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ABSTRACT |

Twelve Zircaloy-2 sheets, with thicknesses between 1/8- snd 5/16-in., were
successfully formed into 15-in.-diam hemispheres by power gpinning in an effort
to determine the feasibility of using such 2 method to Fabricate core vessels for
the Homogenecus Reaotor Froject.

The fabricetion of an entire hemisphere as & wnit s of interest because it
would reduce the number of welds required to form a vessel. This in turn, would
reduce the chance of weld contamination and conséquent impsirment of corrosion
resistance and mechanical properties.

. A mumber of diffieulties, such &5 laps and earing, were entountered but were
overcome by modificetions of the procedure. The makximum percentoge reduction in
thickness of the shells was between 30 and LO%. The springback on the equatorial
radivs increesed with thickness from 0.0UO in. to 0.175 in., while the diametral
ellipticity varied tetween 0.016 in. apd 0.100 1in.

The avermge springback was highly reproducible for a given starting thick-
ness, and could therefore be compenzated for by die sllowance. Thinout and
ellipticity were not as highly reproducible so that the demasnds of weld fitup
and sphericity would require a congiderable machining allowsnce and esreful
Fitting of the shells. Although the varistiona were somswhat laerger then had _ I/f
been expected originally, it has nevertheless been demonstrated that pover
spinning could be used at least as the primary step in the Pabrication of
Zircaloy-2 hemispheres adequate for HRF applicetions.

Three complete spheres were successfully welded in a vacuum chamber using
8 technigue developed by the vendor. While the welding was not gquite of HRP
quality, it dld demonstrate that the spin shells could be assembled into
vesgels,
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A STUDY .OF THE FORMING OF ZIRCALOY-2 HEMISPHERES
' PY PCWER SPINNING

L

INTRODUCTTON

On Qctober 22, 1958, a study wasz begun by T4 t & uin Fabricators, Inc., of
Burbanl, California, to ﬂete&nﬁnm_the-feasibilitj of forming thin-walled
Eir¢alny1iﬁﬁemispheres by pﬂwer'spinning- Thiz process was upnder investigation
ag a PDBéEElE method of febricating future ¢oie vesgsels for the Homogeneous
Regotor Project {HRP}. The fabrication of an entire henisphere as 2 unit is of
interest, because 1t would reduce the mumber of welds required f¢ form &
spherical vessel, Reduction in the pumber of'welﬂs 1s desirable becauge it
would reduce the chance of undetectable weld contaminstion which impsirs cor-
rosion resistance-and mechanical prﬂpertiés* - Puxthiermoxe such a procedure
would probebly be more sconomical then 8 multistep process. The Homogeneous
Feactor Test (HHT} core tank required 13 weldments, which could be reduced to
3 if the hemiepheres could be made a8 units. The work was done by Titaniume
Fabricatoré, Inc., under subcuntrﬁ¢t.l

EGQUIPMENT AND MATERIALS

'The spinning egquipment on which titanium had been successfully formed was
designed specifically for the fabrication of hemispheres in the size range of
interest (15 to 30-in. in diamster). - The 15-in.-dlam die was used to conserve
material. The machine consiated, essentially, of & hemiaphericel die which
rotated about a wertical axis. The forming Ltool, a hardened-steel rulle;,
vas supported by a ynké.which spanned the.ﬂie. The roller could thus traverse
a great circle path from the pole to the equator nf_the di=. The roller, which
was forced against the blank and die hydraulically, spun or rolled blanks
bolted to the die at the pole (Fig. 1). '

The Zircaloy-2 shest used in the Btﬁdy was produced by & commercial

Fabricater acecrding to an Omk Ridge Hatlonal Iaboratory {ORNL) fabricetion
schedule which produced somewhat lower preferred orientetion than is ususl

1o heontract No. 93¥-16317 wnder W-Th0S-eng=-20.
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Fig. 1 Spinning Mschine, Toreh at Right is Heating 30-1in.
Digmeter Sphere sbout to be Spun on & 15=1m.
Dismeter DHe.
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in Zircaley-2 sheet. , This gheet was supplied to Titenium Fabricators in the

form of two-foot sguares cut from the game sriglnel pletes.

There were 12 such

blanks, six of nominal 5/16-in, thickness, two of nmominal 1/i-in. thickness, and
four of neminal 1/8-in, thickness. Two of the 5/16-in. plates were hot (1000°F)
rolled 8% and annealed (14OC°F) at CRNL to improve their surfece condition. The

exact thickness of each plate is recorded in Table I.

Table I. Thickness of Zircaloy-2 EBheel Prior to Bpinning

—=

Ehell Thickness
Numker 1n.)

0.312 %
0.310 %
0.312 %
0.280
0.285 +
0.285 4
0.818 %
0.218 =
0.126
0.186 2
0.126 %
0.126 =

faul
i

0.004
0.004
0.003
0.016
.00z
0.001
0.003
0.003
0.001
0.002
0.00p
0.002

FROCEDURE

A11 surfacs defects were removed by Titanlum Fabrlceitors

sander. Each sheet was cut into a 22.80-in.-diem disk with &

using & smail bell
hole, approx 2.5-in.

in dismeter, cubt in the center to ellow pessage of the hold-down bolt.

To reduce surface oxidation, an crganic material (Turko No. 4367), was

painted on the blanks prlor to heating. It wes 8 proprietary meterisl and 1tse

pompoeition could not be learned. No detectable earburization hed been sttributed

to ite use on titanlum and it was felt thet any which might ocour on the Ziresloy-2,

during the few mimites gt temperature, would be removed by plekling.




-5 -

After application of the coating, & 12-in. diameter circular area in the
center of each disk was heated to about 1200°F, with & large oxyacetylene torch.
The temperature was sensed by a contact thermocouple immediately after removal of
the flame. The disk was then placed in a small press and a 6-in.-diam dimple
formed. Thirty to sixty seconds elapsed between removal of the ftorch and
completion of the dimpling operation., The temperature of the dimpled area
Immediately after dimpling was much lower for the Zircaloy-2 than was normal for
titeniwm. This rapid cooling was due to the higher thermal diffusivity of
Zircaloy-2 compared to that of tltanium. Wrinkling of the disk below the dimple
vwas noted also; however, this proved to be no problem in spinning.

The blanks were bolted to the die using a 6-in.-diam hold-down washer. The
general spinning procedure was to first form the blank to s 30-inv-diam die with
2 or 3 passes of the roller. The shell was- then placed on the 15-in.-dlam die and
formed with 2 to &4 passes of the roller. Tinal slzing requlred 1 to 3 sdditlonsl
passes. DBecsuse the originsl blanks were too large, dus to calculstions based on
experience with titenium, the ghells uwsually extended below the egquator of the
15=1n. die and hed to be trimmed before the final sizing passes could be made.
The heat was applied to the work during all spimning operations by two large
oxyacetylene torches (Fig. 1). The dies and plates were preheated with a
removable electric hood. The temperatures during spinning were 1150 to 1350°F
as sensed by an electronic pyrometer.

RESULTS AND DISCUSSION

The study was evaluated in terms of such readily observable effects as ears,
ridges, and leps on the shells and by the more guantitative results of wall
thickness and sphericity megsurements. An attempt was made to relate these

paremeters to the spinning procedures.
Physicel Appesrence Related to Spinning Procedures

Ae the roller was brought in contact with the shell at the beginning of
each pass it remsined stetionsry; just below the washer, for seversl revolutions
of the die. This caused B groove to be formed &t this point; which was about
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25 deg Trom the pole. Also, the elrcular cross secticn of the roller mede 1t
Impossible to it it up closely to the washer. This left about a lfh-in. wide
band between the washer and the groove that was never in contact with the roller.
Back extrusion of the metal from the groove caused this band to become a ridge.
A gimilaer ridge formed on the inside of each shell in the =ame genersl ares.

Ears were usually produced during the initisl forming operations (Fig. 2),
but were removed by the trimming operation. Omnly slight earing occurred during
the finel stages. Rippling near the equator was & more serious phencmencn,
which also occurred during the first forming step (Fig. 3). These ripples were
removed by further rolling at the expense of the wall thickness. Rippling was
most acute In the 1/8-in. ghells. Another problem which recurred several times
was misalignment of axis of the die and the axls of rotation. This coused rough
operation of the mschine and & variation in thincut at the equator with azimuthal
angle. Excessive hesting (several hundred degrees Fahrenheit sbove the 1200°F
requested by ORNL) occurred on two occasions, but had no apparent ill effects on
the fingl shells. During the formation of shell No. 2 on the 30-in. die, the
control mechaniam failed, and the roller remained at one latitude Tor meny
revolutions of the die. This produced a groove shout 0.030-in. deep which was
reduced to sbout 0.010-in. by subsequent passes.

Another deviation from the normsal was the attempt to form shell No. 1
(0.312 in.) directly on the 15-in.-diam die. This was prompted by the hope of
avoiding the $1,500 cost of the extra die and by the earlier gsuccess with shells
of the same thickness. Numerous deep laps were formed in this shell (Fig. 4),
which could not be completely removed by & combination of further rolling and
machining., The one-step procsdure was abandoned because of the strain it
placed on the machine snd the ampunt of development which would have been
required to produce a good shell in this way.

