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ABSTRACT

The migration of Ba, Xe, Zr and Cs atoms in pyrocarbon has been measured in the
range of temperature between 1200° C and 18009 C. The pyrocarbon samples were of
different types and origin and were characterized by X ray analysis. Rather large
variations of apparent diffusion constants have been measured for the examined fission
products among the various pyrocarbon types. No definite correlation has been found
between the diffusion constants and the structural parameters. It is suggested that revised
diffusion models and improved microstructural characterization are needed for a better
description of the atomic transport in pyrocarbon.
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1.

Introduction

The migration of fission products through protective car
bon coatings and their escape from fuel elements is an im-
portant process affecting the ultimate performance of High
Temperature Gas Cooled Reactors.

Many experimental studies have been performed regarding
the escape of some gaseous or solid fission products /1/ /2,
/3/ from graphite matrices in various forms (powders, com-
pacts); from the experimental results it appears that only
in few cases simple diffusion laws applied to the physical
configuration under consideration can describe the migration
process.

Fast and slow diffusion, trapping mechanisms, surface com
pound formation have been postulated to interpret the experi
mental results.

Furthermore there is scarce information about the depen-
dence of the measured diffusion properties upon the graphite
structure.

The situation is perhaps more complex when pyrolytic car-
bon (PyC) is considered. PyC coatings for fuel particles
must act as a barrier for fuel and fission product escape,
but this latter is a very complicated process within the
Ssevere operating conditions of a reactor core: neutron and
fission-fragment damage, fission gas pressure, microstructur
al changes due to temperature may cause the rupture of the
coating and the escape of the activity almost independently
of the diffusion properties of the coating material. For

this reason much work has been devoted to irradiation tests



in order to select among the wide variety of PyC structures
those ones which can withstand operating conditions without
ruptures.

The importance of the escape from intact coatings by dif
fusion is however now being increased by the successful de-
velopment of coating structures of high mechanical stability
and low contamination, but it is generally difficult to in-
terpret the above irradiation tests in terms of diffusion
properties. Furthermore some important parameters often havs
not been well defined (for instance the level and distribu-
tion of contamination of fissile elements within the coating,
or the PyC structure). '

Fxisting data on diffusion coefficients of fission products
in PyC are rather scarce /4/ /5/ /@7; by comparison with the
better known coefficients of actinide elements in PyC /7.//8/
/97 it may be expected that large variations may be found in
the diffusion properties, depending on some structural para-
meters which are however not well known; in particular it is
not well established if the same parameters which have reveal
ed useful for correlating mechanical properties changes (na-
mely: density, anisotropy, crystallite size and ¢ spacing)
are still apt to determine univoquely the diffusion behaviour
of PyC.

From the above considerations it seems useful for the pre-
diction of activity escape from fuels to investigate in more
detail the diffusion problem in PyC, having in mind that for a

complete description of the process one should determine:

-~ the physical law controlling the process



— the values of the constants which appear in the mathemat

ical model approaching such a physical law

— the structural parameters upon which the constantsare

dependent.

The present study is mainly concerned with the effect of
the structure of PyC on the diffusion of four representative
fission products: Xe, Ba, Zr, Cs perpendicular to the depo
sition planes.

The range of variations of the structural parameters has
been limited to those values which can be considered realistic

from the point of view of dimensional changes and ruptures,

namely:
- BAF 10/ : 1 + 1.3
~ Density : (1.5 + 2.0)g/cm>

o
- Crystallite size L : ~ (50 + 100) A

Two experimental techniques have been used. In the first
(applied to Xe, Zr, Ba) the initial condition is a step di-
stribution of fission fragments obtained by recoil., The
secohd technique makes use of a.constant potential source

and has been applied to Cs diffusion.



2. Experimental

2.1.

Specimens

The specimens used in this work are coming from three
different origins; in any case they have beén prepared
by coating in a fluidized bed graphite disks of dimensions
of about 0.7 mm thickness and 7 mm diameter,

The list of samples examined in the present study is
shown in Table I, together with the deposition conditions
and the structural parameters |

Samples \A) and (B) have been obtained from other labora
tories s samples S have been coated at SORIN,

The optical structure (Table I)is determined from the
appearance of the PyC when a metallographic specimen is ob

served under polarized light:
"Columnar" indicates a structure with large growth cones

- "Isotropic" indicates a structure without distinct grains

and not optically active, in accordance with the terminc-

logy of Bokros /11/

Some examples are given in Fig. 1

For the successful applicétion of the subsequent diffu-
sion measurements, the samples must possess some special
characteristics: sufficient PyC thickness, flat surfave,

absence of U contamination. Specimens S have been prepar



ed with special care in order to meet these requirements:
the supporting graphite disks were prepared with rounded
off edges which eliminate the growth of concave surfaces.
The contamination usually is coming from fuel particles
coated together with the disks; in our case during the
coating process the furnace contained particles with inert
(MOCZ) kernel and the contamination was avoided.
For the other samples activation analysis and micagraphs
revealed in some cases troublesome amounts of uranium: in
these cases solid fission product diffusion could not be per

formed.

2,2, Step initial distribution

The used techniques is thc same, with minor changes, as
described in a previous work /4/.

One face of the disk is worked with grind paper and dia
mond paste (0.1 pm) on a lapping plate until a flat surface
is obtained. The worked face is put in contact with a thin
U layer deposited on aluminum and the couple irradiated
with neutrons. Usually the U layer was of ~ 0.2 mg/cmz,
with 90% enrichment in U235: the deposition on Al was per
formed by electrolysis according to the procedure describ-

ed by Laul /i12/.

