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ABSTRACT

Experimental fuel tubes contalning crushed arc-fused
uranium dioxide were fabricated for irradiation testing in
the Vallecitos Bolling Water Reactor (VBWR). Two of the four
tubes delivered were compacted by vibration alone and two
were compacted by vibration plus swaging; bulk U0, densities
were 84% and 92% of the theoretical value, respectively. The
elements were approXimately three feet long, 2.06 inches in
outside diameter, and 0.3 inch in wall thickness including
0,030~inch-thick cladding of low-nickel Zircaloy-2.

- 11 -




CONTENTS

Page

Iist of Tables and Figures iv

Introduction 1

Summary 1

DPiscussicn 2

Background 2

Materials and Procedures 3

Compaction by Vibration Alone 3

Compaction by Vibration Plus Swaging 3

Finishlng Operations 5

Evaluation Results 5

Nondestructive Evaluation 6

Dimensions 6

Surface Appearance 6

Weld and Cladding Integrity 6

Destructive Evaluation 7

Cladding 7

Welds T

U0, Bulk Density 8

Chemical Analyses of Cladding and Core 9

Collapse and Thermal Cycle Tests 11

Bibliography 12

Appendix I - Zircaloy Specifications 13
Appendix II - Speclifications and Vendor's Analyses for Uranlum

Dioxide 15

Appendix III - Detailed Process Flowsheet 16

Appendix IV - Dimensions of Test Fuel and Alternates 20

Appendix V - Tensile Properties of Outer Sheaths 21

- 11i -




Table

1T

ITI

Figure

|
LIST OF TABLES AND FIGURES

Nondestructive Tests of UO, Fuel Tubeé
Core Density and Oxide Welght of U0, Tubes
Gas Content of UQ,, 1000°C Vacuum Extraction

Thermal Cycle Tests; 650 to 100°C

Process Flowsheet
Secticons of Welded Closures in U0, Fuel Tubes

Typical Distribution of Hydride in Low-Nickel
Zircaloy-2 Sheaths After Autoclaving

Fuel Tube
Finished Fuel Tube

Permanent End Plugs

- iv -

11

10

18
18

19




URANIUM DIOXIDE FUEL. TUBES FOR IRRADIATION IN ?THE VBWR

i

INTRODUCTION |

The fabrication of ursnium dioxide (UO,) fuel tubes at Savannah
River Laboratory (SRL) by mechanical compaction was part of the Du Pont
development program on heavy-water-moderated power resctors. The goal
of the over-all program was to advance Dy0 reactor technology so that
full-scale plants employing such reactors could prodbce electriecity at
fully competitive costs. A massive oxide tube clad with thin Zirecaloy
was an attractive fuel design because of the developed technolegy of
U0, under power reactor conditions and the potentially low fabrication
cost of large tubes when produced in the volume required for several
large reactors. Two or three oxlde tubes of approprlate slzes are
nested together and contained in & housing tube to produce a fuel
assembly. Such a fuel assembly has the followlng advantages: high
specific power, high uranium content per unlt length, minimum number
of elements to fabricate, and simplicity of deslgn for agsembly and
operation, f1s2)

Pilot irradiation tests were performed in the Vallecitos Boiling
Water Reactor (VBWR) to determine the performance of U0, fuel tubes at
moderate burnups under power reactor conditlions. Previous lrradiations

of tubular oxide elements had been performed in Savannah River production

reactors at temperatures and coolant pressures significantly lower than
those expected in power reactors. The Heavy Water Components Test
Reactor (HWCTR), built for testing fuel in this program, was still one
year from startup at the beginning of the VBWR ilrradiation.

