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I t  is well-known that important changes may
occur  in  the  phys ica l  p roper t ies  o f  bonded fue l  rods
dur ing  the i r  l i fe t i rne  w i th in  a  reac tor .  These changes
are caused by the high tenperatures, environment,
and las t l y  (and probab ly  nos t  impor tan t ly )  by  the
high neutron f luxes. Neutrons have a strong effect
in  reduc ing  the  therna l  conduct iv i t y ,  \ ,  by  in t roduc-
ing  de fec ts  such as  vacanc ies  and d is loca t ions  in to
the  basa l  p lanes  o f  g raph i t i c  na ter ia l .  I  The reduc-
t ion of tr  raises the operating tenperature which
lowers  the  l i fe t ime o f  the  graph i te .  A l though the
quant i ta t i ve  e f fec ts  o f  neut ron  i r rad ia t ion  on  the  I
o f  po lyc rys ta l l ine  graph i tes  have been ex tens ive ly
s tud ied ,z -+  they  have no t  been s tud ied  fo r  carbona-
ceous naterial nor for carbonaceous rnaterial contain-
ing  var ious  quant i t ies  o f  spher ica l  fue l  par t i c les
which are envisioned for use in a high-temperatulfe
gas-coo led  reac tor  (HTGR) ,  The pr inary  purpose o f
this experirnent, therefore, was to neasure the ther-
mal  conduct iv i t y  o f  s inu la ted  fue l  e lenents  cons is t ing
of inert part icles suspended in a carbonaceous matrix
as a function of tenperature, T, volurne percent part i-
c le  load ing ,  and neut ron  f luence.  The e lec t r i ca l
r e s i s t i v i t y ,  p ,  S e e b e c k  c o e f f i c i e n t ,  S ,  a n d  c o e f f i -
c ien t  o f  therna l  expans ion ,  CTE,  were  a lso  measured
as functions of the sane parameters. The CTE and S,
however ,  w i l l  no t  be  d iscussed here .

Specimen Descript ion and Measurenent Technique

This experinent included extruded specirnens with
nomina l  s inu la ted- fue l  par t i c le  conten ts  o f  0 ,  13 ,  23 ,
a n d  3 5  v o l  e o  w i t h  m a t r i x  d e n s i t i e s  o f  1 . 7 5 ,  1 , 7 0 ,
1 . 6 5 ,  a n d  1 . 6 0  I r l g / m 3 ,  r e s p e c t i v e l y .  T h e s e  f o u r  w e r e
formed by  ex t rus ion  w i th  a  na t r i x  o f  75 .7  wt  % graph-
i te ,  24 .3  wt  eo  thernax ,  and prepo lyner ized  fu r fu ry l
a lcoho l .  A  ser ies  o f  s lug- in jec ted  spec inens ,  a l l
w i th  about  58  vo l  % iner t  par t i c les ,  were  fabr ica ted
wi th  a  na t r i x  o f  28 .5  wt  % graph i te  f i l l e r  in  p i tch .
The mat r ix  dens i t ies  o f  the  la t te r  spec imens were
about 0.60 l t lg/n Since measurements of I  after irra-
d ia t ion  were  done ou ts ide  a  ho t  ce1 l ,  iner t  carbon
par t i c les  were  used as  sunogates  fo r  fue l  par t i c l .es
to  min imize  pos t i r rad ia t ion  rad ioac t iv i t y .  A f te r  fab-
r i ca t ion ,  a l l  spec imens were  heat  t rea ted  a t  2070 K
for  1 .8  Ks  in  a rgon.  The spec inens  were  i r rad ia ted
in  the  H igh  F lux  Iso tope Reactor  a t  Oak R idge Nat iona l
Labora tory  a t  non ina l  tempera tures  o f  1220 K.