" Micagraph" is the name for a technique set up in this labo-
ratory for measuring. the distribution of fissile elements in
coatings; this technique makes use of the detection of the
fission fragment tracks in a foil of mica irradiated in con-
tact with a section of a specimen.



During irradiation about one half of the produced fis

sion fragments enter the PyC and produce a step distribu

tion for a depth equal to the range and a tail due to

straggling effects. The detailed shape of the distribu-

tion is given in Ref. 4.

After irradiation PyC and aluminum U target are sepa-

rated and their La140 activities measured with a vy spec-

trometer in standard conditions. The following informa-

tion is obtained:

The ratio T between the activity recoiled into the spe
cimen i and the activity recoiled in aluminum plus the
activity remained in the U layer. If the thickness of
the U layer is t, and R represents the range of the fis

sion fragment under consideration in uranium, then:

r 2R-t
2R+t
. 140 .. . .
Since r refers to Ba activity, in which case R = 10

mg/cm29 the value of r expected from the uranium weight
is ~0.99. Disks giving r values outside (0.96+1.00)
were not used for subsequent diffusion; lower values
would indicate thicker uranium layers (actually not uni
form deposits) and higher values inner PyC contamination:
in both cases the initial distribution would be different

from the expected curve.

The total amount of fission products within the PyC:
this is easily calculated from the counting rate C of the
peak at 1.6 MeV of La140 in known counting conditions.

The total amount of fission products, i.e. the number



of f.p, atoms within the PyC, is then given by:

C
N.F.P. — 2 EoF(t"c).'Y}\4
where:
g = detection efficiency
F(t,t) = time factor depending on irradiation time =

and decay time t
-nt
!

Nem N

Yy = fission yield for 140 masschain

N

A (A, t«<1, A_t >»1)

2 1 2

~5,8-10" 2
A, = decay constant of Bal?® _ 5,42°1072 q7!
Ay = decay constant of Lal%0 _ 0,415 4!

The mean concentration v (number of f.p.'s per unit PyC
volume)obtained during the experiments in the initial

distribution is:

Vo2 2°1017 f.p.'s/cma, corresponding to
about 1010-6(g of Zr, or?Ba, or Xe)/(g of PyC)
or 1-10—7(atoms of Zr, or Ba, or Xe)/atom of C.

The ratio riﬂw between the activity of each specimen i
and the activity of an aluminum uranium target taken as
monitor for all the specimens of a given irradiation.
Actually two or more monitors are used; one of them
consists of a small piece (about 1/10) of a target and
is used for the calibration of the xenon counter as ex

pPlained below.
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The subsequent experiments are different for xenon
and for solid fission products.

In the first case it is possible to determine the dif
fusion coefficient from the rate of escape as a function
of annealing time, whilst in the second case it is mneces
sary to measure the internal profile after diffusion in
addition to the escaped fraction.

The difference results clearly from the analytical de
scription of section 3, where the escape is dependent on

" 2 processes (evaporation and diffusion): in the case of
xenon the evaporation coefficient may be assumed infinite
and the escape is controlled only by the diffusion coeffi

cient.,

2.2.1. Isothermal diffusion anneal: xenon diffusion

Thié is performed in a furnace whose s8cheme is shown
in Fig. 2. A graphite crucible extending up to the top
of the furnace is heated by a graphite resistance. Elec
trical power is supplied by means of a control transfor
mer which maintains constant power and costant tempera-
ture (the heaf losses being constant) as was checked in
a series of tests: maximum temperature variations were
of £+ 5°C at 1.600°C. Helium gas, pfeviously purified in
a trap filled with molecular sieve and cooled with liquid
nitrogen, flows through small holes at the bottom of the
crucible and is sent to a charcoal trap cooled with liquid
nitrogen. Inside the crucibie the helium pressure is

about 1 cm Hg.



When the crucible is at the wanted temperature, as
determined with an optical pyrometer through a quartz
window, fhe specimen, which was previously inserted in
a glass tube ending over the crucible as shown in Fig. 2,
is moved by means of a magnet and drops in the crucible.
Since the mass of the specimen is very low, the specimen
attains in a very short time (less than 1 minute) the
crucible temperature and the starting time for diffusion
may be known with high precision.,

During the anneal the active gases escaping from the
sample are swept by the stream of helium and collected
in the charcoal trap.

A NaI(T1) crystal faced to the trap records the acti
vity as a function of time. The detector dimensions
(1" diameter, 3 mm thickness) and the electronic bias
are chosen for optimum counting of X9133 activity (ener
gy of vy emission 80 keV) in presence of the background,
and of the other gamma lines.

In order to convert the xenon counting rate Cxe(i) of
sample 1 1in released fraction, a calibration is neces-
sary.

This 1s performed by melting in the same furnace and
in the same measuring conditions an aluminum monitor M,
loaded with fission products having a total activity
about 1/10 of the total activity of the sample. When
the monitor is dropped in the crucible at temperatures
in excess to the Al melting point (~ 660°C), the Xenon
trap counting rate increases suddenly and attains in few

minutes its final value Cxe(M) indicating that (a) the
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transit time from emission to collection is very short
(less than 1 minute for reaching 90% of final value)
and (b) that all the Xe-activity has been released.

