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IMPROVED GRAPHITE MATRIX FOR COATED PARTICLE FUEL*
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I  nt roduct  i  on-----FfgF-Temperature 
gas cooled reactor (HTGR) fuel

e lements consist  of  hexagonal  pr ismat ic  graphi te
b locks  con ta in ing  numerous  l ong i t ud ina l  cy l i nd r i ca l
holes.  Some of  the holes are used for  He coolant
passages whi le  others conta in fuel  rods.  The fuel
rods ,  a round  1 .57 -cm d iam,  cons i s t  o f  sho r t ,  "  5 - cm-
long segments which are made by a mold ing process.
In  mak ing  the  segmen ts  a  t ube  i s  f i l l ed  w i t h  a  m ix -
tu re  o f  sphe r i ca l  pa r t i c l es  cons i s t i ng  o f  coa ted  f i s -
s i l e  pa r t i c l es  and  coa ted  fe r t i l e  pa r t i c l es  t o  g i ve
the  des i red  U  and  Th  l oad ing  and  ca rbon  sh im  pa r t i -
c l es  t o  f i l l  t he  rema in ing  segmen t  vo lume .  The  vo id
be tween  the  pa r t i c l es  i s  i n f i l t r a ted  w i th  p i t ch  o r  a
m ix tu re  o f  p i t ch  and  a  f i ne  g raph i t e  f l ou r .  The  fue l
rod segments are heat  t reated and p laced in a fuel
channel  jn  the graphi te fuel  e lement .  The fuel  rod
mat r i x  i s  re la t i ve l y  1ow ' i n  dens i t y  and  thus  has  poo r
thermal  coñduct iv i ty .

A program was star ted at  the Los Alamos Scient j -
f ic  Laboratory (LASL) in  1973 to develop a fuel  rod
hav ing  h igh  tempera tu re  capab i l i t i es  f o r  poss ib le  use
in a gas-cooled nuclear  process heat  reactor .  There
were two par ts  to the program; one to develop an im-
proved coated fuel  par t ic le  which would increase the
temperature capab' i1 i ty  of  the fuel ,  and the other  to
i nco rpo ra te  t hese  pa r t i c l es  i n  a  dense  g raph i t e  ma-
t r i x  us ing  an  ex t rus ion  p rocess .  Th i s  pape r  w i l l  d i s -
cuss only the second par t  of  the program, that  of  in-
corporat ing coated par t ic les in  an extruded graphi te
matr i  x .

An extruded fuel  rod could be made in one p iece '
long enough to f i l l  the fuel  channel  in  an HTGR fuel
e lemen t ;  a round  75  cm.  The  f i ss i l e  and  fe r t i l e  l oad -
ings in  HTGR fuel  rods vary considerably depending on
the posi t ions in  the reactor .  An average fuel  rod
wou ld  con ta in  41  vo l% coa ted  pa r t i c l es  and  th i s  was
se lec ted  as  t he  nomina l  i oad ing  i n  ou r  ex t rus ion  ex -
oe r imen ts .  The  41  vo l% was  the  to ta l  o f  6  vo l% f i s -
s i l e  p a r t i c l e s  ( "  5 5 0  u m  d i a m )  a n d  3 5  v o l %  f e r t i l e
par t ic les ( -  800 um diam).  A ' l though an actual  ext rud-
ed fuel  rod would not  conta jn carbon shim par t ic ' les '
on l y  g raph i t e  f i l l e r  pa r t i c l es ,  ou r  deve lopmen t  ex -
t rus jons,  which were made pr imar i ly  for  i r radiat ' ion
tes t s  i n  t he  H igh  F lux  I so tope  Reac to r  (HF IR) ,  con -
ta ined carbon shim par t ic les to keep the loading of
41  vo l% pa r t i c l es  cons tan t .  Th i s  was  done  to  s imp l i -
fy  the eva' luat ion of  exper imenta l  var iables a l though
load inqs  as  h iqh  as  55  vo l% pa r t i c l es  we re  made .