A secondary purpose of the lrradlation was to compare the performance

of tubes made by a vibratlional compaction process alone and those made
by & combined vibrational compactlon and swaging process,

This report describes the fabrication techniques used at SRL to
make tubular fuel for irradiation in the VBWR, -and results of an
evalustion of the test pleces and companion elements, The 1rradiation
test is described in DP-837;(3) the results of postirradiation exami-

nations are given in DP-997, (%

SUMMARY

Tubular uranium dlioxide fuel elements, approximately two inches
in outer diameter and three feet long, clad with 0.030-inch-thick
Zircaloy were fabricated for irradiation testing in the VBWR. Crushed
arc-fused UO,, enriched to 5% 22U, was vibrationally compacted or
vibrationally compacted and swaged into a O.24-inch-thick annulus.




Average densities for the vibratlonally compacted tubes and swaged
tubes selected for irradiation were 84% and D24 of the theoretical
value, respectively. The dimenslons and sppearance of the elements
were satisfactory; maximum diametral variations were *0.007 inch.
After the tubes were sutoclaved, the principbl surfaces displayed the
black and lustrous finish that 1s charascteristic of Zlrcalcy having
good resistance to corrosion in high-temper@ture water, The welds,
however, were gray or dull black, which indicated a somewhat lower
resistance to corrosion.

DISCUSSION
BACKGROUND

Previocus to the irradiation tests in the VBWR, six serles of
irradiations of uranium-dioxide tubes sheathed in Zircaloy were conducted
in Savannah River resctors. The initial irradiation tests had been
made at SRP on U0, tubes sheathed in stainless steel, (5,867 prom one
geries to the next, various improvements were made in the fuel elements,
For exsmple, the achievement of higher density by vibration alone
required less compaction by swaging to reach a given final density.(7
Also, improved weld designs and inspection ﬂethods were employed.

Four sheath fallures occurred in these early irradiations of
Zircaloy-sheathed tubes at SRP. Each of thg fallures was detected during
the return to full-power operation after a reactor shutdown. All of
the failures occurred in the outer sheath and had the following
characteristics: a) little evidence of sheath ductility, b) severe
hydriding of the Zlrcaloy sheath at the poiht of rupture and at locations
removed from the rupture, both apparently from an internal source of
hydrogen, and c) predominantly radial orientation of hydrlde platelets
in the outer sheath and predomlnantly clrcumferentlal orientation in
the inner sheath.(®) Examination of unfailed companion tubes revealed
hydride formations, predominantly on the lnner cladding.

The internasl source of hydrogen was begieved to be the reaction
of moilsture with inclusions (uranium or uranpium carbide) in the UOp.
To eliminate this source, the fabrication process was modified to
include outgassing and drying the UO,.(®) fTubes fabricated with this
treatment and irradiated in a Savannah River reactor operasted satis-
factorily, and nc evidence of sheath hydridin% was found by destructive
examlnation of these tubes after irradiation,'?® These modified
outgassing and drying steps were used durlng fabrication of tubes for
irradiation tests 1n the VBWR. ‘




MATERIALS AND PROCEDURES

Seamless tubing and end plug stock of reactor-grade Zircaloy-2
were obtalned from Harvey Aluminum Inc,., Torrance, Californis., Nominal
dimenslions of the tublng were as follows: :

Outer dismeters - 2.15, 2.06, and 1.47 inches
Wall thickness ~ 0,030 inch
Length - 9 feet

The tubing was low-nickel Zircaloy-2; material specifications, dimen-
slonal tolerances, and chemical analyses are in Appendix I.

Arc-fused UO, enriched to 5.1% 2°°U was obtained from the Spencer
Chemical Company, Milltary, Kansas., Specifications for the core
materlial are in Appendix II. The as-recelved oxide was pulverized
and separated into fractions with particles of the following sizes
(U.S. Standard Sieve No.): -10 +16, -16 +20, -40 +100, -325. The
UG, was outgassed in a vacuum induction furnsce at aspproximaltely 1000°¢C
for about one hour to remove hydrogencus meterlals and sorbed gases,
and was sgtored 1n vacuum or under an lnert gas blanket untll blended
and loaded into tubes,

The sequence of the majJor fabricatlon operations 1s 1n flowsheet
form in Figure 1; & detalled process flowsheet 1s in Appendix ITT. The
following paragraphs describe the fabrication technique.