The atudy was divided into two parts. In the firet part three 5/16-in.,
one 1/l-in., and three 1/8-in. shells were spun. In the second period three
5/16-in., one 1fl-in., and one 1/8-in. shells were spun. This interruption,
which was due to g delay in shipping some of the blanks, afforded an opportu-
nity to evaluate the work done to that point and to consider meansg of improving
the results in the second period. FPFurthermore, it served as s natural point
of division for obaerving whether the results did improve as the operstors
gained experience with the material.



J_,f'B-in. ¥ 30-in. Dimmeter Shell Showling Ears.
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Fig. 3 1/8-in. x 15-in. Diameter Shell Showing Ripples.
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Fig. &4 5{'15-1:1. Shell Spun Direetly to 15-in. Diameter,
(Unmaechined )
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Figure 5 is a picture of a successfully completed 5/8-in.-thick shell. A
complete description of the fabrication of each shell 1s included in the
Appendix.

Measurements

The gquantitetive evaluation of the shells consisted of thiclkness and
dismetrel measurements mede by both Titanium Fabricstors snd ORNL.

Thickness Measurements (Titanium Fabricators). — Thickness measurements were

made by Titanium Fabricators each time a shell was removed from the die. These
measurements were made at 2-in. intervals along 4 or 8 longitudes with a dial

gage mounted on & special frame. The results of these messursements are summarized
in Table II end are recorded in thelr entirety in Table AT of the Appendix.

Diametral Measurements (Titanium Fabricators). — After the forming

operations were completed, diametral measurements were mode gt Titanium
Febricatora' plant. Vernier calipers were used to make measurements near the
equator and at points about 2 in. above the equator.

Bscause the determination of the loecaticn of the measurements, as well as
the measurements themselves, depended very heavily on the eye and judgment of
the inspector, these data are not considered very reliasble, and they do not
correspond to the ORNL measurements. For the sake of consistency, these data
are gummarized in Table IIT and are recorded in thelr entirety in Table AIT of
the Appendix.

Thickness Messurements (ORNL). — The thicknesd measurements were repeated

at ORNL, using a Vidigage ultrasonic-thickness measuring device. Checks made at
the pole and equator of each shell showed that the Vidigage readings were usually
identical with those of the miercmeter and in cnly two instances did they differ
by more than 2%. At the equator of shell No. 11 the average of & micrometer
regdings showed thet the vidigage was off by 3%, and at the same location on
shell Neo. 1 a slmllar number of readings indicated that the Vidigage was off

by 4%. Thus, the greatest variation encountered in the thickness, averaged Tor
one latitude, was only £ 0Q.010 in.
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Fig. 5 Completed and Trimmed Shell, 5',{1'5-111. % 15=-in. Diameter.
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Table II., Shell Thickness (Titanium Fabricators)

Shell Original Dle No. of Time Maximum* Meximum  Mininmum  Equatorial
No. Thickness BRun 8ize Passes Run Thickness Thickness Thickness Thlcknesgs
(in.x10~3) (in.) (Min. ) (1in.x1073) (1n.x10-3) (in.x10°3) (in.x10°3)
(epin area)
1 308-316 IR 3 . 20 306 284 229 275
g2 15 2 B _— - -n as
2 306~314 1 30 2 3 314 306 280 -
g 35 L 5 308 236 198 =
3 15 % b 315 200 190 218
3 309-315 1 30 ¥ AR 308 308 299 --
215 ey 307 281 2lig 257
3 15 2 7 — e — -
& 273~304 1 30 2 51/2 306 286 272 =
2 15 2 9 269 052 210 e
- s 2 B1f2 - an s =
11 o84 —287 1 30 - 7 285 283 265 =
(cold rc]_'!_ed_;IE 15 o g - e - -
3 15 1 L1/ 282 206 185 19k
12 286—254 1 30 -- 61/ o284 276 o6l --
(cold rulled}E 15 5 10 - . = -
3 15 1 5 290 235 225 230
5 21521 1 30 3 10 213 206 201 --
g 15 R - 212 163 178 =23
3 15 1 5 215 172 160 166
L 216-221 1 30 - -- 21k 208 195 --
g 15 3 - 213 187 174 -
3 15 -— == - - -- --
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Table IT {Cont'd}

8hell Original FRua Die No. of “Time  Maximum* Maximum Mimimum  Egquatorial

Fo. Thickness Size Passes HRun Thiclness Thickness E[hiclmasi Thiclmes
{in.x1073) {1n.) (Mn.) (in.x10-3)(1n,%20-3) (in.x10-3)(in.x103)
{spun area}

T 125=12T7 1 30 - 3 128 13& 122 -

2 15 3 4 126 110 90 108

3. 15‘ E ll - - - - -

b 15 1 3 - P - as

B8 125=127 130 1 3 159 118 103 106

2 15 E l" 1!2 - - - -

3 1-5 3 ll - - - - - -

9 Nominal - .- -- - - - - --

1/8

10 125-—128 1 30 -- 3 132 108 a1 103

15 3 i2 128 g2 65 87

3 15 2 10 - - -a -

*¥The meximum thickness always oceurred in the area under the hold-down washer.
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Teble IIT. ' Diametral Measurements (Titanium Fabricators)

" Bverage Ineide Diametér (in.)

Original “Eguator T D in. Below Equator
Shell Thickness Bafore After - Hefore " After
No. {in.} Sand Blasting Sand Blasting Sand Blasting Sand Blasting
1 0.312 15.082 15.112 S 10 TS
2 0. 310 15.107 - - - 1h.450 S e
3 0. 312 15.10% 15.113 . 1406 1h.bze
6 T, 200 15.083 . 15,082 : 14,308 - b bog
11 0.285 15. 12k 15.126. RN 14 38k
1z 0.2685 15.116. -- TR R
5 0.218 15.123 . — . © 14,408 -
b 6.218 - ' -- R -
7 0.126 15,120 - S TR Y --
8 0.126 -- 15.001 B - 14.223 g
9 0.126 L .- -- - -- ~- .
‘W
10 o

126 - 15,138 e 1k 8Lk
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Thinout is defined as:

Original Thickness - Final Thickness x 100
Original Thickneas

énd is expressed &5 & percent anzlogous o the method of expressing the reduction

due to standard rolling cpersticps. Consideration of the maximum thinout will
give an indication of the thinout ellowences which would have to be provided to
obtain B given final thickness.

Tebie IV iz B summery of ithese thicknessee and thindut data which are
presented in detail in the Appendix {(Table AITI).

It should be noted that thinout varies widely for the same starting thickness.
It is chvious that thinout 1= primerily & functicn of the spinning procedure
{number of passes, temperature, and loading on the roller)}. Since this procedure
depends uvpon the whims end touch of gperator, the poor reproducibility of thinout
18 not surprising.

Figures 6 to 8 show how the thinout varies with distence from pole &%
varicus stages of febricstion &nd for various starting thicknesees. In all
cases, the portion of the shell which wes benesth the washer {i.e,, dimpled only)
suffered little or no thinout {0 to 5%).

Figure 9 shows the variation of thickness with szlmthsl positicon &t the
equator of shell Hos. 6 and 11. The thin spets on shell Ko. & are opposite each
other and at positions 90 deg from the thick spots. Thie mey be explained in terms
of- the increased thinout below the sars, which formed at positions of two-fold
symetry on this sheli. The thin spot on shell No. 11, however, formed &t & polnt
180 deg Ffrom the thick spot. This 1s explainsble in terms of the displacement
of the die axis from the awis of rotation. One or the gthar of these phenomena,
or a combination of both, is present to zcme degree on every shell and cauges &
maximum thickness wvariation of ebout 0.010 in. at any latitude.

Redial Meagurements (ORNL). — The ORNL redisl measurements vere made to
determing the distance from various points on the inside of esch ehell to a

point corresponding to the geometric center of the hemisphere to vhich the shell
was spun. The method of detarmining the center point is explsined in the
Appendix. The difference between these measurements and 7.5 {the die radius} is
the springback. The measurements were mades with sn indicator gage sttached o
a gweep arm on 8 horizomtal milling machine, the bed of which could be moved in

three directions sz well as rotated. The error is believed to be less than 0.010 in.
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Table I¥. Finasl Shell Thickness {ORNL)

Original Maximum Max Lmum Ml nimum Mo Lo Moximun PBquatorial — Equatorial
Shell Thiclkoness Thickness* Thickness Thincut Thickness Tinout Tickn=ss Thinout
Ko. (in.x10"3)  {in.x10"3) Spun Ares Spun Area (in.x10~3) {%) (in.x10-3) (%)
(1in.x16"3)} (%)

1 e 2ko 226 27 168 46 221 29

2 310 310 230 26 172 ki 210 32

3 4312 269 258 17 718 30 weld .-

6 209 30h 230 o2z 203 gal 209 30
11 285 278 209 27 156 31 201 29
12 285 270 240 1k 220 23 234 18

5 218 200 170 22 158 28 167 23

b 218 - 192 12 179 pry 1689 13

T 126 125 .92 27 B2 35 95 25

& 126 128 a5 25 60 52 g8 48

g 126 124 96 oh 82 35 88 33
10 126 124 g2 21 573 58 56 56

—

*The meximum thickness always occurred in ares wder hold-down wesher. Shells 1, 3, 11, 12, end
9 were surface machived pricr 4o shipment to OBRL, vhich aceounts for the relatively large amcunt
of thinout in the hold-dowvm area of these shells.
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and was auch as to produce values smaller than the true ones, f.e., reduce the
pbgerved springback. ' _ .