Iñcreasin!  the conduct iVi ty  of  the fuel  matr ix
would a l low higher  reactor  coolant  temperatures wi th-
out  increasing the temperature of  the fuel  par t ic les.
Thermal  conduct iv i ty  measurements indicated a factor
of 10 improvement of an extruded nntrix over a
convent ional  fuel  segment .

fx t iu¡ lons made ear ly  in  the program conta ined

part ic les became avai ' lab le.  The extrus ions u,ere use-
i u l  i n  wo rk ing  ou t  ex t rus ion  m ix  compos i t i on ,  i nves -
t i ga t i ng  va r i óus  g raph i t e  f i l l e r  f l ou rs  and  measu r i ng
re Ía t i vé  ma t r i x  déns i t i es .  A l so ,  some  i nd i ca t i ons  o f
su i t ab le  d ie  des ign '  ex t rus ion  p ressu res  and  re la t i ve
ex t rus ' i on  s t reng tñs  we re  ob ta ined .  A  pa r t i a l l y  po l y -

mer ized fur fury l  a lcohol ,  Varcum 8251'  used exten-
s i ve l y  i n  mak ing  ex t ruded  g raph i t i c  f ue l s .and  shape¿ , ,
f o r  t he  Rove r  (Nuc lea r  P ropu l s i on  Reac to r )  p rog ram ' \ r /

was  used  as  t he  b ' i nde r  f o r  p rac t i ca l l y  a l l  pa r t i c l e -

ioa¿e¿ extrus ions.  Varcum is  a thermoset t ing res in
having a carbon res idue,  upon heat  t reatment ,  of  45%'
I t  i s  des i rab le  t o  use  a  t he rmose t t i ng  res in  as  t he
extrus ion b inder  in  that  upon po ' lymer izat ion the ex-
i "u t l on t  a re  eas i l y  hand led  and  d imens iona l  s tab i l i t y
i s  m a i n t a i n e d .

Severa ' l  d i f ferent  reactor  grade graphi te f lours
were used in these extrus ion exper iments '  They var-
i ed  bo th  i n  pa r t i c l e  s i ze  and  shape .  The rmax '  up  to
15 pph,  was added to many extrus ion mixes '

"  
I i  became evident  very ear ly  in  th ' is  program

that  there was a ser ious prob ' lem wi th macrocracks in
the matr ix  created dur ing the heat  t reatment  of  the
ei t rus ions.  The matr ix  shr inks when heat  t reated but
i s  res t ra ined  by  t he  re la t i ve l y  l a rge  un fo rg i v i ng .
beads,  thus craLking occurs.  The f iner  the graphi te

the g ieater  was the- tendency for .cracking '  -For  th is

"áasón 
much of  our  ext rus jon work used a re lat ive ly

coarse,  -60 mesh,  reactor  grade 1008 graphi te f lour
f rom Great  Lakes Carbon Corporat ion.

The f i rs t  coated par t ic les which were avai lable
to us were made by General Atomics for the Fort St'
Vra in HTGR. Thesé were TRISO fer t i le  par t ic les hav-
ing ThC2 cores and two pyro ly t ic  carbon coats wi th a
SiC coat  in  between.

t . le  could not  ext rude these par t ic les wi thout  i r ¡

d icat ions of  par t ic le  fa i lure.  t ' ihen the ThC2 cores
óf- iñ"  par t ic ies were exposed to a i . r  (nro is ture) '  the

carbide 'hydrolyzed and the volume ihange-caused a.

ipui t  on ihe s i ¡ r face of  the extrus ion.  This problem

wás ev ' ident  to  some degree on a l l  ext rus ions '  even
those made at  very low-extrus ion pressures '  The load
required to crush a par t ic le  was rather  1ow'  averag-
i n g  1 . 8  k g .

