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Government nor any agency Thereof, nor any of their employees,
makes any warranty, express or implied, or assumes any legal
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usefulness of any information, apparatus, product, or process
disclosed, or represents that its use would not infringe privately
owned rights. Reference herein to any specific commercial product,
process, or service by trade name, trademark, manufacturer, or
otherwise does not necessarily constitute or imply its endorsement,
recommendation, or favoring by the United States Government or any
agency thereof. The views and opinions of authors expressed herein
do not necessarily state or reflect those of the United States
Government or any agency thereof.
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Subjects NOTES FROM TAIK ON DIMEWSIONAL CHANGES IN URANIUM GIVEN ON SEPIEIBEL 19, 1951

It was the purpose of this talk to present up=to=date information
with regards to dimensiomal stabllity of wetallic uranimm, A brief dige
cussion concerming the history, present status, proposed thewrles, and recent
results are given. The factors affecting, and methods of mindmizing dimen
sion chenges are oublined,
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IUTRODUCTION
Barly work by British personnel on nonwcuble materials showed that dimene

sional changes from thermel cyeling occur in elements exhibiting anlsotroplc propere
ties. The following table indicates their results:

Sn Body Centered Hexagonel Yes
Zn Hewxagonal Close Paclked Yes
Gd Body Centered Tetragonal Yes
Fb Face Centersd Cublc Ho

Uranium is highly anisotropic. Alpha wranivm bas en orthorhombic crystal
structure, f uranivm has a tetragonsl structure, and ) uranium is body cenbered
cuble., The phage transformations cceur as Pollows: 4 < 660° G, / 7660 < FH° G,
Y » Wi0° < 1130° G, The coefficlents of expansion in the &, b, and ¢ axis arve:s
a = 23:&10”6 em/em °C, b s ~34.53:10""6 emfem 9C, ¢ = 17:&10”6 em/em °C ab room
temperature, The volume coefficient of expension of + uranium st 20°C = 39 x
1570 enfen °C and ab 6259 C = 55 x :s,o““é’ em/om G,

Thermel cyeling, as used here, refers to the oscillation from one Lamperas
ture to another under operating conditions, l.e., shutdown, reloading, and stert-up
congtitutes one thermal eycle.

Digtortion in the following discussion refers to longitudinal growbh une
less otherwise noted, ALl general statoments refer to thermal cyeling within the
2 region unlese otherwise noted.

Briefly, the 4 inch slugs at lanford have shown a mumber of types of
dimensional chenges: (1) surface blistering due to wranivmeglumimm reaction, and
surface roughening due to growbth of large uranium graing on the siug surface; (2)
thernal cyeling of & -rolled slugs causes longitudinal growthy (3) radiation
demage has indicated slug shortenings and (4) sowe slugs have werped encugh to
become stuck in the fuel tubes,
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These rode are about 10 feet long suspended vertically from the top. The
principal distortion noted was the decrease in length with a corresponding increase
in dismeter of the rods. As much as a 5 inch decrease in length occurred. Some

rods fattened sufficiently to become gbuck in the fuel chammel,
A

Thermal cycling is a greal problem for gome designs in this program., As
many as 100,000 cycles are sstinmsted,

Bl
This veactor undsr development expects to use hicher slug temperatures
than are now in operabing existence, It plans to have one 18 foobt slug with large
radial and axial thermal gradients, Under consideration is the effect of having
two rhoses present within the slug. Warp is one of the mogt Imporiant problems in
thls reactor,

Type of Uranium lletals

Powder Worked and
Compacted Cast Extruded Relled £ Quench  Alloying, Cast

Y

N

Grain Structure: Floe foonres  Preforved Rand
Graln Grain Orientation Orientation

]

Surface Condition: Smooth Rough Dimensional Dimensional
Surface Surfoce Instebility Stability

1o Preferred Orientation
Z. Grain Sizoc

3. Tempernture Level

4s  Temperature Difference
5. Tonperature Gradient

6. Rate of Thermal Cyeling
7. Radigtion

8. Asseubly s:xﬁ'
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NQTE: although the cove materisl $ not mentioned as a factor, it is divectly
related to preferred orientation and grain size.

fine graived and randonly oriented condition, Random orientation of the gredins is
obtained by threc techniques: (1) by hot pressing uranium powder to high density,

a fins grained, rendemly oriented slug is obbtained; (2) a cast structure has rendonly
oriented grainsy and (3) o complete transofrmation inbto the f phase removes all prior
thermal and fabrication history and randomizes the grains, This technique is betier
han No, 1 and Hoe. 2 as ib provides for much more versatile methode of fuel element
fabrication end assembly, 1.0., an 18 foot bonded and jackebed slug for Pu?, Grain
refinement is accomplished through (1) mechanical working with recrystallization,