Steady-s ta te  long i tud ina l  techn iques5 were  used
for most of the tr,  p, and S neasurenents. The p was
measured using a standard four-probe reversi.ble-dc
technique with the therrnocouple elenents serving as
potential probes. Nleasurement uncertaint ies were
a b o u t  i 0 . 4 % ,  ! 5 % ,  a n d  + 6 . 1  u V / K  f o r  t h e  p ,  l ,  a n d  S ,
r e s p e c t i v e l y ,

ResuL ts

Un i r rad ia ted  lUater ia l  -  Thermal  conduct iv i t y
.esu l f f i i r rad i  a ted  spec inens  are
sho ln  in  F ig .  1  as  a  func t ion  o f  T .  The I  decreases
smooth ly  w i th  inc reas ing  par t i c le  conten t  and t r
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F ig .  1 .  The I  o f  Un i r rad ia ted  S i -mu la ted-Fue l
Elenents versus T. The two 1ow T curves were obtain-
ed on extruded elenents with a dif ferent matrix.

decreases with increasing T. The two curves below
400 K were generated with a low-temperature tech-
nique on specimens fro¡n a previous experinent, and
these are in relat ive agreenent with the present
resul ts .

The tr of rmirradiated naterial at 400 K and the
e l e c t r i c a l  c o n d u c t i v i t y ,  a  =  g - 1 ,  a t  3 0 0  K  a r e  s h o w n
in  F i .g .  2  versus  vo lume percent  par t i c le  load ing .
The I  decreases  snooth ly  w i th  par t i c le  load ing ,  and
this curvature is rnirrored by o. This simil i tude

pAAra t r  roaDtNc v" tS

Frg .  2 .  The r  (400 K)  and o  (300 K)  o f  Un i r ra -
d ia ted  S inu la ted-Fue l  E lenents  Versus  Vo lune Percent
Load ing .
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indicates that, to a f irst approxination, tr  and o
are dependent on the sane vai iables within the
conposites.

Irradiated Material -  After inadiat ion, the
electilidGEiVit-f?s of all r;;;i;i;s specinens
were rneasured near S00 K. The p versus f luénce is
shown in  F ig .  J .  The p  o f  the  s lug_ in jec ted  mate_
rials is nuch greater than that of the extruded nate_
rials and increases steadi ly with increasing f luence.
The p of the extruded specimens increases with f lu_
ence in i t ia l l y ,  sa tura tes  above about  4  to  6  x  1025
\/^ ' :  -*!d then begins to increase again above 6 to
9  x  I0¿r  n /mz.

Table I.  Snoothed Values for the Ther¡nal Conductivi ty
of Sinulated Fuel Elenents Versus Temperature,

Neutron Fluence, and Part icle Loading

Thernal Conductivi ty, W,/nK

400  K  500 600 700 800 900 1000
VA

i 0

0
0
0

0
2 . 0
8 . 1

1 2 . l

4 7 . 5  4 7 . 2
40 .4  42 .3
2 0 . 0  2 1 . 2
9 . 6  1 0  . l

3 3 . 0  3 4 . 6
3 2 . 8  3 4 . r
29.0 29.6
1 8 . 8  1 9 . 8
tLz L2.O

2 9 . 5  3 0 . 0
28 .6  50 .0
28 . t  28 .7
1 8 . 0  1 8 . 8

2 4 . 2  2 4 . 6
2 7 . 6  2 9 . 0
2 2 . 2  2 4 . 0
1 2 . 5  L 3 . 4

I 0 . 2  1 0 . 8
1 1 . 8  1 2 . 0
- 5 . 0

46 .2  44 .6
4 3 . 3  4 3 . 3
2 t . 9  2 2 . 0
1 0 . 5  1 0 . 6

35 .2  34 .9
3 4 . 5  3 4 . 2
29.9 29.7
2 0 . 5  2 L O
L 2 . S  1 2 . 7

30 .2  f i . 4
3 0 . 8  3 0 . 5
2 8 . 8  2 8 . 6
1 9 . 2  1 9 . 2

2 4 . 7  2 4 . 2
30 .0  30 .2
2 s . 6  2 6 . 7
14 .2  t 4 .4

L r . 2  1 1 . 3

4 2 . 1  3 9 . 0  3 5 . 5
4 2 . 4  4 0 . 6  3 8 . 0
2 t . 7  2 L . 0
1 0 . 6  r 0 . 6  l 0 . s