A summary oﬁ the springback dsta for each shell is présented in Teble V.
Table AIV of the Appeodix cuntains the Eﬁtire ORNL rediszl.measurement data.

Because of the requirem&nté of weld Titup at the equator, &s well as general
dimensional tolerances for the vessel, Epringhack Aand ellipticity gre of prime
impﬂrtﬂnne. Figure 10 is a plut of the raﬂial springback, averaged &t esch
latitude, agalnst the distancexfrﬁm the pole. Only the umwelded.shiell® Nos. 2,
lEJ~ 5. T; and % were evaluated for springback. since Jjigging and welding dis-
torted the welded shells zo that a trues picture of the ar-spun coendition could
not bhe obtained for these. It should be nobed, however, that the springhack wes
sufficiently reproducible to permit the welding of these other shells. Shell He. L
was excluded also because a premature.alteratian of the polar ares at ORNL. nmade
it impossible to obtain the radial méasurﬂménts. _

It may be seen (Fig. 10} that the sprihgback of the thicker shells (0.310-in.
and ©.285-in.) increﬁsed_mpre n; leas unifnrmly‘frﬁm the pole to the equator. - The
0.218~in. shell exhibited a decreage in springback at sbout 4% deg from the pole,
followed by & further increaze.. The thinnest shells (0.126-1h.) exhibited an
even sharper decreage in.springback at about 60 deg frﬁm the pole again followed
by & further increage. There ig no obvicus explanation of this behavior.

Tt should be noted also that springback was fairly consistent for shells of
the same starting thlekness, which indicates that this effecf ﬁay bg gatisfactorily
reprnduciﬁie.

Figure 11 is & plot of the average radial springback at the equatﬁr against
the starting thickness of the Bhéll. It ig obvious that springback increases
with the thickness of the shells. This resultsz frum'the fact thet the surface

strains developed during spinning sre greater in the thicker shells, since these
gtrains are raugﬁly proportional to the thickness.

The apringback st 30:dag intervels around the gquator iz plotted in Flgs.
12-156. In general, the springback alternates between a maximum and a minimum at
about O0-deg intervals. These variations are not relatsd to die misalignment

vhich iz indicated by the thickness plot on each graph. '

- Tahle VI shnwé the maximum difference in diametral springback (maximom
diameter mizus minimum diameter) at the eguator of sach shell. This difference
in apringback is an index of the out-of-roundness of the shells and varies ]
rather widely and utnpredictably. '
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Table V. Average Springback [ORNL)

original AveTogs Hadialqa Diemetral B
Thickness - 3§Erinﬁ%%ck éég'xlggﬂ} . Springback Ein.xlﬂ )
Shell (in.x1079) (Bquator) {Bauetor)
1 kuk: 0 3 3% 60 93 -- --
2 310 ¢ 29 3B W 103 176 331
3 312 o 17 31 77 i27 - --
6 259 g 0 17 7 160 - -
11 285 0 4] 1 62 93 -- .-
12 265 0 5 2k 57T 111 173 AT
5 218 0 Pl 23 36 71 118 232
L 218 - - - - -n - -
7 126 0 38 20 10 18 32 6l
8 126 " - 11 b 3l - .a
3 126 0 17 13 L 12 51 102
10 126 o & 17 I 78 -- -
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Table ¥I. Oub-0f-Roundness

m
Original Thicknesz Ellipticity
(n.) (in.)

0. 310 [snéli WNo. 2) 0,101
0,285 (Shell No. 12) 0.062
0.218 (Shell No. %) 0.016
0.126 (Shell No. T) 0.038
0.126 (Shell No. 3) 0.063

Although hand fitting‘can mitigate the effects of oub-of-roundness on weld
fit-up, this is a limited means of compensaticon and does ot imprbve the over-all
sphericlty of the vessel, It thus seems likely that some .additional machining
allowance will have to be provided to compensate for out-of ~roundness.

WELDING STUDY

Fbllﬁwing the fabrication study, a limited welding investigatinn was
conducted ﬁﬂing egqulpment dEVEioped for commercizl titenium work. The dry box
used for all welding was evacuated to about 100 p presszure and back porged with
three volumes of argon. _A stationary tungsten-arc torch was used in conjunction
with: 8 wire feed mechaniem. The work was heid on a varisble speed, motpr-driven
turntable conﬁrulled from the outside.

Test welds were made on 1/8-in., and 5/16=in. sheet to determine the quality
of the welds obtainable with this equipment. Welds were made on the 1/8-in. -
sheets with and without the use of filler metal. The 5flﬁ-in. sheat was welded
with a fusion root pasé (no filler metal) followed by three Filler passes in
vhich metsl waé added. _ _ ’

Full penetration ailver-colored weddd were obtained in =11 ﬁases. Micro-
Bcopic examination and weld metal hardness of 150-170 DPH {converted from
Rockwell superficial measurements) indicated adeguate weld quaiity. It was
determined that a single pass using filler metal was the most desirable
procedure for the 1/6-in. sheet. TI# no case was back welding cn the root side
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found to be necessary though this is the ususl practice of Mtanium Fabricetors
when welding titanium.

A welding Joint, using an 0.073-in. root fece and a 45-deg bevel, which wes
developed specifically for thls spplication, was machined on the esgquator of shells
Nos. 8 and 10 (nominal 1/8-in.). Another L5-deg bevel, 0.010-in. deep, was also
machined on the ingide for back welding. The shells were bolted together on the
table so that no root gap existed. The linear periphersl speed of the work during
welding was 6-in./min. The welding current was 95 to 110 amp &t 9 v. Filler
wire was added et a rate of 15 to 23-in./min. Only one pass was necessary to
effect full penetration. Figure 17 shows the completed sphere.

Shells Nos. 1 and 3 (nominal 5/16-in.) were welded using the same joint
design and dry-box setup. The welding current was 110 amp at 9 v for the fusion
root pess. The linear peripheral speed was 6-in./min. The filler passes were
made at 150 amp and 10 v. The linear peripheral travel was 3-3/8-in./min, and
the filler wire was added at the rate of 12 to 16-in./min. A full penetration
weld was obtained and no back welding was necessary. A third peir of shells,
Noa. 6 (nominal 5/16-in.) and 11 (0.285-in.) were welded in a mammer similar
to shells Nos. 1 and 3 with similar results.

Metallographic examination of a section cut from the weld between shells
Noa., 1 and 3 revealed 1t to be normal although the heat-affected Zone was wider
than that ususlly obtained in hand welding. The average weld metal hardness was
175 DPH determined for 10 kg load (converted from 185 DPH using 1 kg load). The
base metal hardness was 168 DPH for & 10 kg load. Redlographic examination
revealed that the weld between shells Nos. 1 and 3 wasg of good quality and uniform
thickneas, except at the tie-in which was slightly thin. The weld between shells
Nos. 6 and 11 was uniform also except st the tie-in where there wes a deep
crevice and s spot of medium porosity. The weld between shells Nos. & and 10
contained some fine, scattered porosity which became guite concentrated in cne
azimuthal position. The tie-in was alsc guite thin and there was & pin hole
completely through the weld at this point. This work was cbserved for ORNL by
We J. Leonard of the HRP Metallurgy Group.

CONCLUBION

Although the cooperation of the technical and administrative perscmmel was
good, there was some difTiculty in having instructicns commnicated to the
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operators. To a large extent, the process depended on the judgment of these
operators. This included such basic cperstions ae the control of the roller
feed and travel, and the spplication of heat by the hsnd -manipulated torches.

The temperature-sensing device was ﬁlao qulte Ilnaccurate snd little atiention was
patd to it. - ' |

Since thinout is primarily a function of these procedural variables, it is
not surprising thﬂf.it was poorly reprofucible. Ao lneresse in the starting
thicknees ¢ould compensste for thinout, but this would require some further
development, as well a5 Incressed machining.

The effect of die migalignment does not seem to dbe gignificant and the
ifriculties with rippling &nd lapping seem to have heen overcome even for the
thinnest shells {(1/8-in.}. .