(2) repid gquenching from the f§ phese, (3) by alloying additions, and (4) powder
compacting. Alloying gives the most uniform and stable condition of grain refinement,
Fine-grained material provides a swoobth surface and coarse~grained meterisl produces
a rough surface as a result of thermol cyeling,

It ip degirable to rapidly cool from 725° ¢ to produce fine A graing, 4
f annesl with pure urvenium produces very large o grains. ~  %ers of fine grains
produce the sams effect as coarse grains., Quenching is not always necessgary with
alloyed vranium as sope alloying edditions provide a steble fine-grained structure.
There are a mmber of alloys which refine the grains, but applications of inlerest
need a stable structure with low total neubron ceplure cross section. [he alloys
appearing most promiging avre one abam per cent chromium, up to 10 atom per cent
zirconiun, one atom per cent molybdemum, and onc abom per eent eolumbium, O thesse,
the chromlon and ziveonium are at pressnt undergoing extengive tests,

The largest grain size grown from the o phase in pure urardum ig 0,075 mu,
The one atom per cent Or alloy hes & grain size of aboub 0,040 mm,

Another technique for prain refinenent is powder compmcting., In this
technique, through careful control of uwrenium-hydride preparstion and subssquent re-
dustion to powdered metal, a finewgrained raterial ig obbtained, This powder is hot
mressed and jackebed in one opervabtion at 600° 0 %o a slug of bigh density, 18.7 g/ec,
with a similar structure (five rrain, randem orientation) to the ﬁ’ =cuenched raterial.
This technigue is presently limited to shorlt sections {4~12 inches long).
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Since the ¥ phase is a cuble structure, an alloy which rebaing this
phage at roon temperature would be highly desirabls. The only elloy whlch appears
to do this is a high percentage liowU alloy,

Distortion can be minimized to about one-half of one por cent or less per
100 eyocles through the above methods,

ﬁ’hfe m:m mmgzexmtm level refers to relatively equal temperature dif-
ferences at varying tempsratures, 1.e., 500%550° C versus 300%350° G, Generally,
as the temperature level is raised, the distortion inereases. It is importent to
note that distortion also occurg with a large oumber of cycles of small tempsrature
difference when the graing have highly pwreferred orientation but 1ittle change with
randon crientation.

The effects of thermal cycling through the f phase have been briefly ine
vagtigated, Some cycling tests have been made between 90° G and 1090° €, The dlge
tortion was large with pure uranium and decreased sherply with wranium=nolybdermm
alloys, the major changes being flaring at the ends and an Inerease in overall length.
Ho heat treatment was found which would produce dimenslorally steble pure uranium
under gyoling conditions of low o« %to ¥ tenmperatures. The Us«llo alloy of fairly
low lo concentration shows promise. Illowever, other problems become evident under
these conditionss i.e., (1) voids between the case and jacket with sccompanying lover
thermal conductivity, and (2) reactions between the case, jacket, and barrier or btond
material, The role of the recrystallization temperature, aboub 400° G, in thermal
eyeling s in doubt. Table I shows actusl dilatometer curves involving dimensionsl
change, Note that a large pemem&ge of the growth oceurs during the cooling phase
of the thermal cycle.

Dmbmrtima i:s dimcdy rroportional to the temperature difference, i.0.,
0°400° G versus 0%600° ¢, Batlelle has shown that a large mumber of smell £luce
tuations £ 4° also producss growth., Very little information is evailable including
tenperatures over 600° G, UWith o constant temperature difference and an increase in
temperature level, the distortion increases.




300 C Rolled, «{ Amnealed
Dilatometric Curves

10" inch

25C = 525° C
100° ¢ 3009 ¢ - 500° C

elopgation
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o . Hote: no dimensional change
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This effect is not coanpletely understood. It is very importent when nore
then one phase is pregent, L.e., A and f urenium in both axial and radial gradients.
The physical properties of the 4 and ;5 phese (mainly strength) differ enough to
make the extrusion of high A materiel by low / muterial  possibility, This has
not been proved by experimental evidence, Argonne National Laboratory expressed

the opinion thet operation in the bi-phase may be feasible mrovided thermal cyeling
is elimivated, This would necessibabte contimmous processing., Warp is probably the
largest problem agsociated with gradients., This may be reduced by publing an exe
ternal load on the fuel element (Chalk River data indicntes this). Plans are being
mode to study the effects of large gradients at high temperatures; i.¢., in the
propoged PuP reactor approximately 75 per cent of the temperature drop between the
core center and the coolant tekes place within the core, i.e., 650° C at core centor
to 4R5° C at core edge (core radius = 0,625 inch). Also see proposed theories,
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The general indicabion is thet distorition is directly proportionnl to the
rate of thermal cyeling. Although mmerous teats have been made using different
heating and ecoling techniques, it is difficult to interpret the results end extras
polate to plle operation conditions. ANL dats show that the growth rate becomes

congtant as the holding time at higher temperatures ig increased. See resulis.