The fraction f of activity released from sample i
is then given by:

Cyoll) e*"[ti‘tm:l o1
CXe'Mj riﬂM

~\

f = (2.1)

ti-tM = decay time between diffusion of sample i and
melting of monitor M

1 133

A = 0.131 4~ (Xe decay constant).

A,

This procedure is not based on absolute calculations
but on relative measurements and therefore can give a
good accuracy.

Since accidental errors might arise from possible va
riations of the trap-detector geometry, this calibration
has been repeated every 3 or 4 diffusion runs, and in
addition after each diffusion or calibration the trap
was removed and its activity measured also with a lar-
ger detector in geometry conditions less dependent on
the above effects.

The analysis of the calibration runs shows that the
relative standard deviation of the whole procedure‘is
about 10%, and this may be assumed as the error in the

determination of f for xenon.
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Barium and zirconium

In this case, as well for other solid fission products
it is necessary to have a measurement of the internal
concentration profile after annealing and this requires
sectioning thin layers. The technique used is the fol-
lowing: +the specimen is pressed against emery paper sup
ported by a flat plane, and then uniformly moved for a
length of about 20 cm and at the same time slowly rotat-
ed.

Actually this abrasion is performed with the mechanic
al apparatus shown in Fig. 3: the paper strip is support
ed by a glass plate; the sample is pressed by means of a
piston whose axis is normal to the glass plate; elastic
rubber between the piston and the PyC disk assures fric-
tion and compensates small variations in the specimen
thickness; the pressure is applied by means of loads on
the piston and this is connected to a rigid frame moving
on wheels and motor driven; the slow rotation (1 revo-
lution/10 cm) is performed by hand. Typical working con
ditions are: 1load 0.4 Kg, paper 2/0, thickness removed
~10um in 20 cm. Prior and after any abrasion the sample
is weighed and its thickness measured with a micrometer
(sensitivity 1 pm) at 5 positions.

The paper strip is covered with adhesive tape and its
activity measured; if, after the activity measurement,
it appears that the thickness abraded is too large to
give a detailed shape of thé concentration profile, the
strip is cut in more sections, each one corresponding to

a thickness proportional to its length; +this assumption



has been verified with specimens with uniform activity
concentration (the initial distribution). |

Conventional spectrum stripping techniques have been
used to analyze y ray spectra for the determination of
the activity of various fission products. However since
the diffusion coefficients are quite different and the
thickness available is quite small, it is not possible
to have in a single specimen concentration profiles re
lative to more than one fission product with a shape
useful for subsequent interpretation.,

It was rather fortuitous that the annealing time used
for xenon gave a measurable diffusion of Zr, so that al-
most all the specimens already annealed for xenon were
also analyzed for zirconium. In the case of barium it
was necessary to repeat the diffusion anneals with much
shorter times (by a factor ~ 100). Other fission product
(for instance cerium) which were initially detected, were
not considered because their migration was intermediated
between Ba and Zr and would have required intermediate
annealing times. The problem of Yy ray spectra analysis
was therefore much reduced becausé in any specimen only'
a single activity was to be measured.

The details of the measurements are the following:

Barium
In the case of barium its daughter activity Lal4° is
measured. This procedure greatly simplified the . deter-
140

mination of Ba activity since the 1.6 MeV peak of La
is usually well resolved in a y spectrum of fission pro

ducts with decay time within 1 ¢« 2 months, but requires
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a walting time after the diffusion anneal in order to
restore the Ba-La equilibrium. The equilibrium condition
is determined by measuring the decay of the activity re-
maining in the specimen. It has been found that during
diffusion the escape of La is much lower than the escape
of Ba; 1in this case the true fraction fr of Ba remaining

in the sample is given by:

¥*
-At 1
£.= (£, o ) TS | (2.2)
1-e )
where:
fr m = measured fraction at time t after annealing
» -1
A = ALa - xBa = 0,36 d
and the equilibrium condition is given by:
* *
-At -2t
f o m®® (for instance £ m >100.0 ).

Some difficulties may arise during the Yy measurement
of the first PyC layers, because near the surface the
Ba concentration is usually much lower than that of the
other fission products and the peak at 1.6 MeV may be
masked by a background arising from the pile-up of inten
se y lines of lower energy. To avoid this background in
some cases the y detector was covered with a 6 mm lead
absorber which reduces the low energy radiation more than
the 1.6 MeV y linme.
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})

Zirconium

Zirconium is measured from the ¥y activity at 0.76 MeV;
actually in a NaI(Tl) spectrum the peak at this energy
is made of three components: 0.724 and 0.756 MeV from
Zr95 and 0.765 from its daughter Nh95. Therefore also
in the case of Zr it is necessary to wait for equilibrium
between Zr and Nb after annealing. Spectra taken with a
high resolution Ge/Li detector have permitted to verify
that under the used conditions (decay time greater than

6 months after annealing) the equilibrium was Teached.

2.3. Constant potential source

This technique is analogous to that described by Zumwalt
/5/: the disks are annealed inside a sealed tantalum cruci
134

(in the

form of cesium chloride). After annealing the edges of the

ble containing graphite powder tagged with Cs
disk are removed and the specimens are then processed as

described in the previous section to get internal profile

of cesium atoms diffused from the external constant source.

