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In High-Temperature Gas-Cooled Reactors (HTGR),
the fuel  is appl ied in the form of smal l  spher. ical
kernels,  some 100rum in diameter depending upon the
fuel cycle concept.  The fuel kernel ' is coated by a
sequence of pyrolyt ic carbon layers. The jnner

layer adjacent to the kernel is always highly porous
to provide the part ic le with a free volume for the
fuel kernel swel l ing and the gaseous f ission product
recept ' ion. The outer high density layers form a
pressure vessel and f ission product barr ier.  I t  is
obvious that because of the importance of the part-
' icular layers the apparent,  bulk or geometr ic den-
s i ty  has  to  be  cont ro l led  care fu l l y .
The APPARENT, BULK 0R GE0METRIC DENSITY is the rnss
per unit  volu¡ne. I t  js assumed that the volume is
homogeneous ly  f i l l ed  w j th  mass .  I t  inc ludes  the
volumes of the substance, displacements, micro and
macro pores -  open and closed - and of the internal
vo ' ids .

The geometr ic density is measured by determining the
incre¡se in volume and mass after the deposit ion of
the part icular pyrolyt ic carbon 1ayer.  The diameter
can be determined by use of microscopic measurements
or x-ray micrographs.

For  s ta t i s t i ca l  cons idera t ions  and on- l ine  qua l i t y
contro' l  an automatic opt ical  part ic le analyzer de-
veloped by 0SGAE Seibersdorf /Austr ia is used (t) .  A
quant i ty of coated part ic les is moved along a
constant l ight source and a very smal l  measuring gap
wi th  in te rva ls  o f  approx imate ly  20  par t i c les  per
second. The gap area shadowed by a part ic le is
measured by means of a photodjode and is a measure
for  the  d iameter .  The appara tus  is  con t ro l led  and
the  da ta  a re  eva lua ted  by  an  on- l ine  process  computer .
Th is  techn ique is  su j tab le  fo r  d iameters  o f  150 to
1500rum.  A f te r  we igh ing  the  inves t iga ted  por t ion  o f
par t i c les ,  the  apparent  dens i ty  can be  ca lcu la ted .

As far as the porous buffer layer is concerned, i t
i s  no t  su f f i c ien t  to  de termine the  dens i ty  d i rec i l y
a f te r  i  t s  depos i t ion .  Dur ing  the  depos i t ion  o f  h igh
dense pyrolyt ic carbon on the buffer layer i t  may

occur that at  least the outer zone is inf i l t rated
by carbon and thus densif ied. Therefore i t  is
necessary to measure the densit jes of both the
inner and outer layers once more after fuel pro-

duct ion by applying the SINK-FL0AT method.

The purpose of this method is to determine the den-
si ty of layers by suspension in a density gradient

column. The gradient column consists of isobutanol
and bromoform chemicals mixed cont inuously in vary-
ing proport ions so as to cover a range of densit ies

- ?  - ?
f rom 0.8 g'cm - to 2.8 g cm -.  Pyrolyt ic carbon
fragments cracked from coated part ic les are suspend-

ed into the column. The density is def ined at the
point in the column where the test specimen of pyro-

lyt ic carbon has reached the same density as the
l iqu id  in  wh ich  ' i t  ' i s  suspended ( f ig .  1 )  and thus
f loa t ing  in  the  co lumn.

The geomet r ic  and s ink- f loa t  dens i t ies  o f  a  sample
are equa1, provided the substrate is impermeable.
The permeat ' ion depends on the pore size as wel l  as

surface tension, but not on the viscosity of the
f iqu' ids used. The densit ies mentioned above are not
equal in the case of low density carbon, because the
l iquid in the column penetrates the pores with an
open entrance greater than 1Onm. Therefore the
vo lume measured is  too  smal l ,  so  tha t  the  read ing  o f
the  s ink- f loa t  dens i ty  i s  too  h igh  ( f ig .  2 ) .  PECHIN
et al .  have proposed an equat ion to correct these
in f l  uences  (2 )  .
In KFA this problem has been solved experimental ly.
Studies have been carr ied out to prove the combin-
at ion of two measuring procedures to yield true
values for the apparent or geometr ic density of the

luffer layer even after the deposit ion of the high
dense layer :

-  s ink- f loa t  method
-  q u a n t i t a t j v e  i m a g e  a n a l y s i s .

The quant i ta t i ve  image ana lys is  measures  macropores
wi th  d iameters  g rea ter  than 200 nm.  For  th is  p rocedure ,

the  pyrocarbon coat ings  are  app l ied  in  the  fo rm o f
ceramograph ic  sec t ions  o f  the  coated  fue l  par t i c les .
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:he measurement is carr ied out by an electronic,
:utomatic image analyser.  l . lorking mode is the
: lass i f i ca t ' ion  o f  the  coat ing  to  be  inspec ted  on  the
¡asis of the gray value contrast between pores
dark)  and carbon (b r igh t ) .

; rom the  s ink- f loa t  dens i ty ,  d r ,  one can ca lcu la te  a
roros i ty ,  Pa,  wh ich  is  too  smal l  because the  c losed
rores only are considered

P  = 1 -
s

r i th d, as X-ray density.  By the quant i tat ive image
analysis the total  macro porosi ty,  p* is measured.
:or buffer layers the total  porosi ty,  p,  results in

P = P r + P ,

-h is  equat ion  is  va l id  fo r  pyro ly t i c  carbon w i th
: losed pores smal ler than 200 nm.
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Fig .  1 :  Grad ien t  co lumn fo r
s ink- f loa t  dens  i t y
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the measurement of

( 1 )
d,

{

( 2 )

-ne apparent,  bulk or geometr ic densjty,
:orous pyrolyt ic carbon can be calculated
'ng  the  equat ion

d = d * ( 1 - P )

d, of the
by apply-

( 3 )
-re results obtained have shown, that density
,alues from mass and volume measurements and from
:re appl icat ion of the combined methods described
:Dove agree wel l  for porous buffer layers (3).
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