Compaction by Vibration Alone

The inner and outer sheath tubes were nondestructively inspected
for surface defects, then etched, and welded to temporary bottom end
plugs., The blended oxide was poured into the annulus through a funnel
that held the inner sheath concentric with the outer sheath; the loaded
tubes were vibrated to 83 or 84% of the theoretical density. Permanent

end plugs were then inserted and welded, and the welds were pressure
tested.

Compaction by Vibration Plus Swaglng

Inner and outer sheath tubes were nondestructively inspected for

surface defects, and then were etched and welded to temporary collapslble

metal end pluge. The tube was attached to the vibration exclter by a
friction clamp (the end plugs, clamps, and exciter are described in
previous reports). (827} The blended oxide was poured into a funnel
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which maintained concentricity of the two sheaths at the top of the
sheath assembly; then the loaded tubes were vibrated to 83 or 84% of

the theoretlcal denslty. After welding the top end plugs in place, the
2.15-1nch~diameter tubes were swaged on a mandrel to;92% of theoretical
density in two passes; the cross-sectlonal area of the tubes was reduced
about 15%, and the tubes elongated about 6 to 8% during swaging., After
swaging, the mandrels were removed from the tubes in a drawbench.

The next gtep .of the process was to cut off the temporary end
plugs, trim the tubes to length, and counterbore the oxide to the
requlred depth. The ends of the tubes were fitted with permanent end
plugs that were then welded to the sheaths, as shown in Appendix TIT,
Figures A-1l and A-2. The welds were then pressure tested.

Finishing Operations i
4

For tubes made by either compaction process, tﬁe U0 cores were
dried by vacuum outgessing the tube at 200°C for QOEhours through vent
holes in the end plugs. The tubes were backflilled with hellum gas and
the vent holes were sealed. Nondestructilve evaluatﬁon prior to etching
and autoclaving included: X-radiography of the welds, helium leak
testing, wall thickness testing,‘ll’ examination with a gamma-ray
densitometer,(lz) bubble testing, fluorescent-dye.t:sting, and physical
measurements. The four best tubes were etched and ghipped to Nueclear
Metals, Ine¢., Concord, Masse, for autoclaving; at thit time, no autoclave
at Savanneh River was long enough for these tubes. |Autoclave conditions
were as follows: 1) three hours in 600°F water (1500 psig), and 2) 72
hours in 750°F steam (1150 psig). Stainless steel ddapter-fittings
(Appendix ITI, Figures A~2 and A-3) were plug Welded to stude screwed
into the Zircaloy end caps. Dimensional measurements were made and the
primary irradiation candidates were selected on the basis of visual

inspection.

EVALUATION RESULTS

Five of the ten tubes fabricated for irradiatlion were compacted by
vibraticn alone; five were compacted by vibration plus swagling. Two
tubeg made by each fabrication method were shipped to the VBWR and two
companion tubes of each type were destructively evaluated.




Nondestructive Evaluation

¢ Dimenslons

Dimensional variations of the fuel tubes selected for irradiation,
and thelr alternates, are summarized in Appendix IV. The tubes com~
pacted by vibration plus swaging showed 1esi dlametral variation than
did the vibratlonally compacted tubes. Becsuse vibrational compactlon
did not affect the tube size, the variation was that of the original
sheath tubes, At the tube ends, varlations in wall thickness ranged up
to 0.015 inch, or 5% of the tube wall. Measurements with a gemma-ray
densitometer, which combined the effects of wall thlckness and density,
showed 3 to 6% greater varlation for the viqrated tubes than for swaged
tubes. i

|
The minimum sheath thickness for any tube was 22 mils. Outer
sheath thicknesses were measured continuousiy over the tube with an
eddy-current instrument. Inner sheath thicknesses were measured with
micrometers on rings cut from the ends of egch tube; 1.5 mils (fer
vibratory packed tubes) or 2.5 mils (for sw%ged tubes) was subtracted
from the value for metal loss during etching.