3. Models for diffusion and mathematical solutions

The diffusion in PyC is certainly a very complex phenomenon
and a full description would require a correspondingly compli-
cated model and mathematical computations which are outside
the scope of the present work. A reasonable procedure when

experimental data are to be interpreted is to adopt the simplest
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model which fits the results, and to determine the parameters
controlling the process according to the model.

In the following some migration and escape models are con-
sidered. For the first ("Diffusion and evaporation") mathe-
matical solutions relative to the geometry of the experiments
have been derived and used for the determination of the diffu
sion constants. It has been found that this model can describe
most of the data, although some discrepancies indicate that
also the effects listed in the other models play an important

role on the process,
a) Diffusion and evaporation

The movement of atoms inside the so0lid is assumed to
occurr according the classical diffusion law:

pc

2
st - D°Ve©

where ¢ 18 the concentration; the s0lid is thought homo
geneous but not necessarily isotropic and the only driving
force for atom movement is the concentration gradient. At
the surface the diffusing atoms may evaporate; since dur-
ing the experiment the concentration outside the specimen
is effectively zero, the appropriate boundary condition is:
DO-E-;--E'C
where x 1s the coordinate normal to the surface, and E
the evaporation coefficient. ,
In our case the PyC disk has been approximated to an in

finite slab., We consider firstly the case of an isotropic
solid.
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When an infinite half space (x >o0) is considered, with
the initial condition

c = c x< R for t=o0
cC =0 x >R for t=o0

the appropriate solutions are:

X+R

c x x-R
o, (x,t) = ert ichs 0.5 erf e Q.S oerf O

(3.1)

2 2
Fx+Ft x F(x+R)+F°7 x+R
+ e erfc(z,f—r + F{1)-e erfc(—\}-—2 - +F\{ 1)

e
F°r +FR
ESCAPED o R
t = StorTat = 1 - T r— oTfelgm +FVR)
- . (3.2)
2 F
1 R 2 ~R°/4+1, e
~-(1+ _FR).“f m + Vg (1-e )+ FR erfc(F\V <)

where F = %— o =Dt and £ is the escaped fraction.
If the evaporation coefficient is very large compared
to D the solutions are

c!x,t[ X x+R _ x-R
. orf L 0.5 erf e 0.5 erf e (3.3)

2V

2
f -5 (1-0~R 747)4 orfe ﬁ? (3.4)
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as can be verified by letting F tend to infinity in (3.1)
and (3.2), or more directly, using the boundary condition:

c(o,t) = O t>o0

When 1«1, the well known approximation of (3.4) is:

2\t

el 5

(3.5)
valid up to £<0.2,
As shown in the Appendix in some cases the solution (3.1)

can be approximated by:

2
-x" /41
9_%»}_1 - & .Q(x,t) (3.6)
o

where Q(x,t) is nearly constant.

This result simply reflects the fact that for deep Ppe-
netrations and long diffusion times, the step initial di-
stribution is equivalent to an instantaneous source(*).

The above solutions have been computed for a large ran
ge of values.

For xenon equation (3.5) can be directly applied to de
termine D from the slope of the measured fractional release
f versus Vt. A

For Zr (and Ba when f<« 1) the conditions for the vali-

dity of (3.6) can be usually met; the value of D can

(*)

The instantaneous source is defined by initial condition

C = c0 for t = o, x = 0.
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then easily be found from the slope of 1lnc versus xzo
In the other cases the experimental curve should be
fitted by a calculated one with the appropriate couple
of values of F and T, For selecting as a first approxi
mation this couple of values,the measured quantities f
and X are used; x is defined as the value of x at
which the integral of the concentration is one half the

initial wvalue:

X >0
jc(x,t)dx = %jc(x,t)dx o

o o

The values of f and X are easily measured; the lat
ter one is obtained from an integral curve in which the ac
tivity remaining in the sample after each abrasion is plot
ted against the thickness.

'~ Numerical values of X and f have been computed for
several values of v and F, obtaining the graph of Fig. 4.
From thesecurves, the x, f values give at once the F,

Z couple.
For the cesium experiment the initial and boundary con

ditions are:

In this case the solution is:

c X
- = erfc ET%% (3.7)

o
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b) Grain boundary diffusion

]

This problem has been considered by Fisher /13/,
Whipple /14/ and Suzuoka /15/ for an idealized case
in which the grain boundary is an infinite isotropic slab
parallel to the diffusion direction x.

The model has been modified for polycrystalline mate-
rials by Suzuoka and by Levine and Mac Cullum /16/.

Their solutions differ depending on the diffe-ent sim
plifying assumptions, but a relevant feature is that

6/5) for both cases

lnc (x,t) is proportional to x (or to x
of constant and instantaneous source. Physically the grain
boundary acts as a high diffusivity path along which the
concentration is nearly constant during much of the anneal,
and from which the solute is drained in the surrounding
grains, If the dimensions 1L of these latter are much
greater than the penetration distance inside the grain, i.
e. if L »Vﬁlz'where D,y

and t the annealing time, the physical configuration aﬁ—

is the lattice diffusion coefficient

proaches the assumptions in the above models. In this case
a graphical method and the Whipple solution can be used to
deduce from the experimental c(x,t) versus x curve the va

lues of D, and Dy (the grain boundary diffusion coefficient).

