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Introduct ion---- 
program was initiated by Sandia Laboratories

(SLA) to ' inórease the total  f luence in the experimen-
ial  cavi ty of the Annular-Core Pulsed Reactor (ACPR)
for fast reactor fuel  e ' lement transient and safety ,r ' ,
test ing. The ACPR, described by D. J.  Sasmor et al . \ , ' /
is a TnIGA-type reactor with a 23-cm dry central  cav-
i ty serving as the pr innry experiment imadiat ion
tes t  reg ioñ .  The ACPR ' i s  fue led  w i th  a  UZrH1.6  a l loy
amanged in a hexagonal "annulus" to provide an ex-
periménta' l  region 23 cm diam x 30 cm long. The pre-
ient ACPR capabi l i t ies are steady-state operat ion to
300 k l . l  ¡p  =  i913 n l (cnZ sec) ¡ ,  and pu ls ing  mode oper -
a t ion  w i th  an  in i t ia l  per iod  as  shor t  as  1 .3  msec '  a
pulse width (FI,JHU) of 4.5 msec, and a total  f luence
ót g x 1615 ¡76¡2 for a maximum pulse.

The large central  i r radiat ion cavi ty and the
short  in i t ia l  per iods have created interest in using
the ACPR to simulate the condit ions required for
LMFBR fuel element and transie¡!  safety test ing. A
total  cavi ty f ' luence of 8 x 1015 n/(cmZ sec) for a
nnximum pulse and to ' 2 M|rJ for the steady-state
power 1eve1 are the goals for the reacbr perfornnnce

A two region core was proposed consist ing of an
outer dr iver region of the hydride fuel  and an inner
region of fuel  with higher temperature and enthalpy
capab i l i t ies .  Th is  wou ld  permi t  a  h igher  pu lse  f1u-
ence capabi l ' i ty and maintain the operat ing tempera-
tu re  l im i ta t ions  o f  the  hydn ide  fue l .  The sa fe tyas-
pects of a strong prompt negative temperature coef-
f ic ient would be provided by the hydride fuel  region.

Severa' l  candidate fuels have been considered for
the high-temperature regions of the core. One of
these is  the  (U,Zr )C-graph i te  compos i te  fue l  deve l -
oped by the Los Alamoi Scient i f ic Laboratory (LASL)
dur inq- tbe  Rover  (Space Nuc lear  Propu ls ion  Reactor )
Prográm.(2 '3 )  Th is 'exper ience has  a lso  recent ly  been
used to fabr icate carbide-graphite cgqposite fuel
rods for the TREAT converter studies(+J being per_
formed by Argonne National Laborator ies (ANL).

Materi al s-----Developmental 
fuel extrusions were made by ex-

truding ei ther a mixture of graph' i te f lour-Thermax'
ZrC, añd U02 or graphite f lour-Thermax and (U'Zr)C
sol id so1utTon powder. Al l  extrusions were bonded
with Varcum 8251, a part ial  ly polyrer ized furfuryl
alcohol.  I f  a pore former was added to the mix i t
was ei ther wood f lour or tapioca starch.

Thermax (carbon black) was added to the extru-
sion mixes in amounts varying from 5 to 15 pph of
the  graph i te  f lour .

The reactor qrade ZrC and the 93% enriched
235¿92 powders haó an average part ic le size of 3.5 um
and 5 .0  um respec t ive lY .

The so l id  so lu t ion  (U,Zr )C powder  was made by
react ing a mixture of 7102, U02 and carbon to 2550 K
Several-powders with varying U-contents, hav' ing high
dens i ty  par t i c les ,  a l1  -325 mesh,  were  made.

t , lork supported by the U.S.  Nuclear  Regulatory Com-
miss ion  (P ro jec t  No .  A1032 )  and  the  U .S .  Ene rgy
Research and Development  Adminis t rat ion under
Con t rac t  AT (29 -1  ) -789 .

Two high puri ty graphite f lours having di f ferent
part ' ic le sizes and hav' ing di f ferent coeff ic ients of
thermal expansion (Cte) were used for both the extru-
sion and hot pressing work. The f lours were -200
mesh, -325 mesh and ( 10 um.

A' l l  hot pressings were made with combinat ions of
so l id  so lu t ion  (U,Zr )C and graph i te  f lours  inc lud ing
special  smal ler f ract ion sizes other than -325 mesh.
Camphor was used as a fugi t ive binder to prevent
segregat ion of the powders.

Fabricat ion Procedures
ffihes were mixed in a Patterson-
Ke l ley  tw in -she l l  b lender  equ ipped w i th  an  in tens i -
f ie r  bar  and l iqu id  add i t ion  appara tus .  The dry  in -
gredients and 88% of the required Varcum binder were
mixed in the blender.  The remaining Varcum binder
was added step-wise during the extrusion operat ion.