Recent work at Knolls Atomic Power Leboratory has showun that the egquiva-
lence of thermal ayeling bo radiation has been estimeted; one thermal cycle = one 1WD/T
of plle exposure, For instance, in PuP this means about 600 thermal cycles = the
radiation effects. ANL has recently shown in Report No. 4604 the reduction of radie
ation damege through uwraniumszirconium alloys. New data observed on a recent trip
revealed the following. Samples of U=235 ((1) A amnnealed, (R) f treated, (3)
four st per cent Zr) were subjected to a pile exposure of aprroximately 0.6 per cent
burn up. The specimens disborted very similerly to thermal cyeling specimens having
the same pretreatment without radiation. The large grain specimens showed surfoce
digtortion, the A -armealed specimen ghowed the greatest longitudinal growth, while
the ﬂué;ma%& and alloyed specimeng ghowed some distortion bubl were relatively
gtable, Tubure tesbs will be conducted on specimens varying in U=235 concentrabtion
and alloying additions including chromium.




It bas been found that the grain boundary flow in pure wranium occurs ab
about 300° C. This, together with the faet that a lerge percenbage of ithe distor-
tion occurs during cooling, raises the question as to vhetber distortion dus to
radiation may be armealed out by operating sbove s minimum temperature of 300° C,

There is consglderable date from irradisted fuel elements which is highly
confusings 1.e., some Hanford fuel slugs show a decrease in diameter together with
e decrease in length while others show an increasge in diameter with a decrease in
length, Rods in the MRX reactor irradisted in the outer regions of the pile show
less fattening than rods receiving equivelent exposure in the higher flux avea.

repmiyly of Tpel 7 omeyrk
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Recent indications at Hanford show that the methods of assembly of fuel
elements can bo some degree affect the digbortion, with reference to beth materials
and technigues, It is believed that small variations in jacket thicknesa cen cause
weak spots. Also, there is at pregent some controversy as to when the glugs should
be f treated, before ar during the canning operation, Nop=umiform f treatment,
quenching, or mechanicsl working during assembly, sey cauege warp on the fuel element
rior to pile exposure.

ALL bas shown that a 30 mil stainless stesl Jacket has gufficient gtrength

to restrain the growth of an o ~amnealed slug after 5000 thermsl cyelss between 100%
5009 G,

Contirved on next page




DBurke of KAPL,

The following disgrematic skelch indieates o theory propoged by J.

It has a few prectical drawbacks; l.e., grain boundary flow doesn't

occur in as shord o time sg indicated,
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II. This theory is proposed by J. Woodrow (at Chalk River?). The dimene
gional chenges ave explained in terms of the megpitude and variations of the yleld
poinbs of vwrapivm in tension and compression and the thermsl gradients, By this
theory the difference between llanford and Chalk River distortion is related to the
non-uniform stresses in the Hanford system cauged by end effects,

Under Airradiation the cenbter of the rod is hotter than the erds or surface
and is held in compression by thege cooler areas., The hol material will yisld when
ite yield point is less than helf of the yleld point in tengion of the cooler aress.
Ag the rod cools the center bescomes shorter and pubs the formerly cooler aresg in
compresgion., Then, provided the yield point in compression is less than the yield
point in tension, the outer regions are compressed resulting in an overall shorbtening
of the rod. Under thermal cycling different thermel gradients ocour., Thess nay re-
gult in the yleld point in compression at the center never beiny less than helf the
vield point in tenglon at the outer aress. Elongation occurs under these conditions.

If this theory is corveclt, how does it explain the decrease in distortion
through treatment. Uhere doss grain ordentation £it into this theory?