The average springback seemz to be repfdducihle for & given stafting thick-
nese 8nd probably cen be cnmpénSEtEd for_hy die sllowance. Ellipticity also can
be compenseted for to a 1gr35'extent by - hand fitting. :Unfﬁrtunately, the
ellipticity does not Eppear to.be highly reproducible &nd consequently will
Tequire scme extra machining allowance oi the thicker shells. Since thinout and
springback both increase somevhet with thickness, the addition of & machining
allovance to overcome theee prﬁhlema is not straiéhtfurwarﬁ and will require
development. It msy be necessary to size fhe'spun ghelliz by aﬂmé.prncess likea
hot pressing prior to machining unless the spinning technique 1tself can be
improved. | . . '

It ig encouraging that the thincut of the shells formed during the second
period (Nos: 6, 11, 12, 5, and 9) was significantly lover than that fox the first
shells formed (Fos. 1, 2, 3, &, 7, 8, and 10). Because of the limited amount

of data (five shells), a simller compariscn cammot be validly made for springback.
Most of the uwncontrolled incidents {e.g., ring relling and overheating) oceurred
during the rirst period and the svoldance of such mishaps is prebably responsible
for the improvement in the second period. .

The welding was not quite sdeguate for HRP requirements, but could be nade
20 by the development of & better tie-in technique and the exercice &Ff & little
EOTE Care, _ '

In summetion, the study has shown thet it iz possible to férm Zircaloy-2
hemiepheras by powar spinning;ﬁ While the process shows pronisge, it 4id not
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quite live up toc the expectetions of the fabricator,. If typical reactor-grade
close tolerances are placed on sphericity, it is 1ikely that furthar sizing
operations or the use of very large machining allowances will be required.

Acknovledgmeni is made of the agzistance given by Titaniuwm Fabricators and
by the OHHL Metallography laboratory at Y12 In the preparstion of the photographs
eud by the ORNL Inspection Group in making the mesceurements.
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APPENDIX

Method of Making Badial Messurements at ORNL

The method of determining the point from which the radisl messurements wers
made at OBNL was a5 fallows:

l. The shell was positioned on the bed of the mlling wmachine so thet it
waa symmetrical with the axis of rotaticn of the bed. This was done by ad justing
the shell position so that the dial game gave the same reading at the ends of
several equatorial diameters. This was checked Ly similar measurements npear
the pole to be sure the equatorial plans of the shell wds parallel to the bed
of the mill.

2., Next, the thickness of the shell around the polar hole (tp) WS
measured with a micrometer. The disl gage wasz then mounted on a gweep arm
which rotated about a horizontal axis which, becawse of the machine design,
intersgcted the vertical rotational axis of the shell and bed (Fig. Al). The
gage waz adjusted so that it read rzero when it waz 7.5 in. + tp from its own
gxis of rotation. The shell and bed were then raised until the polar area of
the shell barely came 1n contact with the gage (i.e., zero resding). At this
paint the interseotion of the shell axis and zwesp awiz iz azszumed to be
identical with the geometrical center of the die (Fig. Al}. To do this, it
must be further sssumed that only an ingignificent emount of springhack ofcurrsed
near the pole. The subszegquent measurements were Iin terms of 7.5 in. plus the
thickness and the springback at the point of messurement.

Detailed Description of the Splaning of EFach Shell

The following iz a hriaf description of the spinning of sach shell:
Blanks Hoa. 21anﬂ 3 {0.310- and 0.312-in. thick, respectively) were rolled on the
30-in. die without ineident, except that blank No. 3 was worksd at somewhat higher
temperature {1400°F) than the recommended 1200°F. Thir seemed to have no ill effect,
hovever, since a good ghell was produced. Only slight earing occurred at the equator.
Shell No. 3 extendsad below the die aquator after 2 passes on the 15-in. die
and had te be removed and trimmed. After thisz, it was sized o the 15-1n. die
without incident. The ocuter surface of the shell was machined to reduce the
thickness variations before shipment to ORNL. Thia precluded thickness measure-
ments of the shell at ORNL in the as-spun comdition. 8hell Ne. 2 was trimmed
rrior to forming on the 15-in. die, During the second pass on thig dis the
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control mechanism failed and the roller remained at a point about 45 deg
from the pole for many revolutions of the dle (ring rolling). This resulted
in the formetion of & groove &t this point. Thres more passcg were made in
an attempt fo smooth cut thisg groove, The groove wvas found to be more than
3,030 in. deep vhen the shell was removed from the dis. Two more passes
gized the shell to the die and reduced the groove to a litils more than
0.010 1in.

Because of the success with shells Nos. 2 and 3, blank No. 1 {0,312 in.
thick) was formed directly on the 1l5-in. Jdie without benefit of the inter-
mediate die. About a dozen large ripples formed which were rolled into deep
laps after three passes, Two more pasgesg partiwlly removed thege lops, The
surface of this ghell wapg then mechined but two deep laps stlll remeined which
extended several lnches above the equator.

The gingle-die procedure caused considerable shock loading on the roller
and yoke and exceszsive thinout would alssc have resulied if the folds had been
completely removed by eplnning or machining, For these reasons, the cost of
the intermediste die [approx $1500) aeems Jjustified,

Blank & (0,200 in, thick) was spun on the 30-in, die and the initial
pessea on the 15-in, die were made before trimming, Two large folds and several
small ones were present near the equator at this peint. After trimming, . these
vere removed during the fiinal sizing pasges.

Blank 11 {0.285 in. thiek) was dimpled at a higher temperaturs then
intended but this hed no observably deleterious effect, The shell was spun
on the 30~ and 1l%-in, dles without incident, PFollowing the spinning, the
15-in, die wes found to be slightly off center. The die was centered, and
the shell was trimoed and gsized to the dle without incident.

Except for the overheating during dimpling, blank 12 {0.285 in. thick)
was treated and behaved the same as shell Ne, 11, The spinning temperature,
however, appeared to the eye to be somewhat higher than the 1175°F indicated
by the pyrometer. The die may also have been off center. This shell was
surface machined prior to shipment to ORHL.

Blank Mo, 5 (0,215 in, thick} was rolled on the 30= apd 15-+in. dizs Bnd
some folds occurred. The die, which was off center, was realigned and the
shell trimmed. The folds were removed &nd the shell zized by the final passes.
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This shell was machined before shipment to ORML. Similarly, blank No., b
(0,218 in. thick) was rolled on the 30-in., die, trimmed, and rolled on the
15-in. die without incident.

Considerable earing occurred on shell No. 7 (0.125 in. thick)} during
spinning on the IN-in., Aie., The initial pesses on the 15-in., die resulted
in the formation of 8 great many ripples. The shell was trimeed and re-rolled,
removing moet of the ripples. Blank Ho. 8 [0.126 in. thick) behaved in a
similar manner, but extra care in spinning reduced the rippling.

Ho data or notes were suppli=d for blank HWe. 9 (0.126 in. thick} by
Titanium Fabricetors. The ORWL observer reported that earing occurred on
this ghell during the first pass on the 30«in. die and was partially removed
by subsequent passes, The shell waz trimmed and formed on the 15%-1in, dle,
Turing the first pass on thia die folds and flats formed but were partislly
removed by subsequent passes. Blank No. 10 {0.120 in, thick)} was trimmed
before any forming was performed. Rippling occurred &nd was removed 85 in the
caee of shell No, 7. After forming,all shells were zand blaszted and plekled.
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SEFINRING RECCORD

BLANK HO. 1 MATERTAL,  Zr.2 BLANK EFZE _ 220.80 in,
DATE SPUN TEMPERATURE TIME AT TEMF. 20 min,
15 ip. STRGE DIE IHSFECTCR #
“ Taicknesn (inches x 10-3)
A B c D
1 305 304 306 304
B
2 278 268 20 293
3 220 230 230 230
b 237 238 235 235
C
£ =1 2h3 250 ab3
2" Staticne
& 70 =l ) 217 284

3 pacsas 20 min. at 1150-10%0
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SPINNING HECORD
BLANK HO.___2 MATERIAL __ fr.2 BIANK STZE ___22,80 10,
DATE SPUM. TEMPERATURE TDE AT TEMP, ;
30 do. SPAGE DIE ' TRSFECTOR ¥
Thicknees {inches x 1ﬂ-3]
A B ¢ D
1 32 | 34 VI 311
B

2 304 302 306 304

3 285 280 292 268

o L 2ss 283 | =02 | 280

] 5 06 20% 308 297

2" Stations
I

0. 306—0. 314~ in, starting thickness
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SPINWING RECURD

ELAFK EIZE

. BLARK HO. 2 MATERIAL __ Zr-2
DATE SPUR TEMPERATURE TIME AT TEMP.
INSPECTOR #

—._151in.  STWEE DIE

A Thickiess (inches x 10'3}
& B o 1}
1 305 306 308 308
B B .
2 299 300 298 | 293
3 203" 198* 200% 2ou*
" ] 835 225 234 236
. a0y
o siat 5 v 224 226
&
h PEBBEE Trimmed

__"Riog Folled
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SPTINING RECORD
RLANK o, 2 (st sheet) ueepyyr Zr-2 BLANK SIZE
DATE SPUN FEMEERATURE TDE AT TEME,
15 STAGE DIE THSFECTOR #
Thickness (in. x 10°3)
A B € D
1 305 305 308 w7
o
2 195 192 | 200 198
3 213 216 | 215 217
- 4 213 z12 | 215 - 215
» 5 200 ma | 2z0 218
2" staticns
&
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SFINNING RECOHD