.
i
e Surface Appearance i

With a few exceptlonsg, the surfaces of|the tubes were amooth, black,
and lustrous. Dle marks were faintly visible on the swaged tubes, and
the welds and heat-affected zones of all tubes were gray or dull black.
The vibrstory compacted tubes exhiblited a siight collapse of the ocuter
sheath at the Junction of the oxlde core ané end plug as & result of
sutoclave treatment at 11650 to 1500 psig.

® Weld and Cladding Integrity

The integrity of the cladding and end seals was gatisfactory, as
demenstrated by the followlng tests:




TABLE I

Nondestructive Tests of UQ, Fuel Tubes

Test Conditions Remarks

X-ray of welds 86 kv, 5 ma, 14 - 16 sec No visible inclusions or volds
(limit of detection was 3- to
5-mil vold) .

Hellum pressure 200 psig pressure, 1/2 hour No leaks

Teat submerged 1in water

Helium lesk test  200°C, 107° torr No leaks

Bubble test Submerged in ethylene No leaks

glycol at 50 mm Hg
Ultrasgonic test Detectable defect - 120 No defects on vibratory-
for sheath defeds square mils compacted tubesi®

(a) In swaged tubes, the large number and slze of indentations in the
cladding scattered the ultrasonic beam and the results could not be
interpreted.

Destructive Evaluation

o Cladding

Tensile tests were performed on specimens cut from the ocuter
sheaths of companion tubes that were not autoclaved, The results, in
Appendix V, show that vibrational compaction did not alter the mechanical
properties of the as-received tubing. A 7 to 20% increase in yield
and ultimate strengths was observed on sheaths from swaged elements.
The ductllity of the Zircaloy was significantly diminished by swaglng:
the elongatlion-to~fracture values were approximately half of those
for the as-received material.

In the swaged tubes, oxlde indentations as deep as four mils were
measured in samples from the inner sheaths, and asg deep as three mils
in the ocuter sheaths, The unllikely comblnatlon of the deepest indentation
and the minlmum cladding thickness would leave & minimum residual
cladding of 18 mils.

e Welds

Weld-shear tests were made on both top and bottom plugs from com-
parable tubes by appling a tensile force to the inner sheath only. The
lcad required to fracture the welds varled from 2700 to 3700 pounds per
inch of linear weld; the shear strength equivalent to this loading was
approximately the same as the tensile strength of the sheaths, Typilcal
values of weld penetrations from four comparable tubes (6} sections)
averaged from 28 t¢ 32 mils; the minimum weld penetration was 17 mils.
Typlcal sectlions of welds and vent seal are shown in Figure 2,

m'r-




o U0, Bulk Density

The density of the UC, cores ranged from approximately 84 to 92%
of the thecretical wvalue, as shown in Table II. The density of the
vibrated tubes was calculated from the weight of UC. in the element
and the calculated veolume of the annulus., The density of the swaged
tubes was measured directly on two-inch rings cut from the endg of the
tube segments; the lowest value was 91.3%.

NEG 42517 15%

NEG 50743 10X
. . . d
?urciucn;re*rveer;yc_gh?:;f-|5|0En:|iisCup Circumferential Weld in End Cap
Yp Minimum Weld Throat- 17 mi|§

NEG 41501 10%

Plug Weld at Yent Seal in Cap

FIG. 2 SECTIONS OF WELDED CLOSURES IN UO, FUEL TUBES




TABLE II

Core Density and Oxide Weilght of UQ; Tubes

Compaction Process Vibration Alone Vibration Plus Swaging
Tube Number ZE-191 ZE-195 ZE~196 ZE-197
(Alternate) (Test Fuel) (Alternate) (Test Fuel)
Density, % ‘
Aversge 83.7 84,0 91,9 92,2
Minimum - - 91.3 91.9
U0, weight, (@) grams 7122 7148 7802 7811

(a) Based on the average density and average diameters.