1l
This method is described in some detail since it has been
applied to some curves of Cs diffusion in the present work,

The concentration is expressed as follows:
clx,t) = ¢y + Cy

where:



- 24 -~

1 .
cl(x.t).g ¢, cerfc 3 V'I' (Lattice diffusiop) (3.8)

and
A 2
: 2x 1 x -3/2
cz(x.t) = comflexp(- 1 —tlc)w o .
) [exp.(-xz)/\[_n-x orfc x]do (3.9)
ﬁhere:

o = [(A;o)/(A-l)]*
B = Dg/Dy |

x = wio-1)/8

B = 2a(A-1)/(D1t)%

2a = grain boundary width.

Numerical values of the Cy solution show that Alg Cy =

6/5

= const. AX as outlined before; furthermore for deep

Penetration C, ™0 Therefore c, can be obtained as the
difference between the observed concentration c¢ for small

values of x .and the extrapolation of ¢, obtained as a

_ 1
straight line fitting the linear part of the lgc versus

x6/5 (or more simply and without appreciable error: ver-
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(

*
sus x )) in the specimen interior.
From c, and relationship (3.8) the D; value is calculat
ed. Then the product Dg

lationship given by Le Claire /17/:

*2a is obtained by solving the re-

d1gc
%g 575 = 0.72: g0+ 008
_E__)
V t

which gives:

D +%a = 1.15 o x~169p 0485  -0.515

g 2 1 (3.9)

where K = algcz/bx6/5.

In a polycrystalline material, if the grain size is not
much larger than'VﬁIf} the model seen above is no longer
valid.

In this case the diffusion along grain boundaries has
the effect to enhance the bulk migration. A similar effect

occurs when the dislocations inside a crystal are consider-

(*)

This can be easily verified. Suppose for instance that a
straight line y = y -K x2 is forced to fit the experimen-
tal points in the "x0" plot between x, and xy5. The ex
trapolated y values for X <Xy will depend on n and
the larger variations will be found at x = 0, 1.0, for y .
As a typical example y2/y1 = 0.1 and x = 4; in this
case y = 1.3 » x, forn = 1 and Yo = % 2 *Xyg for n = 1.2
with a difference of only 7%.
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ed and the following conclusion obtained by Hart ZEQ7
for this case can apply also to grain boundaries: the
process is described by the mathematical model seen in
the preceeding section for lattice diffusion, with the
diffusion coefficient given by:

D = 1)1(1-1.')\»1'-1)g (3.10)

where f 1is the fraction of solute atoms within the
boundary layer.

From the above discussion it is seen that if an ex-
perimental lgc versus x (or 16/5) curve is a straight
line, the diffusion proceeds via grain boundaries; if
however this is not observed, and the solution for lattice
diffusion fits tha data (for instance the linearity between
lg c and 12 for the instantaneous source), grain boundary
diffusion cannot be excluded unless the condition L>ﬂr513
is verified.

Trapping mechanism

A trapping model has been developed by Hurst 19/ and
Iwamoto /3/. Their assumptions are somewhat different
and the solutions refer to the release from slabs or cylin
ders with a uniform initial concentration.

Only qualitative comparison between the predicted and
measured xenon release from our specimens can be made at
this sfage of the work, since the initial and geometrical
conditions are somewhat differént from those assumed in the

model.
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d) Anisotropy effects

The simple diffusion model described above in a) was
developed for the isotropic case. When a body such as
PyC consisting of anisotropic cristallites tilted at dif
ferent angles is examined, one should consider the tensor
form of the diffusion coefficients and the orientation func
tion I(®) giving the density of basal planes normals per
unit solid angle at an angle € with the axis of sjrmmetryo

A detailed discussion of the anisotropy effect for dif
fusion in PyC is given in /7/ from which the following
Tesults are derived. The bulk diffusion coefficients D
and D,; in a direction parallel and perpendicuiar to the

deposition planes are given by:

D .
D, = Da°§ 1 - (1- 52)~(1-R)§ | (3.11)
a
A b \
D, =D, %1—% (1- D—Z)R§ (3.12)
where:

- Dc and Da are the coefficients of a single crystal in

< ¢> and < a> directiomn

- R = preferred orientation parameter /10/

/2 3
L I(®)sin"®d®

/2
f I(®)sin> do

o

which is related to the BAF by the relationship:
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BAF = 2(1-R)R‘1

From (3.11) and (3.12) the ratio D /QL is obtained:

7
1 2-R | '
%,/QL_ =3 = | : (3.13)
1
= 5 (BAF + 1)

in the hypothesis D < D_.

4. Results

4.1. Xenon

Annealing times for xenon were of the order of 6 hours
and some typical experimental curves giving the escaped frac
tion as a function of the square root of diffusion time are
plotted in Fig. 5.

These curves show two components: the first is the
familiar "burst" which has always been observed in these
experiments; the second is linear with {; as predicted by
eq.(3.5)., Therefore the slope of this component is used to
deduce a D value. .

The D and burst values fB are listed in Table II for each
examined sample.

The symbol "W" after the sample number means that the
face of the disk has been worked before irradiation as
described above in order to obtain a flat surface whilst in
the other cases the specimen has been irradiated as receiv-

ed. The xenon release depends on the state of the surface,



4.2,

- 29 -

as shown in Table II: for samples S38, A 1 and A 3

the release on worked disks is greater than that on"as
received" specimens and the opposite effect is observed for
sample S16.

Arrhenius plots of the diffusion constant are shown in
Figs. 6 and 7 and the resulting activation energies and
D, fitting the data D(T) = Do-e‘Q/RT are shown in Table II.