BLANK Mo, 2 (2nd sheat) MATERTAL Zr.2 BLARE, BIZE
DATE SFUW_ TEMFERATURE ___ TIME AT TEME.
15" m DIE HSPECTOR #

Thickoese (inches x 1073}

E F G H
1 310 Ehls) 310 312
B .
-] 315 305 310 307
3 130 150 190 190
a - ¥

. L 215 220 220 222

5 20 Z1
2" Staticos ? 2 e

' &




SPINFING RECORD

BLARK EO. 3 _ MATERTAL Er-g * BLANK STZE 22.80 in.
BATE SPUN TEMFERATURE TIE AT TEMP.
30 1n, STAGE DIE INSFECTOR #
A Thickness (inches x 107)
A B c D
1 308 307 08 306
D 2
a 300 . 297 ) 306
3 302 302 301 302
b ne 307 306 308
c '
s
2" Grati 209 303 302 299
&

0.308 - 0,315 in. Starting Thickness
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SFINNING BECORD

ELANK, ¥O. k1 MATERTAL Zr.2 PLANE, SEZE
DATE SPM TEMEERATURE TDME AT TEMP.
INEPRCOTCR #

~ 25ip, _ STAGE DIE

-3

Thickness (iuches x 107 3)

A B c i}

) 1 304 305 305 308
1] B

2 304 307 298 302
3 78 27T 27T 280
p b 276 281 278 277
2" Stationa ? 2 i 268 2%
] 263 261 o246 a5y

2 FPasssp Too large to be alzed




~ SPINNING RECORD
BLANK Fo.___ & MATERIAL __Zr-2 BLANK STZE ___22.800
DATE SPUR__ 1-2-58 TEMPERATURE __1050° FIME AT TENP.__ 5-1/2 min.
3y STAGE DIE THSFECTOR #
A Thickness (in. % 1073)
A B ¢ D I

1 203 306 | 303 301

D B
2 296 296 292 20)
3 206 286 283 285
LY 27s 279 272 276
5 279 262 275 279

2" gtations :

LS

Original thickness: 0.273%0.30% in.

2 pasges
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SPTHRTHC RECORD

BLANK Ho, © {1st sheet)  maTERTAr,  2r-2

BLAWY, SIZE _ 22.8

DATE SFUN  18-3 TEMPERATURE __ 1200 TDME AT TEMP. D Cin.
15m BTACE DIE ' INSPECTOR #
4 Thickness {in. x 10'3}
¢
H _ B A B 1
1 299 208 209 203
3 o
2 295 262 268 26k
3 28] 2hs 2hs 2hg
b 2h2 245 239 a3p
E
) 225 218 P beler
2" Stations
&
2 pasEss

2 lavge Polds several minoy coes
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SPINNING RECORE

BLANK M0.__ 6 (2nd shest) MATERIAL __ 2r.2 BLANK SIZE___ 22.8
DATE SPUN_ 12-4 TEMFERATIRE : : TIME AT TEMP. _
15"' STACE DTE INSFECTOR #
" Tmickuese (in. x 1073
A B E " F g E |
1 299 209 2a9 297
C
2 290 26p 298 256
> / 1 248 251 25 252
L} ko 236 2hh 235
E 1
2 Settom 5 2o 217 |2 210
i
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SPINNING FECORL

BLANK HO EL MATERTAL 2.2 BLANK SIZE 21.500
DATE SFUN 1=3.55 TEMFEHATIRE Lagp? TIME AT TEMP. 7 nig
30" STAGE DIR INSFECTOR #
A Thickeess (in. x 1075)
A B- e n
1 283 284 | ogg 283
D B
2 278 277 280 280
3 265 20 | 267 275
b 269 265 271 268
C
5 261 281 | 263 281
2" Stations
5

0.28h . 0.207 original thickoess

Botter than others during dimpling. Intended for LoOOYF but gat_too hot,

Iip but ne folds.
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SFINNTNG KECORD

BLAFK FO. _ 11 {1zt sheet} MATERTAL Zr-3 BLARK SIZE
DATE SPUN TEMFERATURE TIME AT TEMP.
15" STAGE DIE INSFROTOR #
A Thickness (in, x 10-3)
A B - +]
;-r
" 1 280 g a7s 278
1] i B
2 208 200 | a20% 208
3 156 188 100 190
< b 183 138 190 18
K 196 L 1 L
2" Stations » 93 98
B
12alle58

Trimmed after 1 pass and dis ceptevad (0.008 in.} prior to this Tun.
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SPTHHITNG RECORD
BLARMK No._ 31 (2nd sheet) uawpyar Zr-2 - DLANK SIZE
DATE SHiR ) TEMEERATURE __ : TIME AT TEMP.
MGE DIE - © INSPECTOR #
A _ Thicknsss (1w, x lﬂ'3}
H .
) B F i H
1 282 280 280 280
B .
2 282 até 270 276
i 152 1495 195 195
G F
- 3 185 195 | 192 190
5 190 188 | 195 195
a" stations
[

12-11-583
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SPINNTHG RECORD -

BLAWK HO. 12 . MATERIAL -2 BLANK SIZR 21..500
DATE SPtH_12-2-58 TEMPEAATURE _ 1175 TIME AT TEMP, _B-1/2 mis.
30" STAGDE DIE ' IRSFECTCR #
h : Thickness {in. x 1075}
A B o o
1 o83 284 284 o83
B
2 278 272 279 o718
3 278 37Tk 275 a7
. b 265 263 2n 268
264 ;
2™ Stations ? . @k | an 270
&

0.286 - 0.284 thick .

Appesred hotter than above temp. HNo folds but & small lip wms yresant,
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SPINNING RECORD

BLANK NO.__ 12 (lst sheet) MATERIAL __Zr.2 BLANK 8128 _
DATE SFUR___. TEMFERATURE 1290 TIME AT TEMF, > ©TiD
15" ETACE DIE THSPECTCR #
h -3
Thiclaess {fn. x 10°%)
. - A B c o
2
_L_"j_ ' 1 280 2% | 290 275
D . | B
2 205 230 230 28
3 225 235 230 232
G b ol a3z 235 =228
' b fre 8
2" Btations a3’ ex 228
&
12-11-58

3 passes triomed; die may have been off center agaln.
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SPINNING RECORD

BLANK ¥O._12 (2pd Sheet) MATERIAL _ Zr-2 BLANK SIZE
DATE SPUN PEMPERATURE _ TIME AT TEWP.
STaE DIE INSFECTOR #
A Thickmess (in. x 10-3)
E E
E F o q
4" 1 282 285 | o282 280

B
£ \\ﬁi 2 200 a8z | =15 278

G 3 225 =08 a e bl s

o L 232 230 228 2268

2" Btations > 228 €33 230 223
&

12-11-58
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SPINHING RECORD

BLAKK HO. 5 MLTERTAL Zr-z ELANK STZE _ 22.800
DATE SPUN___ 12.2.58 TEMFERATURE 11250 PIME AT TEMP. _ 1O min.
30" BTAGE DIE INSEECTOR #

Thickn=as (in x 10'3}

A B d ]
1 212 212 a1y 213
D B

- 2 211 210 205 210
3 205 206 205 206
4 20L 203 203 205

c!
5 20% 207 202 201

2" Staticus

6

Before spio 215-221

3 pasges

Vary good sondition after this die
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SFTRRAING RECORD

BLANK HO._ S MATERTAL Pp-g DLANE 3ITE 208
DATE sPUN__12.3 TEMPERATURB ____ 1200° TIME AT TEMP. 12 min.
15" STAGE DIE THSPECTOR #
A Thickness (in. x 1073
A B c D
1 211 212 711 211
D B
2 209 208 210 210
3 163 165 168 166
4 1568 175 174 7Y
C
) 165 171 I7s L72
2" Stations
6
3 passae

First pass only cuter half--fair amount of folding but 3id not interfer

ob others, Many 374" folds 1" high otherviee o.k.
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SFINNING RECORD

BLAWK No.__ 5 {1st sheet) MATERTAL Zra2 BLANK 9TZE
DATE SPUN - TEMPERATURE ., 1175 TIME AT TEMP.
15" STACE DIE INIFECT(R #

-3

S min

Thickneas (in. x 1073}

A B C D
&
% 1 22 210 213 510
b ] B

2 ] 5 165 | 168 168
3 164 164 168 168
- 4 164 w6 | aq0 170
2" Statdons | R 180 a7z 170

&

12-10-58

1 pass die centered before spinning,




SPIHNTHG - RECORD

BLANK No. 7 (20d sheet) ppremTAL Ira2 PLANE SIZE
DATE SPUN ___ TEWPERATURE TIME AT TEMP.
15" STACE DIE ' THRSPRCTOR #

Thickoese (in. x 10'3]

|
E___ F__| ¢ 1 E
1 212 12 m3 215
D B '
a 210 210 212 210
3 160 160 154 162
G P
) . " 162 18 172 170
. 5 15 1
2" sStationa ’ ° il 1
&
12.10-58
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SPIRNIRG RECORD

BLAFE H0.___ b MATERIAL Er-2 BLAMK SIZE _ 22,80 1p,
DATE SPIN TEMFRRATURE TIME AT TEMP.
30 _fn. STAGE DIE IKSEECTOR #
A -3
Thickness (inches x 107)
A B c o
q
1 213 214 213 212
[ B
2 205 17 210 204
3 207 208 200 2ol
o b 203 201 195 199
g
2" Stationa 20° i L i
6