¢ Chemical Analyses of Cladding and Core

The hydrogen content in the autoclaved sheaths ranged from 4 to
28 ppm, as determined by vacuum extraction. Typical distributions
of the hydride platelets in a transverse directlion are shown 1n Figure 3.

Moisture content of the oxide cores from two companion. tubes com-
pacted by vibration alone was less than 30 ppm. . Samples were taken
and transferred to an electrolytic molsture analyzer under dry
conditions (2% relative humidity).

Gas content of the UQ; from the two companion tubes is shown in
Table IIL.

TABLE TIIT

Gas Content of U0y, 1000°9C Vacuum Extraction

Total Gas, Composition, ppm UG,

Tube No. No. of Samples ce/g Ho Nz CO COs
ZE-133 3 0.07 3 21 9 19
ZE-194 6 0.05 2 16 23 20

Particle slze distribution in the samples was essentlally the same
as in the tube,




NEG 38393 100X

- 100X
G 38396 Inner Sheath

FIG. 3 TYPICAL DISTRIBUTION OF HYDRIDE IN LOW-NICKEL
ZIRCALOY -2 SHEATHS AFTER AUTOCLAVING
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e Collapse and Thermal Cyecle Tests

The release of sorbed and fission ges during irradiation may
generate Internal pressure sufflcient to collapse ﬁhe inner cladding
or may rupture the outer cladding of tubular fuel,' Collapse pressures
were measured by heating both empty tubes and oxide-filled fuel tubes
to the maximum cladding temperature expected in-reactor (350°C), and
introducing successive 50-psil Iincrements of helium gas pressure until
the inner sheath collapsed. The support provided @y 8 vibratory-com-
pacted core (81% of theoretical density) raised the collapse pressure
from about 300 pslg for an empty tube to 600 psig., Swage-compacted
tubes of 91% of theoretical density were approximately 1.4 times more
resistent to collapse than vibratory-compacted tubes; the higher core
denslty provided greater support to the cladding. Collapse of the
inner sheath during irradiation in the VBWR was unlikely because the
Internal pressure must exceed the reactor operating pressure by the

above values.

Thermal cycling tests to determine dimensional stability were
conducted at Nuclear Metals, Inc. on both types of fuel tubes. The
fuel tubeg were immersed in molten lead for 5 to 10 minutes and then
were quenched in boiling water for 2 to 5 minutes. Twenty cycles
through a 450 to 100°C temperature range produced about 0.00l-inch
increase in the outer dlameters of both types of fuel, Cycling through

a 650 to 100°C temperature range produced the changes shown in Table IV,

No apparent change in inside diameter or length occcurred, and testing
was discontinued when the Zircaloy cladding showed excessive oxidation,
These tests, together with all evaluation results, indicated the high
integrity and satisfactory quallty of the fuel tubés.

TABLE IV

Thermal Cycle Tests; 650 to 1006°C

Outer Dlameter Increase -

inches .

Compaction Vibration Vibration
Process - Alone Plus 3wagling
No. of Cycles

1 0.002 0,003

2 0.001 0,002

5 0.002 0,001

12 0.003 =

Total 0.008 0.006

- 11 -
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Required Alloy:

Raw Material:

Tubing:

Tube Surface Finish:

Corresion Resistance:

Swaged tube
Outer sheath

Vibratory compacted
tube
Outer sheath

Inner sheath

APPENDIX 1 !

ZIRCALOY SPECIFICATIONS

Low-Nickel Zircaloy-2

Virgin zirconium sponge cdnverted to ingot
by & double vacuum arc-melting process.
Fabrlcated by standard ser leas processes,
Furnish tublng in a vacuum-annealed conditlon
and etched (1-2 mils) after final working.