The error of Q is evaluated from the reproducibility of
data and should not exceed 15% for most of the specimens,
with a maximum value of 30% for S28 and S27. The much

greater exrror of Do is about a factor 10.

Barium and zirconium

Some experimental penetration profiles are given in
Figs. 8 and 9. The concentrations are normalized in such
a waw that the integral of the initial profile (dotted curve
in Fig. 9) is 1. The abscissa are the penetration distances
x or x/R where R is the range.

One may observe:
a) the release for barium is much higher than for zirconium.

b) The experimental data can be fitted by the calculated cur
ves (equation 31) except near the surface where an anoma-
lous high concentration is observed in some cases. The
behaviour of Fig. 9 is characteristic for all the speci-
mens: at low temperature there is an effective increase
at x = o with respect to the initial condition and at
higher temperatures (1800°C) the increase is not observed

or is very low,
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¢) The lgc versus x2 plot is in most cases a straight line

as predicted by eq.( 3. 6).

d) The D and E values calculated by the fitting procedures
described previously (lgec versus xz, X and f plot) are
generally in good agreement (within 20% in most cases),
but for anomalous curves of the type of that appearing
in Fig. 9 at 1600°C discrepancies as high as a factor 2
may be found. In any case the reported valuesare the

arithmetic mean of those obtained by the various methods.

Tables III and IV collect the relevant data (diffusion
time, f, D, E, Q) and Arrhenius plots of the diffusion coef
ficients are shown in Fig. 10 and 11. Fig. 10 gives also a
comparison between the barium data of the present work and
those of previous studies on well oriented PyC in directions
parallel and perpendicular to the deposition planes.

The error in Q are of the order of (10 + 30)% depending
on the sample and the error of D0 is at least one order of

magnitude.

Cesium

The cesium diffusion has been studied only at 1600°C
during a single annealing run of 100 hours. The concentra
tion of Cs in the powder surrounding the specimens was near
ly constant during the anneal (fv10—3g Cs/g C).

Some results are shown in Fig. 12. The following obser-

vations can be made:



a) the concentration c, at x = 0 is not the same for all

the samples, but varies from ~ 1°/ to ~ 0.1°9/

b) the concentration profiles cannot be fitted by eq.(3.7)
with a single exception of sample S 27, for which. an
apparent D = 6-10" 11 cmz/s is evaluated; in most cases
there is a nearly flat profile with an increase in the
first layer near the surface.

An analysis based on the grain boundary diffusion model

. . -13 cm?
yelds Dy (lattice diffusion constant) ~ 2°10 —— for

samples S 36 and B 1. The other curves do not permit an
alysis of the data, although, as observed before, a quali-

tative indication of the migration properties is obtained.
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S. Discussion

a)

b)

c)

5010

The exﬁerimental results of the present study show that:

In the range of investigated temperatures (1200°C to
1800°C) the concentration profiles or the release curves

are strongly dependent on the PyC type.

The diffusion behaviour cannot be fully described by a
simple diffusion/evaporation model based on Fick's law,

on the appropriate boundary conditions and applied to a
homogeneous material. Therefore the obtained D and E
values which fit the experimental data probably are not the
best physical properties to be correlated with structural

parameters,

In fact when the D values of different samples at specified
temperatures are compared, no definite correlation can be
found with the usual structural parameters (cl. density,

2

ch BAF) .

These points are discussed separately in more detail below.

Anomalies in the diffusion curves

For xenon it has been observed that at short times the
released fraction f has a burst which is usual in this type
of experiments. Several explanations have been given for
the burst occuring in the release from various matrices and the
common assumption is to considexr the burst as a surface effect;
the linear part of f versus VT therefore is characteristic

of diffusion within the matrix.



A different conclusion is obtained from the findings of
Yaijma and Iwamoto for Xe release from graphite. Using a
trap model and the assumption that Xe atoms can diffuse
rather easily within the laminar space in a graphite crystal,
these authors conclude that in a isothermal annealing the
transient initial fast release is characteristic of diffusion
and the following slow release is controlled by the escape froml
traps. v

This trap model apparently does not describe our results,
because it predicts a linear relationship of (1-f) versus lgt
at long times whilst in our case during the slow release f is
proportional to Yt. It must be considered that the geometrical
size of our specimens are much larger than those used by Iwamoto
and the released fraction are correspondingly lower. The model
cannot therefore be rejected because it is possible that the
release curve attains the predicted behaviour at longer times
{or higher release).

Another trap model developed by Hurst contains two adjust-
able parameters ‘(probability of trapping and of escape from the
traps) in addition to the D value. ‘

In this case it would be possible to find a set of parameters
fitting the release curves, but only higher releases could
provide a full confirmation of the theory.

The discrepancies between simple diffusion theory and expe;
riment for solid fission products are the high concentration ’
near the surface and the linearity of some profiles in a lgc
versus x plot.

At least two effects could explain this behaviour:

- the formation of a rather stable compound near the surface,

which might be decomposed at high temperature (see Fig. 9)
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- the grain bdoundary and lattice diffusion mechanism, which
is supported dDy some of the Cs results (also some Zr curves
might equally be fitted Dy a straight line in a lgc ver-

sus x or x2 plot).