0.216 = 0.271 fn, Starting thickness




SPFINNIND FECORD

BLANK Ro.__ O MATERIAL _ 27-2 BLANK 8TzE _22-80 1.
DATE SPIN TEMPERATHRE TIME AT TENF.
30~1n. SMLE DIE INSPECTOR #.
A
A P ¢ D
1 120 129 129 128
D B
3 128 128 126 129
3 108 108 110 Le]
. [ 110 108 1160 lio
5 11 114 1
2" Stations > : e
& 105 103 107 108

0. 1250, 128-1n. Starting Thickness

Above Tollowed by 5 pesses om 15-im, Ale, Tipplee rolled nut (1225°F, 11 min),

Ro date.
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SPINNING RECORD

BLANK NO. 10 MATRRTAL _ 2r-2 BLANK SIZE 22,80 1n.
DATE SPOM TEMFERATURE TIME AT TEMF.
30_in. STAGE DIE ' INSPECTOR #
2 Thicknesa (isches x 1073)
A - c D
1 130 132 129 132
D B
2 130 130 128 13
. 3 094 093 091 065
4 0gT 099 098 \1'01
c
5 098 095 098 0939
2% stations
P 108 099 101 10k

0.125 - 0.128 in. Starting Thickness




BLAKK HQ. 10

- 6h -

SPINNING RECORD

DATE SHUS

MATERIAL Praa BLANK SIZE
TEMPERATURE TIME AT TEMP.
INSPECTCR #

1S in. JMGE DIE

A Thickness [inches x 10-3}
A B c ]
1 128 125 128 195

B

a2 128 125 127 127
3 loms ofe | o065 065
- b 089 088 083 088
2' Stations 5 o2 089 087 083
& |loss olT 086 087

3 Panmses

Trimmed, Puckered Fdge




ELANK O, &

EPINWING RECCORD

DATE SFUN

-—aioitl. BTAGE DIE

. MATERIAL  %r-2 : BLANK STZE
TEMPERATURE - TDE AT TENP.
' INSEFCTOR #

Thickoese (lovhes x 10'3:1

A B [ cC b
| 2l 210 213 208
B
2 208 ooy 210 20
- 142 i {ari 192 179
- [ 178 182 178 174
. 1B

2" Statfona ? > o 1 5

&

3 Fasg Trimmed




SPINNDNG HECCORD

- BA -

BLANE WO, T MATERTAL Zr-2 ELANE SYZE
DATE SPUM TENFERATURE ' MIME AT TEMP,
15-in. STAE DIE IRSFECTICR #
A Thickness (inches x 10'3}
h B c ;
A A ——r—rer——
1 125 125 123 123
D B I
2 125 126 122 105
3 om 090 090 ook
o b o9y 058 053 095
5 105 107 100 106
2" Statione
6 108 108 107 118

3 Papamg

Untrimmed {Large rippled brim)

TPripped aftey thiz mn, re-rolled 11-25, 2 pasges at 1250 (11min), po dats,




- B =

SPTINDNG RECORD

BLANE NO. T HATERTAT, Zr-2 BLANK EITE 22.80 in.
DATE SPUR TEMPEAATURE TIHE AT TEMP,
30-in,  2TAGE DIE INSFECICR #
A Trhicknsas (incher x 1ﬂ'3}
A B ¢ D
1 126 105 128 126
1] B
2 25 126 128 127
3 12z 123 127 17h
» b 124 124 126 125
. ] 12k 126 130 27
£" Statiocna
&

0,125-0,127 in. &Gtartiog Thickness




Table AII
Diameter

(Titanium Fshricators)



Shell # 11

Shop M=asurement



She].'l.#lE.

70 -

Shop
Measurement
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UNICH CARRITE NUCLEAR COMPANY TADORATORY

P. 0. # 93r-1617 Job  f252
Shelt 1
Befors sandblast Atter eandblagt
A B A B
1.0 t 1.0, i3 ¥] 1.0. t 1.0. t
19.02 . L L . 0,236 .22l
2085 13509 | 1Mo ] 3-818 1]15.075 223 | L4510 1p,010
0.200 0,208
0 L 22 Q.
15.060 |5 205 | 24480 | 27500 2115.105 o.ga 1b.425 0.311.3
0.200 0.207
15.14) D‘SE 14,500 o . 3|15.1hs D:gﬂﬂﬁ 1k. 450 g:ﬁ
k115,105 [1- . 0.212
0.205 1Bk 1o g
1/% in,
A —y—
2 in.
Bt

T-1/2 1n.
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UNTCN CARBIDE WUCLEAR COMPANY LABORATORY

P. 0. § 93Y-1517 Job  #252
Shall # 2

Before sapdblest

A B
CORE TARK ¥ I.D. 1 I.D. t

J115.075 ;::g: 14 440 g'g

2(15.095 ;ﬁ Lv.4go | 0512

. 0007 0.216

0. 0.217

0,225 1h.450 0.215

At
’ 14 1n.
L

7-1/2 1n.




UNIGH CARRIDE HUCLEAR COMPANY LABORATORT
P, 0. # 93Y-1617

Before sandblast

s

[

shell §# 3
After sandblast
B
IqD« t IE'D t
1h.38¢ | ©0.260 —
385 | 6254 1,433 |0-252
—1 » 10.258 |
‘14415 [9-258
D-Eﬁa 14 40 ﬂ.255
i 0.20h
h.has [0-290 | 0.257
[ ocf .00 [0
14, koo [D-260 ' gﬁ%
lo.258 atnacdl T
At
{— /4 1n,
Bt

T=1/2 in.
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UNION CARBINE HUCLEAR COMFANY LABCRATORY

P. 0. # 93¥-1617 Job fes2
Shell £ 5

Bafore sandblast
A B

CORE_TAHNK 1.0, 3 ID. | ¢t
R Folas P, 162

1|15.125 |0.120 Pk 400 b,168

&, 168
0.175

L 405 D, 162

2115.120 b 173

hv.bio P-363

3J15.123 [2-190 :
Eiig; L4115 ”:igg

W15, 104

At

1/4 in.

7-1/2 in.




=15 =

(RION CARBIDE KUCLEAR COMPANY LABORATORY

F. 0. # 93¥-1517 Job g5z
Shell g 6

Be
'_ fore sandblast Aftar sandblast
A B
7D t - >
X h+ 556 I.D. 0;@ #_1.0. [ ID.] +
15.0 * 4 0-222 D-EE
? lo.z05 |14.365 0.253 1415.105 |o,217 | L% hao o.eag
15.108 -225 0.216 9.
0 2 14,390 0.225 2 15.130 0.217% 14 . has ﬂ.g
315,110 P28 ) 4o |O.222 0.510 0.
- D;i: 400 {5 2zs 315.090 [oig | 14.800 £
15.07T0 . a,222 0. .
b 21 (14365 [0.222 1|15 045 mgﬁ 14350 g.g’;
AL
| 1/8 in.
.
7-3/8 in,

Ta
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URION CARBITE WIREEAR COMEANT LABOFATORY

‘P, 0. # 93¥-18617 Job  #es2
Shell # 7
Before sandblaat
A B
CORE_TARK [ 1.0, % 1.0.] t
— 4.095. 0.
1115.120 g_ggg L. 480 g_g
2 0.095 0.0G0 .
15.110 0098 14,465 "ol
D!ﬂﬁ u‘-
3{15.100 13-032 b5 _Oﬁﬂ
0,098 . (90
0.095 #4735 hlogy
At
| 1/% 4.
7-1/2 in.

n




L)

- T7 -
UNICH CARBIDE RUCLEAR COMPANY LABPORATORY

F. 0. # 03¥-1617 Job g5z
Shell # 8

after sandblast

A B
CORE TARK #| I1.D. t I.D, ]

: Lhs.ao -0 hu.op |27

Broge preo (018

0,081}y ong e

’ Ll . 220 g:??.é_

7-1/2 fn.
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IWICH CARBIOE WUCLEAR COMPANY LABORATORY -

P. 0. # 93¥-1617 Job  #esg
Shell £ 10 '
After oandblast
4 ;!
CORE TANK ‘ ¥ I.0. t 1.0, t
0.078 0,071
1115.10¢ |o.o74 P4.TO {0,070
0.07% 0.076
215,162 0.077 P4.020 | o o8B
0078 0.080
3]25.172 5,075 F'h'aﬁ 0.070
. 0.074%
. h.am 0.070
1/16 in.
8-1/16 im.
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UNTOH CARBIDE RUCLEAR COMPANY LABCRATORY

P, 0. # 93¥-1617 Job ]
Bhell u

Before sendblagt -
After sandblast

A B Iy B
IIDF t I_FDI t
#F]_ _T1.D. £ T.0.] &
0.210 0. 192
1 : :
15.00% Jo.195 [h.810 § g8 115,180 IE% L 100 ;igé
2[15.210 [0-202 .00 1285 2lis.130 piage 385 boaeg
; . 14,385 £.193
5,200 .192
3)15.130 Emg ph.bas pUoas 3[5.a5 D'ig; 4. 375 186
19 b 190 E
15.140 3o phles 280 Ll15.120 PoL9% Iy 475 iﬁg
At
/8 im,

S

t

i —

T=3/8 1in,
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UNICK CARETIE HUI.'.‘L'EAR COMPANY LABORATORY

B, G, & 9;1{-161? Job f@52-. "
Shell # L2

Before sandblast

A : B

CORE TANK . #]_1.0. t 1.0.] %
—_ —0.250 0.225
1p5.1% |o.245 [14.615 fo.zas

2f5.135 10510 (-0 [0-227

315.200 g:ggg 585 -2

G.Ehﬂ 5'231

0.230 P90 pioag

At

L/t in.