Roughness not to exceed 63 rms value. All
surfaces tc be uniform anq free of cracks,
tears, pits, laps, and other defects detect-
able by borescope inspectﬁon. All surfaces
to be free of copper, iron, and other con-
tamlnants. All surfaces to be inspected for
surface defects with Zyglg-Penetrex XL~22, or
equivalent, fluorescent-dye technlque.

|
Samples taken from every 100 feet of tubing
to be tested for 14 days in 750°F, 1500 psig
steam. Samples must have a continuous and
adherent glossy, black corrosion fllm with no
defects after testing. Wéight gains of
coupons should not exceed 28 +10 mg/dm®,

|

Sheath Dimensicns, inches

Qutside Diameter Inside Diameﬁer Well Thickness

2,150 40,015 - 0.032
-0.000
2,060 +0,015 - 0.030
-0.000
- 1.465 +0,015 0.032
-0.000
- 13 -
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APPENDIX I (Continued)

Ingot Analysls:

Impurities, maxlimum content:

i

Chemical Analyses Supplied by Vendor

i

Samples were taken from thrée positions equalily
spaced along the length of the ingot,

Element Welght Percent
Tin 1.20 to 1.70
Iron 0.12 to 0.18
Chromium 0.0b to 0.15
Nickel 0.007 Imum
Zirconium

Remainder, legs impurities

i

Seme sampling &s above

Element ppn
Aluminum 75
Boron 0.5
Cadmium 0.5
Carbon 270
Chlorine 15
Cobalt 20
Copper 50
Hafnium 200
Lead 130
Hydrogen* 25
Nitrogen* 80

* Additlonal analyses required on every

- 14 -

100 Ffeet of finished tubing.




APPENDIX Il

SPECIFICATIONS AND VENDOR’'S ANALYSES FOR URANjIUM DIOXIDE

Material:

Stolchiometry:

Uranium Content:

Uranium as Metal:

Particle Density:

Neutron absorptlon
cross=-section of
Impurities
{equivalent boron):

Moisture:

Chemical Impurities,

maximum content in
ppm:

Total sorbed gases
(execlusive of
water), meximum:

Speclfication X Analysie
Crushed (-2 mesh), fused uraniuﬂ Lot 396-50-1
dioxide
2.010 max - 2,000 min 0O/U 2,008
{(determined within *0.005 by
ignition to Ug0s)
88,0% minimum 88,11%

None indicated by O/U analysls nor
detectable as second phase by 5
metallographic techniques !

1

10.8 g/ce minimum by water
pycnometry on -20 mesh sample

8 ppm maximum

~100 mesh sample held at 105°C

|
|
None detectable by loss of wt of
for twe hours

Aluminum 100
Boron 1
Cadmium 1
Carbon 175
Chromlum TS
Copper 20
Fluorine 50
Iron 150 =
Manganese 50 .
Nlckel 5
Silicon 100

O.lee (STP) per gram of U0,
evolved upon heating to 900°C
under vacuum and holding fifteen
minutes

- 15 -

Traces observed
under microscope

10.9 g/cc

8 ppm

None detected

10
0.1
0.2
60
5
1
50
10
3

3
10

0.,lcc/g on basis
of other batches
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i .
Arc~fused QDQ, ~2 mesh

Pulverize and sieve to desined fraction, electromagnetically
remove iron particles so that sieved U0, contalns less than
100 ppm Fe.

Qutgas in vacuum lnducticn rnace at 1000°C for about one
hour, cool in vacuum 4 hoursl. Store in vacuun,

Blend size fractlon for com%action system.
\

Yibratory Compactlon iv1brgtory Plue Swaging
-10 +16 (52%) { ~16 +20 (52%)
~40 +100 (28%) ‘ -0 +100 (28%)

-325 (20%} 1 =325 (20%)

Temporary end plugs as shown in DP-493'¢! fror use during
compaction and swaging., Material: Zircaloy-2

Permanent end plugs as shown in Figure 4-2 {1). Material:
Low-Nickel Zircaloy-2.

