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Unt i l  recent ly ,  a sma11 program existed at  ORNL

and at  LASL invest igat íng extrusíon as a process

for  fabr icat ing fuel  rods or  e lements for  High

Temperature Gas-Cooled Reactors.  This work was

undertaken because of  the re lat ive s impl ic i ty  of  the

extrusion process over in ject ion roold ing techníques.

A1so, in lookíng ahead to process heat  reactors

where the out let  gas temperatures of  1000'C or greater

a re  des i r ab le ,  t he  f ue l  wou ld  oPe ra te  a t  t empe ra tu res

no higher than steam-cycle reactors i f  in  d i rect

con tac t  w i t h  t he  he l i um  coo lan t .  Ho l l ow  ex t ruded

rods wi th a strong cont inuous matr ix  of fer  such a

con f i gu ra t i on .

Fabr icat ion of  extruded elements has been

d i scussed  a t  a  p rev i ous  Ca rbon  Con fe rence l ,  and  i s

based on NERVA technology.  The pr incip le d i f ferences

are that  the cur ing and corboniz ing t imes were

decreased f rom a 40-hr cycle to f ive hours,  and

extrusíon rates rntere increased to ten feet  per

mínute,  At  th is rate,  the sma11 rable- top extrusion

press ut i l ized at  ORNL could easi ly  fabr icate fuel

rods for  three to four reactor  cores per year.

Ma t r i x  dens i t i e s  o f  g rea te r  t han  1 .4  Mg /m '  cou ld

easi ly  be maintained and var ied only about 6% from

no fuel  part ic le loading up to a maximum of

40 volume-% part ic le loading'  Above 45 volume-%

mechanical  degradat ion of  the matr ix  became obvious

due to shr inkage relat ive to the part ic les.

The two obvious advantages of  extrusion are i ts

s impl ic i ty  and i ts  abi l i ty  to y ie ld h igh thernal

conduct iv i t ies even af ter  i r radiat ion darnage. These

conduct iv i ty  measurements are reported elsewhere in

th is conference' ;  the importance of  l i igh matr ix

conduct iv i ty  is  to reduce the thermal  gradient  across

pa r t i c l es  by  abou t  a  f ac to r  o f  t h ree '  t hus  s i gn i f i -

cant ly  reducing the uranium migrat ion due to oxygen

transport  or  thermal  d i f fus ion.

The mosE signi f icant  d isadvantage of  extruded

elements is  the l imi tat ion on fuel  part ic le volume

loading.  The in ject ion-molded elemenEs have a

maxi-mum loadíng of  about 59 volume-% whereas

extruded rods can probably at ta in only 45-50 volume-%.

The higher loadings become increasingly important  as

one at tempts to reach conversion factors above 0.66
in the General  Atomic pr ismat ic core design.  l {ence

extruded rods would be impract ical  in the GA core

con f i gu ra t i on  w i t houE  s i gn i f i can t  r edes ign .

A number of  other quest ions have been raised as

to  t he  p rac t i ca l i t y  o f  f ab r i ca t i on  by  ex t r us i on ,  and

lhe  pu rpose  o f  t h i s  pape r  i s  t o  d i spose  o f  t hese

inso fa r  as  poss ib l e '  IE  mus t  be  po in ted  ou t  mos t  o f

the data on extrusion quoted here ar ise f rom a s ingle

semi-product ion run of  630 l inea1 feet  of  nominal

0.5- inch diameter fuel  rods at  30 volume-% loading

\ r i t h  ve r y  1 i t t 1e  a t t emp t  t o  op t im i ze  t he  sys tem.

O jec t í on :  D iame te rs  w i l l  ve r v  s i gn i f i can t l v

more than for  molded rods.  Standard deviat ion on

diameters f rom rod-to-rod and wi th in-a-rod were
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Fig.  1.  Gap Thickness as a Funct ion of  Fluence

Betrn/een In jected Molded Rods and Extruded Rods and

the craphi te Block Making Up the Ent i re Fuel  Element.

O .Od07  i nches  (O . I 27 " ) .  Ba t ch - t o -ba t ch  va r i a t i ons

were  s ta t i s t i ca l l y  i ns i gn i f l canE .  The  t o ta l  r ange

in diameter was 0.0023 inches.  These numbers are

comparable to those observed for  molded rods.