T=3/4

in.
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Pable AILI
Thickness (ORNL)




- 2 .

Table AITI (&)
Thickness in. x 10~3 {ORNL)

Shell Ho.

1

Azimithel Degrees From Pole
(De=gress} Lip 15 30 35 hs 60 T3
G z3k 227 21h 150 168 194 2168
L, 233 226 209 155 172 198 221
90 235 230 215 160 180 202 2ol
135 238 236 228 160 180 206 P
180 2h0 glo 235 160 180 204 202
229 239 23k 22k 160 1268 20k 226
270 233 233 221 158 125 198 216
315 23k 231 o0 155 175 197 220
Table ATIT (b}
Thickness in. x 10~3 {ORNL)
Shell No. 2
azimuthal
Foaltion Degrees From Pole
{Degrees) Lip 15 0 L5 60 75 ao
0 W06 310 308 180 176 230 216
30 305 306 305 178 175 225 215
60 30k 306 307 175 172 217 210
90 306 308 305 176 173 215 208
120 304 305 203 176 174 215 207
150 302 30k 300 177 177 217 207
180 301 305 208 160 171 223 208
210 304 07 300 178 176 236 210
240 ’302 304 310 176 174 266 210
270 301 305 310 178 176 prrteny 210
300 3oL 307 310 180 176 223 212
330 305 308 306 180 178 206 212
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Table AIII (&)
Mhickness in. x 1073 (ORNL)

Shell Ho. 3 (0.312-in.}

Azimuthat
Position Degrees From Pole
(Degrees) Lip 15 30 35 45 60 (]
0 267 269 250 240 240 253 208
L5 268 260 257 2ho olo 254 007
90 267 268 251 ol3 ok 258 aob
135 268 o659 251 oho 2k 3 256 218
180 265 262 2l 236 ol b 2L8 219
229 265 261 23U 23k 238 250 218
270 263 263 239 235 o3l 252 220
315 6L 266 2ho 233 230 253 218
Table AIII (4)
Thickness in. x 10-3 (ORWL)
Shell No. €
%;i?:;gzl Degrees From Pole
(Degrees) Ldp 15 30 35 45 60 75
0 202 208 280 ass 226 218 210
45 200 301 *201 295 230 ot 20k
20 295 304 296 223 239 226 --
135 093 303 300 20k 228 225 214
180 297 302 300 208 230 206 olo
205 203 300 206 226 230 225 203
270 293 298 290 a2l 226 223 204
315 295 298 289 2230 206 218 213




Table AIII (e}

Thickness im. x 105 {ORNL)
Shell Ho. 11

Azimuthal
Position Degrees From Pole
(Degrees} Lip 15 30 k5 60 75 90
0 278 75 o2 208 196 200
45 276 2Tk 270 20k 196 2166
90 275 273 265 200 156 154
135 27h 275 268 199 1568 201,
180 27h 275 270 206 158 20k
205 o7k 273 268 200 200 205
270 275 276 o68 207 168 206
315 o7 277 268 205 196 202
Table AIII (f)
Thickness in. x 10°3 (ORNL)
Shell No. 12
Azimuthal
Position Degrees From Pole
{Degreea} lip 15 30 35 . 45 60 .75 90
¥ 270 250 227 - 227 223 227 230
30 270 250 228 .- 225 2eg Fl 230
60 343 257 228 .- 225 223 22T 230
90 261 253 208 — 228 295 230 230
120 269 259 239 -- 22 204 229 233
150 269 259 237 -- 225 297 232 235
180 268 252 236 -- 226 D7 23 238
210 267 251 220 -- 223 229 230 240
240 248 282 . 226 218 220 230 23k )
270 269 252 200 213 209 230 22 £39
300 270 ohG 200 216 208 230 220 237

330 230 248 220 -- 225 aah 223 230




———
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Table AIII (g)
Thickness in. % 10~3 {ORNL)

Shell No. 5

Ezml Legresa From Pole
(Degrees) Lip 15 30 45 60 5 90
0 200 168 162 161 169 160 165
30 200 150 155 160 166 165 165
60 200 190 152 158 16k 260 163
50 198 184 146 159 165 159 162
120 195 +185 1ho 159 16k 160 165
150 189 176 138 159 165 160 165
180 189 175 130 159 168 166 264
210 190 180 131 160 167 164 168
2ho 190 179 140 162 172 166 176
270 198 187 155 161 173 169 170
300 199 189 166 i61 173 166 170
330 200 150 162 161 172 165 168

w

Table AIII (h)
Thickness in. x 10~ {ORNL)

Shell No. U

g:;?égg;l Degress From Pole
(Degreas) ILip 15 30 hs &0 75 90
0 -- -- - 180 178 185 190
a5 - - - - 180 176 182 i8é
Q0 ~— - - 178 170 176 184
135 - - - 180 173 178 184
180 - .- .- 184 17k 184 187
225 -- - -- 182 178 186 1690
220 - - - 1684 . 178 188 192

315 e - - 184 178 182 100
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Table ATIT {i)

Thickness in. x 10~3 {ORNL)
Bhell No. T

;;i?ﬁfﬁil Degrees From Pole
(Degrees) Lip 15 30 35 by 60 75 50
0 123 xaz 125 2T 83 M 95 96
30 123 121 124 55 B85 94 90 97
60 122 123 123 56 88 2 93 96
S0 123 122 12k 58 90 8g 93 95
120 123 123 125 51 B2 85 93 o
150 122 122 125 51 &5 96 92 96
180 123 122 122 52 87 G2 85 96
210 1lee 1ee 122 52 Bk 88 92 gh
2lo 122 121 121 S2 gz 21 92 93
270 122 122 122 52 82 93 ol gl
300 122 1z 123 58 83 g2 a7 ok,
330 122 122 123 57 b 95 95 97
Table ATII (3}
Thiclmess in. x 10-3 (ORNL)
Sthell No. 8
;:;?;Egil Degrees From Pole
(Degrees) Lip 15 30 Ls 60 75 90
o 124 123 126 92 68 66
L5 124 123 125 g3 68 69
90 125 126 128 95 62 6l
135 124 126 128 g1 T 62
180 125 1zh 128 93 63 60
225 128 125 127 93 E6 69
270 124 128 127 G0 o T0
315 126 128 126 8T 65 68

Y
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Table ATII {k)
' Phickness in. x 103 (ORNL)

Shell Ko. 9
Azimuthal o - - -
Posltion . - __Degrees From Pole . X
' (Degrees} 1ip 15 35 45 60 75 90
o uns 17 1y 80 86 88 85 83
30 119 119 116 79 B85 8& S8 . 82
60 120 119 118 T9 85 89 85 83
90 118 120 126 80 86 89 87 83
120 117 120 121 80 8 9 8 88
150 0 g 1 18 81 87 91 . B8 86
180 11G 120 12 83 853 92 97 8%
210 120 121 121 85 g2 86 g2 89
240 119 120 120 86, Bl Gh 20 g2
270 118 118 120 82 92 éh 92 91
300 122 12 123 81 9 89 87 -85 .
" 330 1gk 12k 123 81 87" 90 a7 85
A e
; Table AILL (1)
Thickness in. x 10%3 {ORNL)
| Shell No. 10
|
gzi?:ti'gi; | . Degrees From Pole . .
{Degrees} Lip N 15 ) 30 k5 60 T
o - 123 123 124 a0 78 al
45 12 . 123 @ g2 76 58
90 12 123 123 8¢ 76 56
_ 135 . 122 122 122 0 75 55
- 150 123 iz3 124 Q0 75 53
225 123 1p2 123 %0 Th ol
i 220 120 122 . 123 & 7 58
g 315 120 21 123 8 68 55




Takle AIV
Radial Messvrements (ORNL)

v



N
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Table ATV (&)
Outside Radius, inches (ORNL)