Remove 1/2 mil from each surFace in HF-HNOC, scld bath. Rinse
in hot and cold water baths,(and finally 1n deionized water.

Zirecaloy sheaths as ghown iquable T and Appendix I.

Check dimensions and inspectkSurfaces visually,

Ultrasonlcally examine and ‘Ject sheaths with defects
greater than 120 sq. mils (6D mils long x 2 mils deep).
Determine wall thickness vardations by eddy current test.

Inspect surfaces with "Zyglo-XL22" dye penetrant for defects,
refect sheaths with persistent indications.

Cut sheaths to required length after corrosion semples are
taken. i

Remcve 1 mil from each surfake in HF-HNC; acid bath,
Weld bottom end plug with T.H.G. system in helium dry box.

Vibrate to 84% bulk density bn MB Electronics Model C1OE
Exciter, driven by T151M amplifier.

Weld top end plug same =& abbve.

Swage to 15% reduction in co}e ares Iin two passes over a
mandrel coated with an asphaltic gear lubricant (16,000
Saybolt second units).

Pull mandrel from tube with drawbench and stripping die.
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APPENDIX ITI (Continued)

[ Vibrated Tube |=————

[ Eca Plugs |

l Swaged Tube_J

| Clean |

[ Machine |<.f‘\_

|

| Weld

e

| Pressure TestAJ

[ Dry Core |

|

] Seal Venta ]

l

| Etch J

Nondestructlive
Evaluation

| Etch |

| Autoclave l

Nondestructive
Evalusation

[ Weld )

| Ship |

Destructlve
Evaluation

b

© perslstent after minor polishing and re-etching.

Degrease in trichloroethylene llguid,

Machine to length, counterbore UGy as shown in Figure A-1.
Cut twe-inch specimens from swaged tubes for evaluation.

Weld permanent end plugs &8 shown in Figure A-3.

Pressurize internally with helium gas at 200 psig for 1/2
hour through vent holes while immersed in water to detect leaks.

Yacuum outgas tube at 200°C for 20 hours and backfill with
dry hellum.

Insert Zircaloy wire, and fuse to end plug.

Etch 1-1/2 mils off swaged tube surfaces and 1/2 mil off
vibrated tubes Lln HF-HNO; acld bath, Rinse in hot and cold
water baths.

Xw-ray weld beads for peorosity and inclusions. Inspect surfaces
with "Zyglo-X1z22" dye penetrant; reject defects which are
Ultrasonic
and eddy current test for sheath defects and thickneas. Helium
leak check tubes at 200°C. Bubble test tubes 1n ethylene
glycol (pressure over liquid 50 mm Hg)} for lesks. Measure tube

dimensgions.

Flash eteh (0.1 to 0.2 mil) tube surfaces in HF-HNOm acid
bath., Rinse in hot and cold water baths, and finally in
dionlzed water.

Autoclave in 400°C, 1200-1500 psig steam for three days.

Measure density and wall thickness
Visually 1nspect.

Measure tube dimensicns,
variations with gamma densitometer.

Weld stainless steel adapters as shown in Figures A-2 (%) and
A-3.

Examine welds metallographically, Conduct weld shear
tests. Conduct strip tensile tests on sheathing. Analyze
UG, for gas content and water content, 0/U ratio, Analyze
gheath for hydrogen content., Collapse test vibratory-
compacted tube at 350°C. Thermal cycle representative

tubes between 100° and 450°%C,
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APPENDIX IIT

Sketches of Tuel Assembly a.ndl Components

2.06" Dia

wader .030°" NOM, CLADDING THICKNESS
]MAT'I.. LOW NICKEL ZIRCALOY -2

b

= -

uo, CORE

T 14610, C
33/64" 36" Core Length | |-33/64" Ref

37 1/32"