Radiat ion damage wi l l  induce increased shr inkage

of the cont inuous matr ix  1egdl l lg to gn increased

temperature drop across the gas gap between fuel  rod

and graphi te b lock.  Al l  avai lable data on
dimensional  changes in typical  in ject ion molded and

extruded rods under comparable condi t ions has been

smoothed and is  g iven in the accompanying f igure.

Du r i ng  a t  l eas t  t he  ea r l y  pa r t  o f  t he  f ue l  r od  l i f e

when uranium is st i1 l  present in s igni f icant
quant i t ies,  there are no di f ferences in the gas gaP

bet\^reen the two types of  rods.

Densi t ies of  the.  malr ix  wi l . l  .vary considerably

making \4reight  a poor Jneang of  determining fuel

homogenei ty.  Matr ix  densi ty for  these rods was

ca l cu la ted  a t  I . 75  Mg /m3 .  The  l i nea l  r od  dens i t i es

wi th in the batch examined determined to be

2 .763  g / cm r ^ r i t h  a  s t anda rd  dev ía t i on  o f  0 .0026  g / cm
( O . 0 9 % )  a n d  a  t o t a l  r a n g e  o f  0 . 0 0 7 1  e l c n  ( 0 . 2 6 % ) .

These are quí te wi th in the range required for

accoun tab i l i t y .  A  r andom samp le  o f  80  o f  t he  30 - i nch

rods  we re  we ighed  and  a  va r i ance  ana l ys i s  pe r f o rmed .

The  w i t h i n -a -ba t ch  s tanda rd  dev ia t i on  was  0 .0177  g / cm
(O .7%)  bu t  i nc l udes  e r ro r s  i n  l eng th  and  b roken

edges  on  end  cu t t i ng .  The  ba t ch - t o -ba t ch  va r i a t i on
was  qu iEe  l a rge  (app rox ima te l y  2 . I%) ,  bu t  t h i s  was
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traced to the variabi l i ty of the coated part icle
densit ies. The part icles were reJect BISO-coated
thorium carbide and not only exhlbited poor coatings,
but rúere cracked as well. Final-ly, one rod vas
cut into samples 1.90 cm long and alternate sanples l
oxldized and the resl-due weighed. The oxLde mean
value was 39.99 wt-% wlth a standard devLatlon of
0 .79%.  Th is  i s  s ta t i s t i ca l l y  cons is ten t  ¡ ¡ i th  a
0.09% deviat ion from rod-to-rod. In al l ,  we conclude I
rod weight is acceptable as both a process control I
and accountabl l t ty measure. I

X-radiography can only be used as a qual l tat ive
tool sl"nce the rods are essentlal ly opaque to x-rays
along the centerl ine three-fourths of the rod
volume.

The 30-jlnq\ rods will bow an-d be difficglt to
inser.t lnto the sraphjlt-e fuel $ock. Only a single
Fort St. Vraln fuel block r¡as f i l l -ed frorn this rod
run, representlng about 130 randomly selected rods.
Al l  inserted eas1ly, wlth only one having to be
pushed gently into the block. Clearance between
rod and hole dianeters nas approxirnately 0.010 inch
on the average. These rods were extruded into and
heat-treated on graphíte pal lets containing
3/4-ínch face-to-face hexagonal grooves ráther than
nominal L/2-lnch diameter semi-circular grooves, and
hence bor¡ing could be expected to be larger than
normal. To determine the point at which a rod
would break, a single surplus rod was supported on
a 27-7nch span and broken in flexure. The nid-point
tranverse dlstort ion wes 0.435 inches. Hence there
should be no dif f iculty in insert ing 30-inch rods
into a block.

In sunmary, 1t 1s our coneidered oplnlon.
extruslon offers a very vlable alternative form of
fuel rod fabrlcatlon ln core designs less restr ict l .ve
than the General Atomlc prlsnati-c block conflguration.
Although not investigated here, contlnuous auger
extrustion, hol low shaped cyl indrical shapes, and
concentr lc coextrusion of several types of materlal
are accepted techniques in graphlte technology.
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