:
l. Design is'one of the major considerafioﬁs‘for welding components
.which haQe large mass differen;eﬁ. Préper a?TenTion'fo heat

balanée of components at the design stage can mean. the difference



.080 O.D. X .020"

1000"0.D. X 020" WALL TUBE

010" STAINLESS STEEL

’

WALL TUBE

Fig. l...

Low Enrichment Superheater Fuel (43-024-085)
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between a process which is hypercrifical to baramefer variafién
and one which prévides a practical latitude for production
application.

Weld puddle geometry and weld microstructure can bé greatly
improved with the proper use of chills on the fdel tube. An
integral chill which rotates with the tube during welding is

the most effective.

- Entrapped air or gas between the end plug and fuel can cause

serious weld defects if heat buildup becomes great during welding.
This can be ﬁinimized-by venting, increasing weld speed or
reducing the welding mass by end cap design. The most satis-

factory method was found to be a combination of speed and

'design.

Preheat and decay cycles change outer appearances, but do not
significantly affect weld penetration in the range studied

(0.54fo 1.5 rev.) in the case of this material and this

- geometry.

. satisfactory welds can be made on Pathtinder-type fuel rods. by

using straight plug caps with venf holes, reduced shoulder

céps or éup caps. .The pIug.capS, however, are the most

sensitive to welding parameters.

Both the reduced shoulder and the cup-cap end closures are

relatively insensitive 10 process variations. From a design

- standpoint the reduced shouider cap is most desirable for

Pathfinder.




4.0

All possible variations of end closure welding were not tried.

EQUI PMENT

The basic power source selected for use consisted of an ac-dc welder

with a special low power tap for amperage (as low as 2 amp.). A

motor=driven variable rheostat was provided for controlling preheat and '

decay cycles.’

AAgIass lathe was adapted to turn the fuel rod during the welding
operafioni A welding chamber and mounting for a conventional welding
torch were installed on the lathe in the appropriafe position. The
welding chamber permitted atmospheric control of the weld. Instruments

tor recording weld amperage and voltage were provided (Fig. 2 and 2A).

Preliminary experihenfs with the setup showed that a more versatile weiding
torch was necessary to provide remote operation and accurate electrode
posifioning. Since no equipment of fhi; type waslavailablé commercially,

a special torch was designed and built. This unit (Fig. 3) permitted
accurate ad justment of the arc gap b9 using a split-collar adj;sfing

screw and it also allowed rep(acemenf of electrodes from outside the
welding chamber without removing the torch. The torch provided excellent

control and reproducibility of arc gap plus torch angle, and was used

for all subsequent experiments in fhé»welding program. ~

5.0 PRELIMINARY EXPERIMENTS

A qualitative type experiment to determine performance of the welding

" équipment and to obtain a feel for welding behavior of Pathfinder
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Fig. 2... Inert Gas Welding Torch and Chamber
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Fig. 2A... End Cap Welding Equipment for
Pathfinder Development



Fig. 3... Special Allis-Chalmers Design Welding
Torch for Remote Welding
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6.0

fuel rods was conducted. A series of welds was made using 0.010 in.
wall 0.220 in. OD Type 316 Stainless Steel fubes with a straight-plug
type end cap (Fig. 4). Welds were made at 7 in/min using a |12 amp
currenf for I=1/4 revolutions. The resulting samples were qualitatively

evaluated for reproducibility, joint integrity and weld penetration.

Equi pment performance was satisfactory but end cap weld quality was
erratic. Some welds were externally satisfactory while others,

we lded under the same conditions, had severe peel-back defects (Fig. 5).
Metal lographic examination of welds that appeared sound externally

were of minimum quality (Fig. 6).

Results from this series of welds indicated that the substantial difference
in mass between the stainless steel cladding tube and the end cap

produced a heat balance which made the weld very sensitive to the

ma jor variables (Table 1). Since all of the apparently sound welds

were of minimal quality it was indicaTed that a comprehensive sfudy of

primary welding variables and their interaction was required.

