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Pyrocarbon coatings are used to retain f ission
products produced in thoriun- or uranium-containing
kernels during irradiat ion of fuel part icles in gas-
cooled reactors. The extent of j"nert gas permeabil i ty
of pyrocarbon coatings, which can be varieá extensive-
ly by adjusting deposit ion paraneters, is important
for this purpose. Permeabil i ty values nay béar a
correlat ion with other pyrocarbon propert ies such as
stTength, density, crystal structure, or growth fea-
ture size. Thus, inert gas permeabil i ty measurenents
can be useful in evaluating pyrocarbon coati-ng
techn iques .

6as contents of fuel part icles have been nea-
sured by cracking the part icle in a chamber connected
to  a  mass  spec t roneter  by  B i lds te in  and St r ig l r  and
Clough et aL. '  This nethod afforded a measure of
internal pressure when the volune occupied by the gas
was estimated fron geonetr ical ¡neasurenents. Lindemer
and Pearson have obtained similar results hri thout use
of  a  nass  spec t rometer .3  In  the  present  work  the
high-temperature inert gas perneabil i t ies of the pryo-
carbon coatings of HTGR Biso fuel part icles have been
measured. Fuel part icles were annealed in ar¡ atno-
sphere of the inert gas or gases, then broken individ-
ually in a dynanically purnped cha¡nber containj-ng a
mass spectrometer and the inert gas pressure tran-
sient was ¡nonitored and integrated. The mass spec-
trometer was cal ibrated using. known amounts of gás
and was sens i t i ve  to  1  x  l0 - lq  no l  o f  an  iner t  gas .
The composit ion of gas evolving fron the fuel part i-
c le  cou ld  be  de termined qua l i ta t i ve ly  by  opera t ing
the nass spectroneter in a scanning node or an indi-
vidual gas could be deternined quanti tat ively by
noni-toring a single mass nurnber. The part icle crush-
ing gas measurenent technique and data on hel iun
perneab i l i t y  o f  B iso  fue l  par t i c les  have been pre-
vious 1y reported. ¡r

Extensive neasurenents of hel iun permeabil i ty of
the pyrocarbon coating were nade on one fair ly typi-
ca1 ba tch  o f  fue l  par t i c les  (0R 2261-T) .  Process
helium was f irst renoved from these fuel part icles by
a  vacuum annea l  fo r  I  h r  a t  1800 'C.a  Lo ts  o f  fue l
part icles were then annealed rmder isothermal and iso-
baric condit ions for f ixed t ime intervals. Twenty
samples from each lot were analyzed individual ly to
deternine the average hel iun content. Results for
sanples exposed to 98 kPa He under isothermal condi-
t i o n s  a t  e i t h e r  4 5 0 ,  5 5 0 ,  6 5 0 ,  7 5 0 ,  8 5 0 ,  1 0 0 0 ,  1 2 0 0 ,
or 1425"C for various t ine intervals were used to con-
struct permeation isotherns. An inf lect ion in the
perneation curve at early t imes characterist ic of a
nonsteady state dif fusion process was observed.5 At
long t imes the hel i .un content data approach a satura-
t ion value at a rate that is f i rst order. Enpir ical-
ly, the asymptotic gas content, D-, is dependent on
the absolute tenperature according to

n-  =  3 .9S 
"  lO-7 /T  no l  He lpar t i c le  ( l )
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in agreenent with the perfect gas law. The coeff i-
c ien t  in  Eq.  (1 )  y ie lds  a  s tandard  dev ia t ion  o f  4eo
indicating that sanples of 20 part icles are adequate.
The hel ium perneation curves had essential ly the
same shape at al l  temperatures, Al l  isother¡ns were
wel l  f i t ted  by  f i rs t -o rder  k ine t ic  equat ions  beyond
the point of inf lect ion. The inverse of the calcu-
la ted  charac ter is t i c  t ime ( i .e . ,  the  permeat ion  coef -
f icient) was found to obey

k n "  =  4 3 . 6  e x P { - 1 4 1 7 5 / ? }  s e c - r  Q )

where the standard deviat ion of the pre-exponential
tenn is  5 .5  sec- ]  and 722 K fo r  the  ac t iva t ion  tem-
pera ture .  Equat ion  (2 )  ind ica tes  an  ac t iva t ion
energy  fo r  perneat ion  o f  l l8  kJ  no l -1  (28  kca l  no l - l )