3 4 . 0  3 2 . 2  3 0 . 6
35 .6  32 .3  50 .4
29 .4  28 .8  28 .0
2 1 . 0  2 0 . 6  1 9 . 7
1 2 . 5  1 2 . O  1 1 . 0

30 .2  29 .6  29 .2
29.6 28.r  26.0
28 .0  27 .L  26 .0
1 8 . 9  1 8 . 3  L 7 . 6

2 3 . 2  2 2 . 0
29.6 28.0 26.0
2 7 . 8  2 8 . 5  2 8 . 5
1 4 . 0  1 3 . 0  l t . 5

I L 2  1 0 .  8  l 0 . 4

Fig. 3. The Room Tenperature p of Extruded and
Slug- In jec ted  Fue l  E lements  Versus  Neut ron  F luence.

The I and p results are primari ly control led by
the carbonaceous matrix material and the effect of
neutrons on dif ferent components of thj.s matrix. The
natr ix density of al l  extruded specimens is a factor

1 3  0
1 3  2 . O
l 3  4 . 0
1 3  8 . 1
1 3  1 2 . l

2 3 0
2 3  2 . 3
2 3  4 . 5
2 3  9 . 0

3 5 0
3 5  2 . 3
3 5  4 . 5
3 5  9 . 0

5 8 c  0
5 8 c  2 . 3
s 8 d  8 . 6

uvolr*" 
percent simulated-fuel part icle loading.

bN"raron 
f luence x lg-25 n¡^2

cAl1 part icles were sinulated fuel,
d36.Sro 

simulated-fue1 part icles and 20.2% shin.

o f  2 .6  g rea ter  than the  mat r ix  dens i ty  o f  the  s lug_
in jec ted  spec inens .  A t  a l l  i r rad ia t ion  s tages  th is
density dif ference has a do¡ninant effect on the
proper t ies ,

The nost interesting aspect of the data is the
in i t ia l  inc rease o f  ) ,  in  the  35  vo l  % ex t ruded spec i -
nen with neutron irradiat ion. The I of this material,
as well  as tr of the 13 and 23 vol % specinens, renains
high beyond a f luence of 5 or 6 x 1925 n/n2. This
init ial  i -ncrease of tr  in the 35 vol % speci¡nen is
caused by the part ial  ordering of the ca¡bonaceous
rnaterial surrounding the graphite f i l ler part icles
under the inf luence of the neutron f lux and strain.
This effect has been observed previously in si¡ni lar
structures where the heat treatment was at such a lor¡
tenperature (2070 K) and the neutron irradiat ion oc-
curred at such a high tenperature (7220 K).7
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The snoothed tr results are given in Tabte I.
over the entire temperature range, the natr ix mate_
r ia l  fo r  the  ex t ruded spec i rnens  ( i .e . ,  the  spec inen
witfr O vol % part icles) has a steadi ly reducing tr
with increasing neutron f luence. The ), of the 1g and
23 vol % specimens renains essential ly constant with
increasing f luence unti l  the f luence goes above
5 x  I0¿.  n /mz.  The I  o f  the  55  vo l  % spec imen ac tua l_
ly  inc reases  w i th  f luence in i t ia t l y  and rena ins  qu i te
high beyond 5 or 6 x lg25 ¡¡^2. Tire l  of the extrud_
ed specimens rernains high over the f luence range
where p of each material approaches a constant value.
The unirradiated slug-injected specimen and the one
i r rad ia ted  to  2 .34  x  1625 n , /n2  cónta ined 5g  vo l  %
fuel part icles, whereas actual fuel nor¡nal ly contains
a lower _percentage fuel with the dif ference being
conposed of graphite part icles. For exanple, thé
las t  spec inen l i s ted  in  Tab le  I  cons is ted  o f  56 .5
vo l  % s imu la ted- fue l  par t i c les  and,  20 .2  vo l  % sh in ,
The ), of this specimen near 400 K was only 5 W/mK.
Thus the I of the 35 vol % extruded specimen after
9 .0  x  1625 n /mz was a  fac to r  o f  2 ,6  g"u" t " t  than a
s lug- in jec ted  spec imen w i th  s imi la r  s inu la ted- fue l
part icle loading and f luence.
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