MAJOR WELD VARIABLES

The major variables that significantly affected physical and metal lur=-
gical weld quality in Pathfinder fuel rod end closures were reviewed.
Constants based on accumulated data and design reqqiremenfs were estab-
lished wherever possible. Factorial and sequential type experiments

were then set up and performed for evaluation of each of the remaining

ma jor variables. A summary of the variables considered and the applicable

constants is presented in Table |.



|

Fig. 4... Typcial Plug Type End Cap and Tube
(Tube .220 OD - .200 ID)




Fig. 5... Peel Back Type Defect on Thin
Wall Plug Type Weld

Fig. 6... Satisfactory External Appearance
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TABLE |

SUMMARY OF WELDING VARIABLES
FOR PATHF INDER END CLOSURES

. MAJOR VARIABLES ' 4 - OPTIMWM LEVELS

" Material : 316 S.S. established by desngn
Weld Torch Angle o . 12 0'Clock '
Weld Atmosphere ' Argon
Power Supply ' D-C straight Polarity-

Welding Electrode < w/o Thoriated. Tungsfen 0. 040 in.
Arc Gap 4 0.032 in. -
Voitage = Function of Amperage
Arc Location Axial Variable
Preheat & Decay vVariable
Weld Speed Variable
Amperage © Variable-
‘End Cap Design Variable
Wetld Travel Variable
6.1 Factorial I- Amperage: Weld Travel, Preheat-Decay

Ob;erva+ions made during the exploratory phase of this program
indiéaTed that erratic weldvqualtfy could EQ éorrecfed‘by a more
pruaenf selection of weld paramefers. Amperage to increase

ﬁeqefrafién, weld fravel To assufe compIeTe'periﬁeTer fusion,
and preheat-decay cycle to minimize thermal gradiénf, were
selected for the initial study. A factorial type exberf@ehf
vas design to permi+ study of Thrée,levels'of amperage, fwo

levels of weld time and three lévels of preheaf—decéy éycle.

A~De+ails of the experimental design are shown in Table 1.




TABLE 11

AMPERAGE ' WELD_ TRAVEL ‘ PREHEAT~-DECAY CYCLE

(amp.) (rev.) ‘ (rev.)
Ay 12 T, 1.25 ¢ o5
Ao 14 T, 2.25 .. C20.1
Ag 16 A Cy 1.5

A complete run of this experiment reéuired the weldihg of 18 samples,
Iin order to provide a cross chéck’befween samples, a double run
was performed (36 samples). The remain}ng ma jor variables which
were held constant, were as follows: |

Arc location - 0.040 in. from joint

Weld Speed -7 iﬁ/m1n.

End Cap Design = Straight plug

The samples were carefully cleaned uéing-fhe Allis-Chaimers Nucleér

" Power Depariment cleaning procedure for stainless steel Parts were .

handled with white gloves and assembled with a press fit to provide -

“minimum par's clearance. Welds were made in the glass chamber using

10 CFH argon flow,

Evaluation consisted of visual examination for external appearance

and desiructive evaluation for weld penetration, weld microstructure,

“and weld'infegriTy. The resulting data was analyzed sTaTisTicéIly using

the analysis of variance technique to determine which varicble affected

=12~




the weld most significantly. Results of the evaluation are summarized

as follows:

l. Weld penetration was not siénificanfly affected by the preheafi.
and decay cycles in the range studied. Based on external appeaf-
ance and performgnce'duting the weld cycle, a short preheat
0.5 rev. (4 sec) followed by a long décay 1.5 rev (12 sec)
is the optimum for this geometry. A phofb'shOWiﬁg external - - - . -

-appearanceé of a typical wela is §hown in Figure 7.

2. Amperage, as expected, had é significant effect on pene+ra+ion.‘
The optimum current fér this study was 14 amp kagure 8).

3. Weld travel had a significant effecT on penetration. The
.average depth of penetration was greater for the two-pass
weld than for the one-pass weld under the same conditions.

A significant inérease in weld penetration variability
© Was obsefved on the two-pass wefd.A This éould prove to be

a serious problem in control if multiple=pass welds were used.

From fhfs gkperimenf, it was possibré to establish opfiﬁum paraméTeES'

for several of the variables shown in Table I. OpTimum preheafjand‘ 
decay cyclés were'sef at 0.5 and 1.5 rev}, respectively and weld Tfavel
was established at .25 rev. The arc. location of 0.040 in. from the
joint, which had been ai bitrarily selected, was satisfactory for the plug-

Type ;ap; Amperége was related to variables that requiked further study. .

-3~




Fig. 7... External Appearance of Weld Made with
Optimum Preheat-Decay. Note Smooth
Runout.

Fig. 8... Microstructure of Weld Made
at 7 in/min, 14 amp.