Shell Ho. 1
i —— I
?ﬁﬁ; Aztmuthal Position
{Degrees) 0° hs® 90° 135° " 180° 225° 270° 315°
15 7727 T.727 7.726 7.72h 7.72h 7.725 7.725 T.727
30 T-T27 7-725 7.7k T-T23 T.722 7.722 T.72k T 727
hs 7-721 7-723 T.715 7710 7.698 7. 700 7.T& 7.721
60 T-770 7. T60 7. 76k 7.760 T.750 7.754 T.761 T.-T7C
75 7.830 1.81% 7.816 7.810 7.799 7.806  7.811 7. 828
Table ALV {b)
Outside Bedius, inches (ORNL)
Shell No. 2
I " Distance Azimuthal Position
From Fole
| (Degrees) Q° 30°  60° 90°  120® 150° ' 180° 210° 240°  270*  300° 3307
| 15 7.841 7.808 7.807 7.807 7.807 7.800 7.8L1 7.810 7.800 7.807 7.80% 7.810
30 7.843 7.844 7.823 7.815 T.845 7.845 7.842 7.839 7.818 7.819 T.841 7.840
| b5 7.-751 T7.695 T7.680 7.688 7.733 T7.7hO0 7.748 7.698 T.6TS T.T00 T.7HY T.732
60 7-740 T7.666 T.676 7-68% T7.744 T7.7%3 T7.%83 7-65% T.671 T.754 T.7H1 T.758
75 7.830 7.820 7.780 T7.80% 7.820 T7.831 7.837 7.818 T.823 7.832 7.845 7.84%
50 7.805 7.868 7.848 7.853 7.871 7.888 7.888 7.868 7.B62 T.87h 7.895 7.900
1/k in.
Delow

BEguator

m

7.900 7.90% 7.880

7.885 7.919 T7.942 7.937 7.915 T.907

7.919 T.945 7.945




(utside Radius, inches {ORNL}

- 00 -

Table ALV (¢}

Shell Ho. 3

Distance

From Pole Azimuthal Position

(Degrees) o" L5 qo* 135° 1807 7257 Zi0" 315"
15 7- T4 T.T62 7. 760 7. 760 7-760 7.760 7.761 7-761
30 T7-766 7.765% T- 76k T1-757 7. 756 7757 7.762 T-TET
45 T.782 7.780 T-TTh 7.761 7756 T.T61 7.773 7780
&0 7.8a4 7.840 7.820 17.816 7.810 7.809 7.822 7.8k5
75 7.868 7.865 7846 7-836 T.829 7.832 7.8 7.872

Tsble AIV (d)
Outside Radius, inches (ORNL)
Shell No. 6

= = - - - — - - —

gii;agﬁie Azimathal Position

(Degrees) 0° kg® a0* 135° 180° a6 a70° 315°
15 T.TT0 T.T75 7.767 T.TT4 T.766 7767 7. 766 7. 768
30 7-778 T.780 7.781 7.782 7.783 T-713 7-T19 T-TTH
45 7. ThB 7.Tho 7.746 T-T43 7.-791 T.Th6 7-T37 7-736
6O T.804 7.801 7. 79T 7.803 7.808 7.796 7.793 7.801
T 7.85%7 7. 845 7.837 7.848 7.863 7.849 7-833 7.857
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Table ATV (e}
Outgide Redius, inches (ORNL)
- 8hall No. 11
Distance - ' '
From Fole _ )  Azimuthal FPositicn ’ ,
(Degrees ) a° k5" gos - 135° moT | 2e5" 270" 35T
15 7751 T.750 .70 1T 7ML 7.6 T.Te8 T7.752
30 7-761 7760 7.758 7-751°  7.750  7.752 7761 7763
hs 7.708 7912 70707 7.688 7692 7.698 7.709 T.710
60 7-752 .19 7.0 T.775 T-TAB . 75T T.763 TLT6L
TS 7812 7.1z 7.T2. 7.818.  7.818 7.830 7.823 7.823 |
Table ATV (f)
Outside REdius, inches (GHI‘IL]
Ehell Ha. 12 :
M stance . ' .
From Fole Azlmuthal Position

(Degrees) ©0° ~ 30°  60°  90° | 120®  150° 180° =210° _240° 270°. 300°  330°

15 7.738 7.737 7.7% 7.737 7.73 7-733 7.732 7.733 7.735 7.737 7.738 7.736
30 T.7% 7.73% T.735 7.732 7.72% 71.726 7.780  7.739 7731 T.733 T.735 71.735
45 778 T.755 T.765 7.75% T.7M2 7.738 T.740 T.7H8 7.7%4% 7.7956 T.751 T.T4T
60 7.7 7.789 T.79%6 7.792 T.782 T.776 7.7 T.785 T.792 7.790 7.782 T.776
75  7.837 7.850 7.6860 7.B54% 7.840 7.830 7.827. 7.837 7.649 7.846 7.036 7.629
90 . 7.898 7.920 T7.93 7.927 7.91% 7.806 T7.888 7.900 7.917 7.912 7.89k 7.868
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Table AIV (g}
(utside Radius, inches (ORBL)

Shell Ho. S
IH=tance
From Pole Azimuthal Positiom
{DEEI‘EEE :| 'Da 309 Eﬁo 5‘:}4 1200 150: lacln E,loo Ellﬂﬁ ET'D“ 300-: 339‘

15  7.688 7.688 7.686 T7.68B5 T7.683 T7.681 7.682 T.6B3 7T.685 T.686 7.682 7T.687
30 T7.681 T.eB1 T7.680 7.677 T7.672 T7.670 7T.671 T.6T4 T.678 T.675 T.681 T7.881
L 7.683 7.685 7.686 7T.680 T.677 7.682 7.683 7T.687 7.688 7.680 7T.681 7.68L
60 7.711 7.712 T.68L T.703 T.700 T.698 T.700 7.703 T.705 T.7L0 7.7l4  7.7iS
75 T.738 7.8 7735 7.730 7.728 0 T.TRR O T.TI0 TLTI0 T.732 T.TAL T.T738 T.TA3
90 1795 T.799 T.79% T7.785 7.776 T.TTH OTVTTH L7790 7-381 T.790 7.790 7.800

Teble AIV {h)
Outside Pedius, inches (ORFL)

Shell Bo. 7
f=S s = So— — - ___]
Distance .
From Pale Azimuthal Position
{I‘E'E,TEEB} o* 301 600 9‘-}: 120° 15(}@ 180° 210° alo® 270:: 303& 33{}&.

15 7.68L 7.626 7.62¢ T.631 T.634 7.633 T.62h T.623 7.623 7.623 T.623 T.623
30 7.658 T.6b2 T.669 7.675 T.679 T.679 T.660 T.655 T.65L T.65% T.65h T.654
45 7.396 T.609 7.621 T7.632 7.640 T.62¢ T7.608 7.587 7.585 7.586 7.585 7.586
&0 7.606 T.601 T.802 7.610 T7.%596 T.617 7.588 7.584 7.599 7.606 T.600 T.610
TS5 7.617 T.614 7.618 7.615 7.617 T.618 7.585 T.594 7.599 T.600 T.620 T.623
90 7.648 T.684 7.63F T.620 T7.619 T.622 T.59% T.599 T7.609 T.62% 7T.659 T.651

- ]

l._\'
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Table ATV {1)
Cutside Radius, inches {ORNL}
Shell No. 8

?iiﬁ“?ﬁie Azimuthal Position
{Degrees ) 0° k5? Q0° 135° 180° aeg® 2707 315°
15 T.625 T.627 7.625 7.625 7600 T.631 T.627 7.625
30 T.622  T.620 7.610 7.625 7.629  7.63% T.625 7.619
hs 7.593  T7.564  7.569  7.582  7.58%  7.605  7.585  7.554
60 T.581 7.578 T-552 7.585 T.379 7565 T.550 7.565
5 7.559 T.592 7-5hg T.604 7.61k T-572 T.54T T.565
Teble ATV (j)
Outside Radius, inches {(CRNL)
Shell No. 9
=== = s
e o Azimabhel Position
(Degrees} ©° 30° &0° 90° 120° 150 180°  210°  2ho® 270t 300° 33n®
15  7.623 T.641 7.621 7.620 7T.620 T.618 T.617 T.617 T.616 T.618 T.621 7.6k
0 7.639 7.640 T.640 T.640 T7.63% T.63 T.631 T.631 T.636 T.638 7.643 T7.641
b5 7.595 7.590 7.592 T.601 7.595 7.585 7.579 7.583 7.596 7T.603 V.61 7.609
60 7.595 7.586 7.591 T.596 T7.589 T7.584 T.57% 7.582 7.596 7.605 T.616 7.607
75 7.5% 7.587 T7.589 7.5% T.597 7.592 T7.585 T7.588 7.600 7.61k 7.625 7.617
90 7.621 7.613 T.616 T.629 T.638 T.632 T.641 T.627 T.63% T.659 T.66T T.653
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_ Table ATV (k)

Qutzide Rediue, inches (ORNL)

Ehell Bo. 10

Distance - Azimuthal Poeition

From Fole . . — : —— E—

(Degrees) ° et %0° 135°  180° - =25  270° 315°
15 7.620 7.621 T7.622 7.622  T.627 T.626  T7.62%  7.621
30 7.623  7.625  7.627  7.633  T.635  7.633  T.627  7.62k
b5 7.601 7602 T.597 7T.608 . 7.614 7.612 T.613 7.621
60 7.605  7.611 - 7.606  7.621  7.619  7.618 7.6l T7.613
5 7623 7.616 7.6 7.652  7.639 7630

7.6l

£k

B
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