The m' ix was successively passed through a com-
mercial meat chopper and extruded a number of times
to thoroughly homogenize al l  ingredienüs. The 150-
ton extrusion press is equipped with a vacuum system
for evacuat ion of the extrusion die, chamber and mix
before each extrusion. The f inal  extrusion was made
into graphite f ixtures used to contain the extrusion
during the f i rst  stage of heat treatment.  Extrusions
were heat treated slowly over a period of 9 days to
the f ina' l  desired temperature, usual ly -  2900 K.

Hot pressing mixes were made by blending the re-
quired dry ingredients with caryp[or and chlorothene
in  a  Pat te rson-Ke l ley  b lender . tc /  The camphor  ac ts
as a fugi t ive binder to condit ion the surface of the
part ic le to prevent the segregat ion of the powders,
wh ich  have w ide ly  d i f fe ren t  dens i t ies ,  dur ing  d ie
load ing  opera t ions .  Ch loro thene is  used to  d isso lve
the camphor to ensure thorough mixing but is evapo-
rated from the mix pr ior to loading the hot pressing
d i e s .

The graphite hot pressing dies are 32 rm inside
diameter.  The hot pressings were usual ly about 75 mm
long. Hot pressing condit ions var ied but good press-
ings were made at pressures of 24 l4Pa (3500 psi)  and
temperatures around 2800 K.

Nondestructi ve Tes:l!¡g
f f i  extrusions and hot pressings
were radiographed for defects such as cracks, voids
and inc lus ' ions .  Dens i ty  var ia t ions  in  the  ho t  p ress-
ings were also detected. The fuels Wqfe gamma scanred
in-1.-cm increments to determin" ¡¡s 235¡ áistr ibut ion
un i formi ty .

D i  scuss  i  ons-Fuel 
mater ials for the ACPR must be able to with

stand high thermal stresses. Important mechanical
propert iés contr ibut in{ to tnermál stress resistance
are low coeff ic ient of  thermal expansion (CTE), ' low

nodulus and high fracture strength. A fue' l  having
h igh  thermal  d i f fus iv i t y  and heat  capac i ty  i s  a lso
des i rab le .  Because o f  the  shor t  heat ing  t ime,  rap id
dissipat ion of the heat from the fuel  part ic les to üe
ent ire fuel  is necessary. Al though other proposed
fuels for the ACPR have higher heat capacit ies than
the  (U,Zr )C-graph i te ,  the  h igh  po ten t ia l  en tha lpy  and
thermal stress resistance of the graphite fuel  makes
i t  a  good cand ida te .
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The f i rs t  deve iopmenta l  fue l  ex t rus ions ,  35 .5  mmdiam,  conta ined ZrC,  U02 and carbonaceous mater ia ls .
Pyl inS heat treatment the U02 converted to the car_
b ide  and en tered  in to  so l id  io lu t ion  w i th  the  ZrC.  Inconver t ing  the  ox ide  to  carb ide ,  carbon . i s  los t  . lowen
' ing  the  graph i te  mat r ix  dens . i t y .  When the  so l  id  so i_
u t ion  is  fo rmed,  a  cont inuous  ia rb ide  ne twork  resu l ts .
Thus  the  heat  t rea ted  ex t rus ion  cons is ts  o f  in te r_
tw ined cont inuous  ne tworks  o f  g raph i te  and carb ide .
The carb ide  phase,  35  vo1% ot  ihe ' fue l ,  has  a  n ign  Cfeso a. high-CTE graphite was used to redúce the mi imatch' rn  tnermat  expans ion .  A l though th js  mater ia l  was
: ! rong,  the  h igh  CTE,  6 . t  x  I0 -6 /K ,  tended to  reduce
i ts  thermal  s t ress  res is tance.

Hot  p ress ings ,  wh i ch  had  h iqh
contents,  tended to have iso lateá
a l t hough  the re  was  agg lomera t i on
C T E w a s  > t  x I 0 - 6 / K .

ACPR tests.  One set of  samples withstood 55 maximumpuises without fractur ing oi .  ctr ippiné. fn" peu' f  
"-" '

temperature was approximately 230b K:
.  Fur ther  ho t  p ress ings  hav ing  lower  carb ide  con_ten ts  (77  to  32  vo lZ)  maáe w i th  iow CTE graph i te  fk ru ra l l  showed exce l len t  thermal  s t ress  rÁs ls ian ie .  

- -Fu ; - '
pe l le ts  surv ived  numerous  fu l l  power  pu lses  w i thoü i -damage.  .The h igh  mat r ix  dens i ty  o f  the  ho t  p ress inos'rncreased the entha' l  py of the fuel  so that fór a gív"enpower. input the peak temperature would Oe about 1-02"ress  than fo r  a  s imi la r  ex t ruded fue l .  A  typ ica l  ho tpressing had a CTE o^f . l  . l  x-10-6/K, room remperaturemodu lus .o f  17  Kpa (2 .4  x  196 ps i )  ánd f rac tu re
s t rength  o f  38  Mpa (5500 ps i ) .