"  Al thóugh we apparent ly  needed a st ronger par l i -

c le for  a successf i ¡ i  ext rus ion program'  these par t i -

i les proved to be very usefu l  in  invest igat ing-mix
ánd e l t rus ' ion var iablés.  t ,Je found that  we could
ieadi ly  ext rude 12.S-nm-diam rods a meter  long wi th
I  i t t l e -  t ape r  o r  d imens iona l  va r i a t i on '

Extr i ls ion pressures vary ing by a factor  of  3
were used wi th án est imated pressure on the extru-
s ion mix of  2 MPa considered opt imum' This pressure
próvi¿e¿ adequate ly  s t rong extrus ions but  min imized
pa r t i c l e  damage .'  

A few di i ferent  d ie designs were invest igated '
g i v i ng  t he  i i i t p ress ion  tha t  d ie  des ' i gn  had  I  i t t l e  o r

ño ef iect  on the quaf  i ty  of  the extrus ions '  This

was probably due to the low extrus ' ion pressures '
Heat  t ieat ing cyc les were establ ished to cure

and  ca rbon i ze  the ' t hé rmose t t i ng  b inde r '  The  f i na l

heat treatment was to 2075 K in an Ar atmosphere us-

iñg a grapni te res is tance furnace'  No deleter ious
ef iect i  were noted on the extrus ion or  par t ic les due
to th is  heat  t reat ing temperature.
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su i t ab l y  s i zed  sphe r i ca l  g l ass  beads .  These  were
used  un t i l  sphe r i ca l  ca rbon  pa r t i c l es  and  coa ted
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Early extrusion mixes were simply made by hand
mix ing  the  appropr ia te  amounts  o f  the  var ious  ingre-
dients and part ic les together.  Sat isfactory extru-
sion mixes were also made by solvent mixing or throrgh
the  use o f  a  Pat te rson-Ke l  ley  tw in -she l  l  b lender .  In -
tens jve  mix ing  cou ld  no t  be  used because o f  par t i c le
damage. | ' le found that i f  the graphite matr ix f lour
and the  Varcum b inder  were  jn tens ive ly  mixed together
before the part ic les were added to the mix the matr ix
density increased a few percent.  The intensive mix-
ing  was done th rough a  ser ies  o f  g r ind ing  opera t ions ,
us ing  a  commerc ia l  meat  chopper ,  and ex t rus ions .  The
coated  par t i c ies  and sh im par t i c les ,  wh jch  were  pre-
v ious ly  b lended together ,  were  then hand b lended in -
to  th js  mix .  The mix  was usua l ly  ex t ruded th ree  or
four t imes. with hand mixing between extrusions. A
vacuum system on the extrusion press evacuated the
ex t rus ion  d ie ,  chamber  and ex t rus ion  mix  p r io r  to  and
dur ing  ex t rus ion .  There  were  no  ind ica t ions  tha t
part ic le dannge was associated with the number of
t jmes a  mix  was ex t ruded.  Mu l t ip le  ex t rus ion  d id  in -
c rease the  mat r ix  dens i ty .  Exper iments  a lso  ind ica t -
ed  tha t  the  un i fo rmi ty  o f  the  d is t r ibu t ion  o f  coa ted
par t i c les  in  the  ex t rus ion  mix  d id  no t  change w i th
m u l t i p l e  e x t r u s i o n s .

Further development work cont inued using stron-
ger  coated  par t i c les  wh ich  had c rush ing ' loads  averag-
ing  2 .8  kg .  Par t i c le  damage dur ing  ex t rus ion  and heat
treatment did not appear to be a ser ious problem.
Samples of extrusions leached at L225 K for 8 h in a
mjx tu re  o f  C)2  and C0 showed no we igh t  loss .

