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I ntroduct i  on

Near ly ' i so t rop ic  pyrocarbon depos i ted  in  f lu id -
ized beds has found important appl icat ion as a coat-
' ing on fue' l  part ic ' les for high-temperature gas-cooled
reactors [ ' l ] .  I t  has been known for more than a decade
tha t  the  d i rnens iona l  s tab i l i t y  o f  these coat in r ls
dur inq  fas t  neut ron  i r rad ia t ion  requ i res  an  in i t ja l1y' lovr preferred crystal ' l i te or ientat ion [2] .  0nly
recent ly has i t  been quant i tat ively shown by Kaae et.
a ' I .  [3]  that the required preferred or ientat ion is
indeed very low. The di f fJculty of rnaking¡ accurate
x-ray measurements of low preferred or ientat ion is
largely responsible for the ' long t ime lapse between
these developments. The use of opt ical  ref lect iv i ty
methods has a' l leviated this prob' len somewhat [4] .

A  h igh ly  sens i t i ve  op t ica l  method has  been under
deve lopment  a t  Genera l  A tomic  Co.  [5 ,6 ] .  Th is
approach involves the use of a ref lect ingt microscooe
wi th  be th  a  po la r izer  and an  ana lyzer  ( i .e .  a  m ' ic ro ' -
polar imeter).  Recent ly this method was modif ied which
resu' l ted in a more pract ical  and more powerful  micro-
po la r imeter  [ f ] .  Th is  dev iue  is  opera ted  in  a  rnanner
ana' logous to synchronously rotat ing the polar izer and
the analyzer,  and is referred to as a synchronous
micropolar imeter (SMP). At the same t i rne, General
A tomic  has  been opera t ing  a  dev ice  wh ich  is  essent ia l -' ly a dup' l icate of the instrument descr ibed in Ref.  4.
This microscope is used to measure ref lected inten.
s i t ies  as  a  func t ion  o f  the  po la r iza t ion  d i rec t ion  o f
normal ' ly incident ' l  ight,  and is referred to as a
polar iz ing microref ' lectometer (PMR). The sub. ject of
this report  is a comparison of preferred or ientat ion
measurements obtained from the Sl"lP and the Pl'lR.

Experimental

The methods used to deposit  pyrocarbon in f ' lu id-
ized beds have been described previously [8] .  The
carbons were deposited onto smal ' l  graphite discs
which were ' incorporated into the f ' lu idized bed. The
source gas was propy' lene, and the deposit ion tempera-
tu re  ranged f ro rn '13000 to '15000C.  (A l though depos i -
t ion temperature remained essent ial ly constant through-
out  each ind iv jdua l  coa t ing  run . )  Depos i t ion  con-
di t ions were control ' led so that several  deposits
were produced at widely di f ferent coat inq rates,
bu t  w i th  essent ia ' l1y  cons tan t  dens i t ies .  Sample
series of this nature ¡ ,ere prepared at s ix di f ferent
dens i t ies  (see resu l ts  be low) .  The depos i ts  b ,e re  re -
moved from the graphite substrates and mounted in
polyvinylchlor ide. They vrere then sect ioned perpen-
d icu ' la r  to  the  p lane o f  the  subs t ra te  and mechan ica l l y
po l  i shed.  F ina ' l  po l  i sh ing  was done us ' inq  0 .05um
a' lumina on  an  au tomat ic  po l i sh ing  mach ine .

The Sl ' lP ernploys a He-l ' le laser for a l ight source
and the test region on the sample surface was 2' lprn in
diameter.  The PMR uses a white ' l iqht source and the
test region was 24um in diarneter.  The sample surface
was in i rnmersion oi ' l  in both instruments. Local
incl inat ions of the samp' le surface are corrected in
the Sl ' lP by t i ' l t ing the sample. This .capabi l  i ty is not
ava i lab ' le  in  the  PMR.  Each tes t  reg ion  was ident i f ied
with f iducia' l  marks. Using these marks, measurements' in the two instruments were obtained from essent ial ly
the same test regions. Opt ical  anisotropy rreasure-

ments from each instrument are transformed to prefer-
red or ientat ion in terms of the Bacon Anisotropy
factor (BAF). BAF is unity for uni formly distr ibuted
crys ta l ' l i tes  and increases  w i thout ' l im j t  as  the
crysta' l  l i tes apnroach para' l  le ' l  a l lqnment.

Re sul ts and Di sg¡ssion

Measurements were made at six test reqions on
each of 33 disc samples. The resu' l ts f rom the SMP
are  shoum in  F iq .  1 .  A t  a  g iven dens i ty ,  BAF fa ' l ' l s
o f f  rap id ly  w i th  inc reas ing  coat ing  ra te  in i t ia ' l ' l y ,
and chanqes very slowly at high coat inq rates. For
constant coat incl  rate, BAF increases w' i th increasing
density,  and appears to be comparat ively sensit ive
to  dens i ty  a t  h igh  dens i ty  va lues .