-14-



6.2 Factorial 2 - Amperage and Weld Speed

During the previous study, a significant heat buildup occurred in
the end plug during all welding operations. This was particularly
true as the amperage was increased to improve penetration. Since
end closure welding would eventually be performed on fuel rods

in which expandable gas is trapped between the fuel and the end
cap, heat buildup may cause excessive pressure during the weld
cycle. To reduce heat buildup without reducing amperage, it

is necessary to reduce weld time as much as possible, consistent
with sound weld quality. A factorial experiment was performed
to study the interaction of weld speed and amperage and their
effect on weld quality. Hence, five levels of amperage and three

speeds were studied. Details are given in Table I11.

TABLE 111

EXPER IMENTAL DESIGN WITH FACTORIAL
STUWDY OF AMPERAGE AND SPEED

AMPERAGE : SPEED
(in/min)
AI 14 SI 10.5
16
Ao 82 14
Az 18 S5 17.5
A4 25
Ag 27
|5



Fifteen samples, including all combinations of the two variables,
were prepared and welded. Other weld parameters were the same as

the previous run. A summary of the parameters is as follows:

l. Arc gap - 0.040 in from joint
2. End cap design - straight plug Type
3. Preheat cycle -~ 0.5 rev.

4. Decay cycle = ) (e

5. Weld time =125 eV,

External weld quality was consistently sound. Destructive evaluation
showed that weld penetration ranged from under-penetration, which
occurred at 14 in/min and 18 amp (Fig. 9), fo over-penetration,

which occurred at 10.5 in/min and 27 amp (Fig. 10).

A complete evaluation of the data from this run showed that a
straight line relaticnship existed between weld speed and amperage
for a constant penetration. Since a weld penefration of 0.015

in. was optimum for the geometry under sfudy, a curve was
consfrucféd to isolate the speed and amperage combinations which
were best suited for the Pathfinder fuel rods (Figure [1). A
sTudy.of the welds made, using the combinations esTablished by the
curve, showed that Thevmosf consistent welds were made at 14
in/min using 23 amp. Above and below this point the weld area

overheafed or tended to be dimensionally unstable.

-[6=




Fig. 9... Microstructure of Weld Made
at |4 in/min, 18 amp.

Fig. 10... Microstructure of Weld Made
at 10.5 in/min, 27 amp.
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Fig. ll... Relationship of Speed and Amperage
at .0l5 in. Approximate Penetration

Results of this experiment indicated the following:

A direct relationship exists between weld speed and
amperage for a given penetfration.

The optimum combination for Pathfinder geometry using
straight plug caps is 14 in/min at 23 amp.

Improper selection of weld speed and amperage can
result in under-penetrated welds, poor weld quality

and erratic penetration.



\

4, ﬁigher weld speeds are beneficial To-a point. When
speeds become too high, control or welding conditions
wiTh the end cap used became very erratic. This resulted’

in poor weld quality.

7.0 END CAP DESIGN

The previous experimentation produced a set of welding parameters

. which were suitable for welding straight plug-type end :épé on thin =

walled tubing. kWhen these parameters were carefully conirolled,

the welds were sound and met the genéral quality reduiremenfs for

reactor service.

The pfogram indicated, however, that weld quality was very sensi+ive
to variéfions in welding parameters. The wélds were especially sensi-.
ijé to variation in arc 1oca+ion,-ar; gap,lcleanliness, and en& plug fit.
This sénSiTiviTy was attributed to the large difference in the mass
of the énd'plug and tube and the need for critical confrol of +h9
heat distribution in the joint during Welding; Use of an alfernate

end plug desfgn, which would reduce the mass difference, appeared

- to be a feasible means of obtaining a less sensitive welding process.

- Therefore, studies on two modified end cap designs were made. Both of
~ the designs (Figure 12) effectively reduced the end cap mass in- the

‘weld joint area and improved heat balance.

-{9=-
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Schematic of Modified End Caps with Improved
Heat Balance
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Cup Cap

The cup cap degign is one whi;h has been ex+énsively usediin»indusfry.
It can be designed so that the masses are relatively equal in the.
weld. area. The des;gn‘selécfed for this study utilized a walIA
.Thickness on the cap of approximately wace.fhe tube-wal | Thi#kness.
In addifibn,alcenffal stub was provided to permi+ suEsequenf

" attachment of the fuel rod to a coolant flow_direcTor.