A solut ion to the nathenatical aspects of the
problem of transient di, f fusion through a spherical
shel l  into a f ini te reservoir has been develooed bv
Reeves and To11 iver6  and w i l l  be  used fo r  u  *o" "
r igorous evaluation of the perrneation isotherm data.5

Pyrocarbon coatings ut" p".r"rb1e to neon and
the prel ininary rate constant data fron perneation
iso therns  a t  850 to  1500 'C fo r  ba tch  OR 2261-T cou ld
be expressed as  Eq.  (3 )

k* "  =  21  .8  exP{10264/T}  sec-  1  (3 )

indicating an activation energy for perneation of
1 6 6  k J  m o l - ]  ( 4 0  k c a l  n o l - l ) .  A t  l 0 Ó 0 ' C  t h e  n e o n
content was a l inear function of neon pressure for
48-hr  annea ls .  Insu f f i c ien t  da ta  were  ava i lab le  to
g ive  a  re l iab le  s tandard  dev ia t ion ,  bu t  the  sa tura-
t ion  neon conten t  a t  1000 and 1200"C agrees  we l l  w i th
E q .  ( 1 ) .  A s  ?  +  - ,  k H " / k ¡ s  =  2 . 0 .  I f  t h e  p e r m e a t i o n
rates r^Iere i-nversely related to the square root of
the  no lecu la r  we i -gh ts  o f  the  perneat ing  spec ies ,
k ¡1" /k ¡ "  wou ld  have the  va lue  2 .2 .

lnert gas perneabil i t ies of the pyrocarbon coat-
ings of nany fuel part icle preparations r lrere screened
using a dual-gas technique. The fuel part icles were
annealed at 1375'C for I  hr in a 96 kPa atnosphere
conposed of He-50% Ne. The gas content of the part j--
cles was deternined indj-vj-dual ly, one gas at a t ine.
Usua l ly  15  par t i c les  were  broken fo r  the  de tern ina-
t ion  o f  each gas  and the  resu l ts  averaged.  The. ra t io
o f  no les  neon:he l iu rn  in  the  fue l  par t i c le  represents
a  measure  o f  the  perneab i l i t y  wh i ih  i s  re la t i ve ly
independent  o f  par t i c le  s lze .  A lso ,  the  use  o f  two
gases enables dif ferentiat ion betlreen a very inperme-
able conpact and one which is so highly perneable
that the gases leak out before the part icle is broken,
The permeabil i ty values obtained for selected fuel
part icle batches are given in Table I along with
standard deviat ions determined f¡on the measurenents.
Table I also contains deposit ion condit i-ons and geo-
¡netr ic parameters of the pyrocarbon coatings. The
results show that pyrocarbon coating peflreabi l i ty

*Research 
sponsored by the U.S. Energy Research and

Carbide Corporation.
Deve lopnent Adnini strat ion

t l l

under contract with the Union



Tab le  I Pyrocarbon Coat ing  Perneab i l i t ies

Gas Contenta Par t i c le  Geonet ry ,  Un
Deoos i t ion  Cond i t ions

Batch
Nr¡nber

( m o l e s . p a r t i c l e -  I

He1 iun

Rat io
Ne/He D iameter

LTI
Thickness

Gas Coat  ing
TenPerature conposit ion Rate

x  l 0 1 o )

Neon

( ' c ) (no l  %)  ( i rm.  sec
- r )

0R-1 9 78-T
oR-2263 -T
oR-2276 -T
oR-2262 -T
0R-2261 -T
oR-2265-T
0R- 2 269-T
oR-2274 -T

0 . 6 6 1 0 . 0 3
1 . 5 1 r 0 . 1 7
1 . 9 5 1 0 .  3 9
1  . 6 6 J 0 .  3 8
r . 6 2 ! 0 . 3 9
I . 6 7 ! 0 . 2 4
1 . 8 1 r 0 . 3 2
2 . 0 3 1 0 .  3 1