FIG. A-1 FUEL TUBE

0
Y J/
1/32" Ref

37 1/32" Fuel Tube Length ~ b—15/16"Ret

38 29/32" + 116"

L

N

<I[ HUUHUU[W

FIG. A.2 FINISHED FUEL TUBE
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APPENDIX IIL I
Sketches of Fuel Assembly and Components

1/16" Typical 4 Places

19/32°_5/16"

5/32"
/‘

1.542" v 1.865 Dio
a 1.670 Dia
1/32" x 45"= - 035 030" 54
~.035"

5/32" This Position Only

END PLUG

LOW NICKEL

ZIRCALODY -2
I

2.06" Dias

9/64" Drill x 5/16" Deep
Equc!ly"Spuced on
125/32 PC to Match

Ttemis

1/8"\T | 9/16"

#5_40 NC.2A 9/18" 5/16"
~1/64" x 45"

1.46" 1.D. —{

5/32
STUD
304 55 . »
1.980" oy
W« 1.920 . \
1.610° p;, 3/16" Drill x 3/32" Deep
1.620" /4 Holes Equally Spaced
1/16" — Ul'" |/, 5/32 e
‘_u "
+—15/16
9/16

1.76" Dia

END PLUG 304 55

FiG. A-2 PERMANENT END PLUGS
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APPENDIX IV
DIMENSIONS OF TEST FUEL AND ALTERNATES

Vibrated Swaged

Dimension, inches ZE-191 ZE-195 ZE-196 ZE-197

(Alvernate) (Test fuel) (Alternate) (Test fuel)

Quter diameter

Average 2.065 2,085 2,081 2.060

Range _ 0,009 0.015 0.004 0.007
Inner dlameter .

Average 1.474 1474 1.467 1.465

Range 0.005 0.006 0.007 0.009
Bow, single throw 0.010 0.018 0.008 0,014

Wall thickness
Mlicrometer - tube ends
Average 0.296 0.296 0.295 0.295
Max eccentricity 0.006 0,005 0.012 0.015
Magnetic wall thickness tester(a)
Excluding ends '

Average - - 0.298 0,298
Max Eccentricity - - 0.011 0.012
Difference of average dilameters 0.296 0.296 0.297 0.298
Max circumferéﬁtial variation
of UG, loading-densitometer, % 8.1 11.0 5.3 5.3

Cladding thickness, mils
Outer shesath

Average 25 ’ 28 30 30

Minimum ‘ 22 25 27 28
Inner sheath

Average h i 33 32 31

Mindmum 28 32 31 29

(2) & magnetic reluctance instrument!*!) which measured the gap (wall thickness)
between the tube OD and a steel mandrel positioned in the bore of the tube.
Wall thickness measurements were made on swaged tubes only; techniques for
vibrated tubes were not avallable.
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APPENDIX V

TENSILE PROPERTIES OF OUTER SHEATHS®@)

(Not autocloved)

Yield Ultimate Elongation Reduction
Strength, Strength, to Fracture, in Ares,
Sheath Condition Orientatlon 1000 psil 1000 pel £ %
As-recelved Longltudinal
Average 46 76 20 33
Range 43 - 50 72 - 78 15 - 25 27 - 38
As-recelved Circumferential
Aversge 48 81 16 44
Range 46 - 52 76 - 84 15 - 17 41 - 48
Vibratory compacted Longitudinal
Average b5 Tl 23 32
‘Range Bh . ig 71 - 72 21 - 24 o}
Vibratory compacted Circumferential ;
Aversge 41 73 14 &3
Range 37 - 45 0 0 4o - 46
Swaged Longitudinal
Average 55 81 12 22
Range 52 - 58 80 - 81 11 - 13 20 - 25
Swaged Circumferential
Average 55 89 6.3 29
Range 0 88 - 89 0 27 -~ 32

(&) Values were determined for & minimum of two samples, and sf many as six,
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