Specimen Cyeling Per Cent FElomgation +  (Mumber of (ycles)
200° C soak rolled 1009=550° C 3,38 9086 25,200 64.0¢
300° G soak vrolled, )
B quenched " 0,045 0.49% 1,235 2,585
annealed
600° ¢ soak rolled " 177 VA S 9755 20,25
o anmealed s ais ° sl R

9 too smadl
Cagb, o annealed n 0,015 =), 05 o mEASIES o
Swaged, « annealed " 1.63% 46105 11,808 =
# rolled 00 %5500 G 2200 cycles showed 0.09% increase ln length
TO0 cycles 700 cyeles 700 oyeles 2000 eyeles
Induetion gyele Woosher cycle Voosher cycle Uigellag
100%8550° ¢ 100%-550¢ ¢ 100e=550° C 203009
& mine cold, 2 min, cold, 5 min, sold,
20 min, hot 2 min, hot 5 min, hob

= arnealed 535 i 3




300° ¢ rolled uwrenium glves dimengional ingtebility of 4 per cent in 100 uolew
600° ¢ rolled wranivm gives dimensional instebility of 2.5 per cent in 100 cycles
700° ¢ rolled wrenium gives dimensionsl instebility of 0. (2) in 100 gycles

mthods of

I, Grain relinsment for reducing
a) Water quenching frem / phase
b) Alloying additions such as Cr, Zr, lo, Cb
e} Powder compmeting in the high A range from powdered uranivm

e e

IT, Grain random orientation reduees grosgs dimensional changes (longitudinel
growsth) to penerelly less than one=helf of one per cent, Random orientation is &
result ofs

&) § heat treatment et approximstely 7000=725° C
b} Casting with no mechanicel work
e) Pouder compecbing

IV, Contimous processing of pile fuel would reduce thermal cyeling distore
tion and mey srmeal oub radistion changes,.

V. Dinensionmal chapges 'von thermal cyeling are small when operating temperas=
tures are less than 300° G,

I, Prefevrred oriesntation: The pgroeter the degree of preferred oriene
tation the greater the distortion,

i1, Crain size: Surface roughening decreases as the grain gize decrcases,
With a constant high degree of mreferred orientation the finer the grain size the move
rapid the growbh, Clusters of small greing are as detrimental for surface distortion
as large praing. ’

III. Temperabturs level: CGensrally, as the tenporaturs level incresses,
the emount of distortion increases. The role ¢f the recrystallization temperature
in thermal cyeling ig in doubb., Illowever, when the minimum temperature reaches 300° ¢
the amount of distortion msy vary. The effect of cyeling in and oub of the ,5’ phage
has not been conpletely debermined. Data on the effects of alloys and /f' treatment
for thermal cyeling in this range arve incaplete. A large mmber of amall fluctue-
ations ab high tenperature caugss congiderable growth in rods having mweferred oriens
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V. Temperature difference: Distortion is directly proportiomal to the
tenperature difference.

Ve Temperature gradient: It ig believed thal large tenporature gradients,
axial and radial, nay contribute to growth and affect the warp problem, provided the
gradient exigls enbirely within the o( phase, The differences in physical properties
between the o and f phases mey cause some dimensional changes when both phases are
present within one specimen, One theory bases gross dimensional changes from irradi-
ation as resulbiing from gradients,

¥I. Rate of thermal cyelings The dato indicates that the dlstortion ine
creases as the rate of cycling increases, The growth rate becomes constent as the
holding time at tempersalure incresses.

VII, DRadiation: ZHecent work at KAFL hag resulled in an apperent relatione
ship botween radiation and thermal cycling in vhich one 1UD/T of pile exposure is
equivalent to ons thermal cycle. Irradisted spsecirens have both elongated aod
shrunk without apparent correlation.

VIII, Assembly of fuel element: The technique uged in fuel element
agpembly cen contribute to its disbtortion,

I¥, Pretreatmendt of fuel elements The best pretreatvent for operating
in the o phase for pure or low alloy uranium is ag follows: a £ soak at 700%
725° ¢ for complebte transformation to the f phase, followed by a water quench, and
a subsequent 12 hour 4 armeal at 575° C for stress relief,

e Additional

o0 enn

le What are the effects of radiation on Uslr, U-llb, U~Cb, Uslr (all-~ 99
at per cent U)%

2 Wy do some fuel elements shrink and some elongate?
3. llow can varping be eliminated? Through stress loading?
4o  Whot are the physlesl properities of the above uraniuvm alloys?




5o What is the effect of thermal cyeling through @h&a@» changes? Can
two phases be pregent under stable conditions?

6, Hhat effect does radistion have on single crystals? Does

then polyerystalline?

1% meke

7. If grain boundary flov occurs at 300° C and a large percentage of
the distortion occurs during cooling under 300° 3, would the distortion caused by
radiation which appears to be very similar to thermal oyeling be anuealed oub at

operabing temperatures of about 500° G?
hes CGurrentiy
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Oal Ridge Notional Laborvabory
Hanford Enpineering Works

Brookhaven National Iaboratory
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TID=2B6 Trip Report ~ Some
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Jacketing of Ureanium for Iligh Temperature Service
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