0 . 0 2 1 0 . 0 0 3
0 . 1 9 1 0 . 0 3
0  . 2 5 ! 0 . 0 2
0 .  3 3 1 0 . 0 4
0 .  3 8 1 0  . 0 4
0 . 5 4 1 0 .  1 0
0 . 7 4 1 0 . 1 0
1 . 0 2 1 0 .  1 6

propylene
MAPPC
MAPP
MAPP
MAPP

MAPP
MAPP

MAPP

0 . 0 3
0 .  1 3
0  . 1 3
0 . 2 0
0 . 2 3
0 . 3 2
0 . 4 1
0 .  5 0

8 1 9
874
865
8 7 2
875
888
847
889

I240
t325
I275
t275
I325
r32S
I325
L325

50
2 S
1 5
50
50
1 0 0
50
100

0 . 0 1 3
0 . 0 6 0
0 . 0 5 2
0 . 1 0 8
0 . 1 2 3
0 . 2 6 2
0 . 2 0 8
0  . 4 ó 5

84
9 1
8 5
85
89
9 4
8 1
9 1

a lmnersed t  h r  a t  1375 'C in  Ne-50% He a t  720 to t t ,
DRenaining gas conponent argon.

cMApp gas  is  marke ted  by  A i rco ,  Inc . ,  and cons is ts  p r inar i l y  o f  rne thy lace ty lene and propad iene h ' i ' th

a l k a n e s  a s  s t a b i l i z e r s .

inc reases  w i th  inc reas ing  ra te  o f  depos i t ion  and,  to

a  lesser  ex ten t ,  w i th  inc reas ing  depos i t ion

t  enpera ture .

Voi,d volunes obtained fron hel iun content data

are in good agreenent with values obtained by mercury

porosimétry at a pressure of 103 MPa on cracked fuel

p a r t i c l e s  ,  € . 9 . ,

Vo lune,  m3 Per  fue l  Par t i c le

Batch By Heliun
Nurnber Content

x  1 0 - 1 1

0 R - 2 0 1 5 - T  1 . 7 0
o R - 1 9 7 2 - T  1 . 5 4
0 R - 2 0 1 0 - T  4 . 2 5

The extent of void volune present in small  pores not

opened when the pyrocarbon coating is cracked has

rrót b""tt  deternined.

Tests of the permeabil i ty of pyrocarbon coat-

ings for higher molecular weight inert gases wer,e.
in i t ia ted  , l l i ng  u r :gon.  S ign i i i can t  a rgón permeab i l -

i t y  a t  1800"C was ev ident  on ly  in  more  permeab le  pyro-

carbon coatings such as in batch OR-2274-T. Argon
perneabil i ty was r¡nmeasurably 1ow in pyrocarbon coat-
ings  w i th  typ ica l  Ne/He ra t ios .  In  these fue l  par t i -
cles process argon remaining fron preparation was
not renoved by 4-hr vacuun anneal at 1800'C. The
decrease in  permeab i l i t y  in  the  He,  Ne,  Ar  ser ies
ind ica tes  tha t  typ ica l ,  un i r rad ia ted ,  uncracked pyro-
carbon coatings have no neasurable perneabil i ty to
k ryp ton  or  xenon a t  1800 'C.

The per rneab i l i t y  o f  i - r rad ia ted  fue l  par t i c les

with inert kernels measured on two batches is shown

in  Tab le  I I .  The permeab i l i t y  decreases  w i th  sma11

doses  o f  rad ia t ion  bu t  inc reases  sharp ly  w i th  f luence

approaching HTGR design. The si-gnif icance of irra-

diát ion temperature is not clearly defined fron this

l im i ted  nurnber  o f  tes ts .

The ex tens ive  var ia t ion  o f  permeab i l i t y  w i th

pyrocarbon preparation may indlcate that defects in

the  coat ing  are  impor tan t  ra ther  than la t t i ce  spac-

ing .  The sharp  inc rease o f  permeab i l i t y  w i th  h igher

f l .r"n.", sirows iirat itructural defects resulting from

the neutron bonbardnent increase permeabil ity'

Tab le  I I .  Perneab i l i t y  o f  I r rad ia ted

Iner t  Fue l  Par t i c les

.Batch (neutrons/n2) Temperáture Ne/He
N u I n D e r  ( E r 0 . l 8 M e V )  ( " C )

By MercurY
PorosinetrY

x  l 0 - l r
r 7 7

4 . t 4

oR-2294-T
oR-2294-T

0R- 2291 -T
0R-2291 -T
0R-2291 -T
0R- 229 1 -T

x  1 0 2 5

0
4 . 0

0

8 . 6

950

900
1250
1  250

0 . 2 7

0 .  8 9
r . 2 6

22
t 2
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