I t  has been reported that coated part ic les may
be damaged by interaction between the outer pyroly-
t i c  carbon coat  on  the  par t i c le  and the  mat r ix .  I f
the  mat r ix  s t i cks  to  the  coat ing ,  the  coat ing  may be
damaged when the matr ix shr inks during thermal treat-
ment  o r  vo lume changes tha t  occur  dur ing  i r rad ia t ion .
r ' Ie  found tha t  we cou ld  a t  leas t  par t ia l l y  i so la te  the
par t i c les  f rom the  mat r ix  by  coat ing  the  par t i c les
wi th  a  fug i t i ve  coat ing  pr io r  to  ex t rus ion .  The coat -' ing  was app l ied  to  the  par t i c les  us ing  a  so lvent .
Carnauba wax was the preferred coat ' ing mater ial  in
tha t  i t  gave the  most  cons is ten t  resu l ts .  In  work  a t
LASL we have observed no indicat ions of interact ion
between the part ic les and matr ix whether the part i -
c les  had a  fug i t i ve  coat ing  or  no t .  Th is  inc ludes  a
few irradiated samples.

0ver a period of about a year,  extrusions con-
ta in ing  bo th  f i ss i le  and fe r t i le  coated  par t i c les
were made for three tests in the HFIR reactor at Oak
Ridge. This represented ten separate extrusion
batches .

Severa l  ex t rus ions  were  s imi la r  in  na ture  bu t
contained di f ferent developmental  coated part ic les.
Two ex t rus ions  used graph ' i te  f lours  wh ich  or ig ina ted
from graphites developed for making HTGR fuel ele-
ments. Other extrusions used di f ferent heat treat-
ing  cyc les  w i th  four  o f  the  ex t rus ions  be ing  heat
treated to 2375 K.

Mat r ix  carbon dens i t ies  were  around i .63  g /cmJ.
Some problems did occur in making the i rradia-

t ion specimens. Macrocracks in the matr ix appeared
when the  graph i te  f lour  conta ined an  excess  o f  f ines .
There was no problem, however,  with the specimens
being adequately strong. The cracks did not change
in appearance or affect the j rradiat ion performance

of  the  spec imens dur ing  fu l l  te rm f luence and
temperature condi t ions.

One prob lem pecu l ia r  to  mak ing  i r rad ia t jon  spec i -
mens was that the diametr ical  tolerance was t ' ight and
i t  was  inadv isab le  to  mach ine  the  d iameter  because o f
par t i c le  damage.  Th is  meant  tha t  the  ex t rus ion  d ie
s ize  and shr inkage o f  the  ex t rus ion  dur ing  heat  t rea t -
ment determjned the djameter.  The ends of the speci-
mens were machined so i t  was necessary to leach the
specimens pr ior to i rradiat ion to remove exposed U
and Th.  Meta l lography  on  dup l ica te  spec imens d id  no t
reveal any damage to the coated part ic les due to the
ex t rus ion  or  heat  t rea t ing  opera t ions .

Another  p rob lem was in  ob ta in ing  samples  fo r
ana lyses  wh ich  were  representa t ive  o f  the  i r rad ia tbn
specimens. The specimens were very smal l ,  contain-
' ing  on ' l y  I .2  to  1 .6  cmJ.  Chemica l l y  ana lyz ing  a  por -
t ion of a specimen, which was customary, gave errat-
i c  resu l ts .  Ana lyz ing  comple te  dup l i ca te  spec imens
gave much more uniform results.  However,  the f inal
solut ion to the problem was to gamma count each
spec imen fo r  bo th  U and Th.  S imi la r  spec imens were
then se lec ted  fo r  chemica l  ana lyses  and i r rad ia t ion .

Conc l  us ions---fprocess 
rlas developed to extrude coated par-

t i c le  loaded graph i te  hav ing  h igh  par t i c le  load ings ,
)  45  vo l%,  good d imens iona l  s tab i l i t y ,  h igh ,mat r ix
density,  > 1.6 g/sm3, and thermal conduct iv i ty much
improved over impregnated fuel  st icks. I t  was demon
strated that the metal  loading and volume percent
par t i c les  in  an  ex t ruded fue l  cou ld  be  c lose ly  con-
t ro l led  and tha t  par t i c le  damage was min ima l .
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