Both effects are not unexpected since some reaction could
occur near the surface and grain boundary diffusion is usual
in polycristalline materials. Solubility effects on the con
frary should not affect the Zr and Ba curves because the con

centration is extremely low,

Correlation with structure

As said above any correlation of the results with the
structural parameters should be based on the true diffusion
constants (not the apparent values),

The diffusion mechanism in PyC is discussed in detail in
7 [87 /%7 for actinide elements and little can be added from
the present results to the conclusion that probably defects
existing at crystallite boundaries govern the transport of
solute atoms.

Some observations can however be made, based on the appa-
rent values reported in Sect. 4. .

A first observation concerns the comparison of the present
results with those of /4/ and /6/ which were obtained in
well oriented PyC.,

Table V collects the data measured at 1600°C for Ba and Xe.

It 18 clear that the effect of the preferred orientation is
much stronger than predicted by eq.(3.11)and(3.12l
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Similar conclusions have been reported by Evans /9/ and
it appears that the approach followed in Sect. 3.d is not
adequate to describe the anisotropy effects on atomic transport
in PyC.,

Excellent agreement is found between the activation energy
Q, of the present work and that from /6/ for Ba (and, in-
cidentally, between /4/ and /6/ for parallel diffusion). The
exception of the low density sample S 16 might be expiained
by some effect correlated with the porosity. This result is
somewhat surprising, because in a nearly isotropic PyC the tran
sport should occur mainly in the <a> direction of the crystal-
lites, and therefore the activation energy should be near the
value Q .

For Xe a similar comparison cannot be made, because the ac-
tivation energies of this work are spread in a rather wide range
of values.

The second observation concerns the density effect: only for
Ba and Cs there is some indication that lower density pyrocar-
bons have higher diffusion coefficients (Ba) or higher concen-
tration values (Cs), although a correlation may not be well es
tablished. A similar result has been found at this Laboratory

()

for uranium diffusion in PyC o

(*)

Unpublished results
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6. Conclusions

The conclusion of this work may be summarized as follows:

- nearly isotropic structures of pyrocarbon exhibit different

transport properties for Ba, Xe, Zr and Cs;

- 1if one is interested in "apparent” diffusion constants
which may fit the experimental data with a diffusion-evapo
ration model, use can be made of the following diffusion

coefficients:

Ba D ~(0.2+2)o10“8 cmz/s 14000°C
Xe D ~(0.1:3):10"1% cn¥s  14000cC
Zr n~(o.141)~1o‘9 cm2/s 1400°C
cs D >6°10"11 cm?/s 1600°C

- an advanced model for transport and release should incorporate
the description of compound formation at the surface, high
diffusivity paths, trapping; furthermore special experiments
should be designed to give a clear evidence of the different

effects:

~ structural characterizations should be extended to the study
of the defects which are presently believed to be the cause
for trapping or for enhanced diffusion, depending on the
foreign atom (for example: the microvoids distribution and

possibly their orientation).
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APPENDTIZX

Derivation of the simplified expression for the concentration
c(x.t).

According to the formalism developed in Sect. 3a the concen-

tration inside the specimen can be written as:

c/ey = ¢(x)-0.59(x+e)-0.5¢(x~e)+¥(x)-¥(x+¢)

where:
( ¢ (x) = erf E%f
) Fx F2 X
3 Y (x) = o =F ‘Eerfc(gv:-+Ff?)
|
"»\t_ =R

Expansion is series of ¢ (x) gives:

2

(¢ lx+e) = olx)+e’ (x)e+o" -25—,- + ccecooa
52

Lo (x-€) = w(X)—@°(X)E+¢"'§T — eeesenn

Inserting these values and those of a simllar expansion of

¥{x) in c/co. one obtains:
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The derivatives of ¢ and VY are:

o L x4 1
¢ T V=
" 1 e—x2/4'r 2x
¢ = Tw 1372

¥ = FY -¢°

For large values of the argument Y can be approximated by

2W 9—12/41:

~
Y(x) mx+2F+

which is certainly valid for

FVt>1 or x >2V<t &

—x2/4r

In this case the exponential e is common to all the terms

of the expansion and the concentration may be written as:
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If the first six derivatives of ¢ and ¥ are retained, Q assu-

mes the form:

6
0 = (k- 2V, (FR)"
= 'FVt~ x+2F7 T n!
~ 6
R (12 - S Z (rR)"
272372 ap. F 3 nf

and it can be shown that in most of the cases of interest in this
study Q slowly varying with respect to the exponential term so
that it may be considered constant.

The validity of this assumption has been furthermore verified

from the numerical solution of the exact equation.
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Description of PyC structures examined in this work
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TABLE I

Deposition Opt. Lc C%
Sample T?Tgi Struct. -(g/cm3) (x) (X) BAF
5 16 1800 I 1.55 69 3.45 |1
S 22 2200 C 2.09 123 3.43 1} 4.2C
S 27 2000 c 2.07 116 3.4311.15
S 28 1800 c 1.66 69 3.44 1 1.07
S 33 2000 I 1.83 99 3.41 1.C0?
S 35 2100 I 1.97 122 3.37 1 1.00
S 36 2200 I 2.02 122 3.39 ] 1.06
S 38 2C00 I 1.93 120 3.41 ] 1.00
Al - I 2.04 115 | 3.430 | 1.09%
A2 - I 2.10 139 | 3.427 | 1,20
A 3 -~ I 2.05 134 | 3.439 | 1.12
A G - I 1.80 | 100 | 3.437 | 1.05
5 - 1 1.56 68 | 3.444 | 1.10
6 - 1 2,08 147 | 3.433 | 1.30
A - I 1.98 103 | 3.430] 1.12
8 - I 2,05 134 { 3.427 | 1.3C
A9 - I 2,02 118 | 3.435 | 1.10
B 1 1900 1.81 94 3.42] 1.02
B 2 1350 1.98 33 3.491 1.08
= Propane; M = Methane: = Columnar; Isotropic;

= Mean density




TABLE

II

Yenon diffusion coefficient D, Do and activation energy Q.