A séries of welds was made using amperages ranging from 6 to 9
amp. All other parameters were'fhe same as those used in previous
studies. The sahplés weré evaluated for_welding chafacferisfics;
puddle geometry and weld penetration. In addifioﬁ, burst tests
were performed.fo deTerﬁine relative weld strength. Results

of this investigation are summarized as foliows:

I. The improvement in heaT}baJance significanily reduced
sensifivify to weld variables. Arc gap, arc Idcafions,
and cleanliness could be:Qaried‘wifhin reasonable
limits without affecfiﬁg weld qualify..
2. Optimum amperage was found to be 7 +o 8 amp. Higher ampefage
| resulted in beading and puddle distortion. Lower |
amperage produced insu%ficienf or efraffc penetration
(Fig. 13).
5 BursT‘Tesfs, even on low amperage welds, showed qonsjsfenf
failure in the tube wall, indicating that weld strength is

adequate with the cup-type design (Fig. 14).

-2]=




T N e W

Fig. 13... Cup Type End Cap Welds... Left to Right:
9 amp, 8 amp, 7 amp, 6 amp. Stubs
Were Deleted to Simplify Machining
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4. Weld peneiration at 7 amp was at least the wall thickness
of the Tube. Microstructure was good but a slight

unbalance of penefration was observed.

The preliminary welding experiments with the cup cap were performed
using end caps without infegral stubs. The success of the experimenT
promp+ed a weld series which utilized stubs on the end caps. Primary
objectives of the work were to determine whether the stub would
interfere with the welding electrode during welding and the optimum

weld amperage for fThe increased cap mass.

A series of welds was made using the irepan cup cap with integral
stub. The torch elecirode was broughf in at a 30 degree angle to
clear the stub. Welding current ranged from 8 to |l amp. The

remaining parameters were held consiant.

Results from this experiment showed the same insensitivity to

weld parametfers as previously nofed. All welds were sound regardless

of freatment; however, optimum weld penefration occurred a+v9

amp. - No interference with the welding electrode was encountered

and the angled torch did not adversely affect the weld geomeiry. Typical

welds are shown in Fig. |15 and 16.

Reduced Shoulder Cap
A reduced shoulder cap design which also limited the end cap mass
at the joint, was studied. The design inifially selected was a

shoulder on the end cap,approximately 1/16 in. width. The remaining
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Fig. 15... Microstructure of Trepan Weld Cup
Cap. Note Penetration Pattern.

Fig. 16... Typical Trepan Cup Cap
End Closure Weld
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end cap material was reduced in cross section to a stub that
could be used to attach the fuel rod to the coolant flow

director.

initial experiments consisted of welding a series of samples

at various amperages ranging from 17 to 26 amp. Remaining
parameters were held constant. These samples were then evaluated
for welding characteristics, puddle geomeiry and weld péneTfafion.

Results are summarized as follows:

I. All samples welded satisfactorily, however, the 1/16
in. shoulder produced a heat balance problem. Some
improvement over the straight plug was evident but
sensitivity to weld parameter variation was sufficient
to be undesirable.

2. Optimum amperage was found to be 25 amp.

A series of samples were prepared using endvcaps with 1/32 in.
shoulder. Welds were made at amperages ranging from |7 to-

27 ahp.

The 1/32 in. shoulder proved far superior to the 1/16 in. shoulder
previously used. No evidence of weld sensitivity was observed.
All welds were consistently sound over the total amperageirange
sfudie&. Optimum penetration and microstructure were attained

at 19 amp. A typical shoulder cap weld is shown in Fig. |7.



Fig. 17... Reduced Shoulder End Cap Weld
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8.0 EFFECT OF CHILLS

Studies of these end cap designs has clearly shown Thaflproper attention
to component design could greatly reduce sensitivity to weld defects.

It was evident however, that the design imposes a relatively large

mass difference, therefore, optimum balance is not attainable merely

through design.

Whereas The previous work had been performed using a fixed chill in

which the fuel tube was rotated, a more effective chill appeared

necessary. A collet-type chill, that was attached to the tube and

rotated with it, was made for this purpose (Fig. 18). Experiments

were performed with both cup and reduced shoulder caps. In both cases,
through the use of a properly sized and properly located collet chill,

the external weld bump (Fig. 19) was shifted to an internal position

as shown in Fig. 20. The use of the chill reduced the size of the bump on the

shoulder cap from 0.004" to 0.002" increase in diameter.

Destructive evaluation of welds made with proper chills showed significant
improvement in puddle goemetry and uniformity of penetration. (Fig. 2l

and 22).