.  Other propert ies measured on many samples, bothex t rus ions  and ho t  p ress ings ,  were  heát  capac i i y ,
thermal  d i f fus iv i t y ,  en tha ipy ,  f rac tu re  s t ra in  áñ¿peaK to  mrn imum rad ia l  energy  pro f i le .
C o n c l u s i o n s----TtTrusion 

and hot pressing techniques have beendeveloped for fabrícat ing deveiopmenial '  fuel  for iñeACPR. Both methods prodüced fuei maiertats whichhave been shown to sürvive rno"e s"uá"é thermal stressenvironments than wi l l  be present iñ ine upgraded vens ion  o f  the  ACpR.  An ex tens ive  da t i  base ex is ts  fo rthis. type of fuet and. the manufai iur lñl  proceCures arecons idered s ta te -o f - the-ar t .
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( 3 5  v o l % )  c a r b i d e
ca rb ide  pa r t i c l es

o f  t he  ca rb ide .  The

^^  Idea l l y ,  g raph i t i c  fue ls  wou ld  cons is t  o f  smai . l ,(  20  um,  i so la ted  fue l  par t i c les  sumounded by  u  ñ igñdensity graphite nntr ix.  Several  changes were madeto achieve this structure. The carbidé content wasreduced as was the size of the graphite f lour whicñ
had a lower CTE than used previóusiy.  t t re com¡iná_
t jgn  9 f  these changes shou id  resu l t  in  impróvea lñ . "_mar  s t ress  res is tance.  A lso ,  in  the  case 'o f  the  ex_t rus ions ,  the  carb ide  phase was added to  the  ex t rus ion
mi I  g :  (U,Zr )C so t id  so tu t ion  powder  ra ther  tü ;  t ;¿ - 'and U02. .  The CTE was reduced to -  4.4 x fO-6/f .añá-
lh : .T l t " l I  dens i ty . in f feased f rom -  t .S  tó - t . 'O 's7 ; *s .
n  n l9 f  mat r i x  dens i ty  i s  requ i red  to  inc rease the
enthalpy of the system thus tending to reduce the
maxlmum temperature the fuel  would experience whenpu I  sed .

,  ,  .  fo l  pressings made with the above changes st i l l
had  h igh  CTEs,  -  B  x  10-6 / f .  The qraph i te  mat r ix
dens i t ies  were  as  h igh  as  2 .0  g /cm3.
Experimental  Resul ts
f f i  w i th  ZrC p lus  U02 wh ich  had re la -
t l y : l v  h igh .poros i t ies  and a  cónt inuoüs  carb ide  (35_
v0 l%)  s t ruc tu re  cou ld  be  read i l y  f rac tu red  when pu lsed
in  the  ACPR.

Two ex t rus ions ,  one in  the  shape o f  an  annu lus
and the  o ther  a  core  to  f i t  ins ide  ihe  annu l rs ,  *á" "
used and the  carb ide  phase was added as  (u ,z r )ó  ió l i¿
:g!ut!g!  powder. The annulus contained 20-vo. i% car_-b ide  (CTE o f  4 .3  x  10-6 lK)  wh i le  the  core ,  hav ing  a
h igher  U load ing ,  con ta ined 30  vo l% carb iáe  anA á  Cte
o f  5 .8  x  10-6 /K) .  Th is  fue l  was  sub jec ted  to  mut t i_
¡tg rqgcfol ,  pulses producing-the mosi severe tempera_
ture distr ibut ion and thermal stresses possib. le in t tB
ACPR. No fractures, cracks or fragments were detected.
Peak temperatures were approximateÍy 2400 K.

A n  e x t r u s i o n  c o n t a i n i n g  1 7  v o 1 %  ( U , Z r ) C ,  a l s o
made w i th . low.CTE graph i te  ánd so f ia  io Íu t ióñ  pó*á" " ,
was extruded in the shape of a sol id 35.S_nm_diam cy_
l inder .  Samples  o f  th is  ex t rus ion  were  pu lsed 6  t imesat. ful l  power to peak temperatures of 2350 K without-
ta r tu re .  The CTE o f  th is  mater ia l  was  4 .4  x  10_6/K
yi l l r  u .room .temperature modul us of 18 Gpa e.é- x 

'  '

ruv  ps lJ  and r rac tu re  s t rength  o f  34  Mpa (4900 ps i ) .
Hot .p ressed fue ls  conta in ing  35  vo l%' (U,Zr \C io l_id solut ion were made with | , ig¡,ñ and "Iow,i  óo"ói i iy,2-0"/"  -and 11% respect ively.  The-high porosi ty nnter iái

fai led at nndest energy deposit ioñs but the-mater ial
with a lower pore volume performed very wel l  in the
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