T - 14008C T - 16000C T = 1800°C b
o
Sample
» T t, 101%p T t 1014p T ' 101%p | xeam1 om>
oC L 1 om2/s oC f onl/s oC % c-’/- mole s
s 16w | 1408 1 2.8 1610 0.5 6.8 | 1818 1 3.6 81 1-10°3
s 16 1608 1.38 | n
S 22w | 1400 0.47 | s.s 1810 o.08 | 4.7 81 1-1075
s 27w | 1400 0.49 | 110 1600 0.67 | 28 "1810 0.20 | 14 42 4-10°8
sww | 1410 0.06 | 0.4 1600 1.23 3.1 | 1830 1.5¢ | 4.1 100 1-10”2
1600 0.19 4.6 | 1830 0.49| 1.8
1830 1.70 | 3.1
s33w | 1408 1.23 | 11 1600 1.6 10 1820 2 5.3 5s 41077
1408 1.0 24 1810 3.7 4.4
S 35 VW 1410 1 8.5 1608 1.0 4.7 54 1-1077
ss6w | 1410 1.38 8.8 | 1610 2.1 13 78 2-1074
s3w | 1400 1.23 6.7 | 1608 1.2 10 1810 3.7 4 65 4-107°
S 38 1608 0.5 0.9
A1 1600 0.31 0.7 | 1800 0.7 0.6 94 3-107*
1605 0.47 0.3
1w 1605 1.7 2
2 1800 9.1 3
A 3 1600 0.46 1.4 | 1800 235 | 1 73 s-10"°
1605 0.80 0.8S
A 3w 1605 1.6 2.0
A 4 1600 0.23 5.9
A5 1800 1 0.5
A6 1800 6.3 1.1
A7 1800 1.5 2.0
A 8 1600 1 1.7
A 9 1600 0.54 0.48
B 1 1408 0.8 2.3 | 1620 0.6 2.4 | 1810 1.35 | 1.s 70 4-1078
B 2 1400 1.3 11 1606 1.5 7.2 | 1820 2.4 3.7 57 3-1077

T' = Tffective temperature during annealing.

4

Praction of activity released during the initial burst.




Barium diffusion (D) and evaporation (E) coefficients, D,

TABLE III

and activation energy Q.

D
n T = 16000C T = 1400°C T = 12000°C " °
Sample 5 3 B Kcal cm
hm) |y t {108 | 10| ¢ £ 100 |108]| ¢ |10/ 10 & | mote| s
(min) | (%) cmz/s em/s | (min) | (%) cmz/s cm/s | (min) | (%) cm2/s cm/s
S 16 14 5 17 10 0.4 41 34 20 1.3 170 4 43 2,5 44 10-2
20 24 22 1.3
S 28 13 12 60 2,3 1 20 27 3 1.6 70 10
S 33 12 20 65 17 6.8
S 35 11 12 66 1 0.8
S 36 11 12 67 3 1. 45 48 2 0.8 80 50
S 38 11 5 63 7.7 2.5 41 75 5 5.5 170 1 2 0.2 83 300
Al 11 45 |74 | 10 3
A3 11 45 87 4.7 7
B | 12 11 74 12,5 3.5 170 9 4,7 2.6 83 600
45 71 7.5 2.5
B 2 11 15 {4 3.3 [<€0,2

- SV -
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TABLE IV

(*)

Zirconium diffusion coefficient D, D0 and Q

D
D (cmz/s) Q o2
Sample Kcal cm
14000C 16000C 18000C mole s
S 16 1-10"10 4.10"10 60 1073
s 27 4.2-10" 11 5.3.10" 10 42 167"
S 28 2.9-10"10 |g.7.10710 31 10” ¢
2.2-10-10 | 5,5-10"10
s 33 7.3°10° |5.3.10719 |3.2-107° 60 1072
2.1:10-9
S 35 3.10™ 10
. - -
s 367 4.10~10 7:10~7
S 38 3010~ 10 7010710 31 1076
B 1 9.10~ 19 2.10"° 30 4.10~°
B 2 5.10"10 1.1-10~° 39 3.10~°
A 3 4010_9
(*) E values not reported; F/D < 10.

(r+)

than factor 2 error:

Irregular curves:

the D values are affected by a more

Q and Do have not been calculated.




TABLE V

1600°C for Ba and Xe -

Collection of the data measured at
Ba Xe
Reference Direction BAF D 0 0
cm2 Kcal cm2 Kcal
s mole s mole
4 7 ~ 10 2,7:10"° 43 10~ 10 10
7 0
4 ~ 30 1.1°107° 3.4210" ! -
Y/ - -
4 / N 60 101.10 4 501.10 9 -
6 7 Not reported v2°10—5 47 - -
-6
6 4 " . ~4°10 87 - -
. . vo1n=8 ' =13} _L(40-100)
This work 1 1+ 2 (1410)¢10"" | ~(80) | (0.143)°10 ~
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