The results from the PMR fel ' l  in ahout the same
range and exhibi ted a simi lar dependence upon coat ing
raté, but a clear systematic var: iat ion with density 

'

could not be resolved. Thr 's comparat ive character-
ist ic of  the two r 'nstruments aoparent ' ly ar ises from
the irnproved sensit iv i ty of the Sl lP. The hiqher
sensitivit-v of the Sl'lP is demonstrated in the two
opt ical  micrographs in Fig. 2.  These are microoraphs
of the sane pyrocarbon coated fuel  nart ic le.  A
po l ished meta l logranh ic  sec t ion  th rough the  midpo in t
of the part lc le is viewed in ref ' lect ion usino
horl 'zontal ly polar ized I ight at  norrnal incidence.
t^ l i thout an analyzer,  a sl ight ly higher ref lected
intensity is observed at the top and bottom posit lons
o n  t h e  c o a t i n g  ( i . e .  1 2 r 0 0  o ' c l o c k  a n d  6 : 0 0  o ' c l o c k
pos i t ions)  as  comoared to  the  in tens i t ies  a t  the  r Ígh t -
most  and le f t -most  pos i t ions  ( i .e .  3 :00  o 'c ' lock  and
9:00  o 'c lock  nos i t ions) .  Th is  var ia tJon wh ich  cor -
responds to the siqnal detected by the Pt"lR, is very
subt le and di f f icul t  to resolve even though the
preferred or lentat lon of this pyrocarbon is more
than an order of maqnitude beyond the ranqe of interest.

However when an analyzer ls inserted into the
re f lec ted  ' l i gh t  w i th  ver t i c le  t ransmiss ion  ax is ,  a
pronounced variat ion in intensity is observed at
di f ferent posi t ions alonq the circumference of the
coat ing. I f  ref lect ion from the samp' le surface does
not cause the plane of po' lar izat ion to shi f t  f rom i ts
or ig ina l  hor izon ta ' l  d i rec t ion ,  then the  ana lyzer  w i l l
absorb the l ight.  This condit ion occurs at four
posit ' ions on the pyrocarbon coat ing, causing dark
bands a t  the ' l  2 :00  o 'c ' l  ock  pos i t ion  and a t  90  deqree
intervals from that posi t io i l .  At interrnediate poi i -
t ions ,  a  ro ta t ion  o f  the  po ]ar iza t ion  d i rec t ion  a l lows
a component of the ref lected l ight to be transmit ted
by the analyzer.  This rotat ion is direct ly related
to the var iat ion in ref lectgd intensity observed
with only a po' lar izer [9] ,  ánd the net effect is that
the ana'lyzer has provided a pronounced improvement in
sens i  t i  v i  ty.

BAF measurements from the two instruments were
corre' lated usinq three uleast-squaresu crJter ia.  The' l ine  Y=a+bX was f i t  to  the  da ta  X i ,  Y i ,  where  X i  i s .
the value of (BAF-' | )  f rom the SMP, and V;.  is thé va' lue
of (BAF-' | )  f rom the PRM, each from the i tn test reqion.
The parameters "a" and "b" were chosen so as to ml¡-
imize rd.¡z where d¡ is the distance between the i th
d a t a  p o i n t  ( X i ,  Y i )  a n d  t h e l i n e  f i t  t o  t h e  d a t a .
The path over-which d¡ was obtained was determined by
the  leas t -squares  c r i te r ion :  fo r  c r i te r ion  l ,  the
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pa th  was  pa ra l1e l  t o  t he  Y -ax i s ,  f o r  c r i t e r i on  2 ,  t he
pa th  was  pa ra l l e l  t o  t he  X -ax i s ,  and  fo r  c r i t e r i on  3 ,
t he  pa th  was  pe rpend i cu ' l a r  t o  t he  l i ne  be ing  f i t  t o
the  da ta  ( i . e .  f o r  c r i t e r i on  3 ,  d ;  wáS  the  sho r tes t
d i s tance  be tween  the  po in t  and  thé  l i ne ) .  The  resu ' l t s
a re  shown  i n  Tab le  l .  I n  each  c r i t e r i on  t he  co r re -
l a t i on  coe f f i c i en t  was  0 .87  +  0 ,02 ,  bu t  t he  va r i a t i on
in  t he  pa rame te rs  "a "  and  ubu  acco rd ing  to  t he  c r i t e -
r i on  m iqh t  be  a  be t te r  i nd i ca t i on  o f  how  we ] l  t he
r e l a t i o n s h i p  i s  k n o w n .

Cr i ter ia  for  choosing between the three 
' l ines

are not  complete ly  c ' l  ear .  l , ihen X is  wel ' l  known and
sca t te r  i s  a t t r i bu ted  on l y  t o  Y ,  t hen  c r i t e r i on  l
j s  chosen ,  ( v i se  ve rsa ,  t hen  c r i t e r i on  2  i s  accpe ted ) .
Bu t  when  sca t te r  i s  equa ' l 1y  a t t r i bu tab ' l e  t o  X  and  Y ,
then  c r i t e r i on  3  shou ld  be  chosen .  Ve ry  

' l i t t ' l e  
s ta -

t i s t i ca l  i n fo rma t i on  i s  ava i ' l ab le  f o r  nak inq  a  cho i ce .
l lowever,  there is  a physica1 basis  for  expect ing
BAFp¡4p:  BAF5¡1p,  and s ince the th i rd cr i ter ion y ie ' lds
nea r l y  un i t  s l ope ,  i t  i s  t he  recommended  cho i ce .
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pyrocarbon coat lng on a fuel
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of  an ana' lyzer  on the opt ica l
s i g n a l .
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