I+ can be concluded that the heat balance and mass relationships are
critical to the success of end closure welding. The work has clearly
shown that satisfactory (but marginal) welds can be produced with poor
heat balance, e.g. the plug cap, and that consistently sound welds with
minimal attention to parameters can be made with a properly balanced

system.



Fig. I8... Collet Type Chill Used to
Improve Heat Balance

Fig. 19... Cup Type End Cap Weld without Chill.
Note How Bump is on Outside of the
Tube.
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Fig. 20... Cup Type End Cap Weld with Chill.
Note Internal Position of Weld Bump

Fig. 21... Shoulder Type Cap Welded
without Proper Chill
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Shoulder Type Cap Welded
with Proper Chill
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END-CAP WELDING ON LOADED TUBES

Experiments were conducted to determine optimum weld parameters for

rods containing U0, fuel. Parameters for this experiment were based

on results of the previous studies with unfilled fubes. Table IV
summarizes all the established constants. The only new fechnique
required for this study involved removal of U0, ceramic fuel from the rod
ends 1o provide a socket for the end plug. This was accomplished for

The experiments by soaking the ftube ends in hot HNOB, rinsing, and oven-

drying.

gLl Rl ug Caps
The first attempt to weld plug caps on fueled rods was unsuccessful.
As anticipated, trapped air (between the plug and the end cap)
expanded during welding and caused sporadic blowout type defects.
Although some welds appeared to be satisfactory, the results were

erratic and unacceptable.

A second series of samples was preﬁared using end plug caps-wifh smal l
vent héles for outgassing (Fig. 23). A group o1 eight welds was
successfully made with this cap. Although the process was still
sensitive To minor variations in welding parameters, consisfeﬁfly
sound welds could be obtained. Evaluation of these samples showed
excel lent external appearance (Fig. 24). Microstructure was free

of porosity and contamination (Fig. 25). Weld puddlie dimensions

can be summarized as follows:

=3 | -



Fig. 23... Comparison of Two Types of Plug
Cap Used for Pilot Run

Fig. 24... Typical End Cap Weld on Fuel
Rod Using Plug Cap with Vent
Hole
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Fig. 25... Typical Microstructure of
Weld Made with Plug Cap.
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| tem X

Puddle Width 0.025
Bump 0,222
Puddle Depth 0.015

9.2 Reduced Shoulder and Cup Caps

A series of fuel rods with both reduced

Range
0.022 0035

0.220 to 0.226

0.012 to 0.017

shoulder and recessed

cup caps were welded using previously established parameters.

Results were completely satisfactory. Heat buildup was low enough

so that no vent holes were required. All welds were sound both

externally and internally. Typical welds are shown in Figs.

26, 27, 28, and 29. A summary of dimensions of the welds is

given as follows:

Shoulder Cap

| tem X Range

Puddle Width 0.042 0.038 to 0.046
Bump 0.224 0,222 1ol 0.228
Puddlie Depth 0.0l6 0,013 1o 0.020

Complete evaluation of the samples with

Cup Cap

Range

0.055 0.030 fto 0.036
0.222 0.220 to 0.224

0.014 0.011 to 0.018

both caps showed that

the end closures would be satisfactory for reactor application.
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Fig. 26... Typical Appearance of a Reduced
Shoulder Type End Cap Weld Made
on Fuel Rod. Note notch used for
assembly attachment.

Fig. 27... Microstructure of Reduced Shoulder
Type End Closure Weld.
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Fig. 28... Appearance of Cup Cap End

Fig.

Plug Weld on Fuel Rod

29... Microstructure of Cup Cap End
Closure Weld on Fuel Rod.
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TABLE IV

SUMMARY OF PARAMETERS USED
ON FUEL ROD_PILOT RUN

MAJOR VARIABLES CPT{MUM LEVELS

Material ’ 316 SS

Weld Torch Angle 12 O'Clock

Weld Atmosphere Argon

" Power Supply D. C. Straight Potarity

Welding Electrode |Z Thoriated Tungsten 6.062 dia.
Arc Gap 0.032 in.

Voltage Furiction of Amperage

App. = 8 to 12 volts

Arc Location Axial 0.040 in. off joint
Preheat 4 sec.
Decay 8 sec.
Weld Speed l# in/min
Amperage
Cup 9 ambs
Shoulder 19 amps
End Cap Design Cup & Shoulder
Weid Time I=-1/4 rev.
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