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EXPERIMENTAL METHODS FOR STUDYING THE DIFFUSION OF RADIOACTIVE
GASES IN SOLIDS.
VIII. LONGITUDINAL-SECTION METHOD

I. N. Bekman, I. M. Buntseva, UDC 539.16.07:532.72:678.742
and A. A. Shvyryaev

The methodical details of the application of the longitudinal-section method in
combination with autoradiography to the study of the diffusion of radioactive
gases and vapors in solids have been considered. The diffusion parameters of
cyclohexane, carbon tetrachloride, and benzene labeled with carbon-l4 in low-
density polyethylene have been determined. Various mathematical models of the
diffusion of vapors in polymers, viz., classical diffusion, diffusion in the
presence of radioactive decay or a first-order chemical reaction, diffusion with
trapping, dissociative diffusion, and diffusion with concentration and coordinate
dependences of the diffusion coefficient, have been analyzed. A method for treat-
ing experimental data has been proposed. Concentration dependences of the dif-
fusion coefficient have been calculated from the distribution curves of the con-
centration across the thickness of the sample. It has been shown that the plasti-
cizing effect of the diffusates becomes stronger along the series: cyclohexane,
carbon tetrachloride, benzene. -

The longitudinal-section method has become widely used in the study of the migration of
impurities in solids. Its main advantage is the possibility of the direct monitoring of the
development of the diffusion process in the sample. Anomalies of various kinds associated
with the concentration, coordinate, and time dependence of the diffusion coefficient can be
detected and interpreted by just this method.

In the present communication we shall examine the features of the use of the longitudina
section method in combination with the autoradiographic monitoring of the distribution of an
impurity in a sample to study the migration of gaseous and vapor impurities labeled by a
radioactive isotope. The proposed methods were tested in the example case of the diffusion
of vapors of organic compounds, viz., cyclohexane, carbon tetrachloride, and benzene labeled
with carbon-14, in low-density polyethylene of type 102-03003. The samples were blocks with
a 10 x 10 mm cross section cut from a single plate, which was obtained by molding from a melt
The measurement of the diffusion coefficients of the labeled substance was carried out both
in the dry polymer and in the polymer preliminarily saturated with vapors of the same, but
inactive diffusate.

The apparatus (Fig. 1) consisted of a glass vessel, in whose central part were placed th
samples, and test tubes with the diffusate. The sorption vessel and the test tube were fictes
with their own thermostating jackets, which made it possible to study the diffusion of the
vapors at various partial pressures. The working temperature range was 20-150°C. As a rule,
the diffusion annealing was carried out in an atmosphere of saturated vapors of the diffusaté
The diffusion time corresponded to fulfillment of the conditions of a semi-infinite medium.
At the conclusion of an experiment, the samples were suddenly cooled in vapors of liquid nitr
gen. Then with the aid of a microtome, a section was cut from the sample in the direction ©
the passage of the diffusing substance. The total amount of absorbed radioactive impurity
was determined by an end-window B counter. The longitudinal sections were brought into con~
tact with a nuclear photographic emulsion. The exposure was carried out in a cooling chambef

Translated from Radiokhimiya, Vol., 25, No. 2, pp. 261-268, March-April, 1983. Original
article submitted April 20, 1982.
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Here D, and D2 are the diffusion coefficients along channels 1 and 2, respectivelys k, is the
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transition. Vhen there 1is local equ111br1um (k1 c? = koC D, Ci = L co = cY;

s T Ky (CIDyt CEDY) i ka (C3Ds. -+ C4D3)
"‘—’;[_ : xkz+D2k1 ] 2 [—_ Daky + Dika ]

When k, = 0 and k2 = 0, system (7) is transformed into expressions for par
along two independent channels.

allel diffusion

1f the diffusion coefficient 1is dependent on the concentration, the equation for Fick's

second law has the form (6]
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Fig. 4. plots of the concentration dependence of the diffusion
coefficient calculated from the concentration profile by the
Matano—Boltzmann method: 1) true concentration distribution;
11) corresponding concentration dependence of the diffusion cO~
efficient; 111) concentration distribution with the imposition
of a 3% statistical error (a) and after smoothing of the con~
centration curve by the spline method (33 1y) results of the
calculation of D(C) according t° the Matano-Boltzmann method.

where D = plcx)) = 1/B(x).

The problem of D(C) is closely related tO the problem of D(x). In fact, as Ve see from
Fig. 3» for a certain fynction p(C) we can always find a p(x) for which the concentration pro-
file will be exactly the same aS in the former case. It is impossible to distinguish these
rwo cases OO the basis of the data from one experiment. Experiments with different diffusing
rimes are usually carried out and the functions p(C) are formally calculated each time tO dis-
criminate between the models. 1f D(C) 1is not dependent OT the diffusion time, there is mno
coordinate dependence of the diffusion coefficient. (A depate On this question was presented
in (7] and [81¢)

From Fig. 3 it follows that the plots of C(x) will be convex for 2 descending D (x) and
an ascending p(c). We note that for the appearance of a flat area on the initial section ©O
the concentration profile it is necessary for the function p(C) to increase more rapidly
than & simple exponential function.

We carried out detailed calculations according to all the diffusion models considered
above. Lt was found that in the caseé of parallel diffusion there 1s @ possibility of the
appearance of concentration profiles characterized by the presence of deeply penetrating
Meails" (discontinuities are observed on the straight ines when they are plotted in the
linearized scale). Conversely, the presence of trapping results in narrowing of the concen~
tration profile. Convex curves appear only in the case of concentration and coordinate de-
endences of the diffusion coefficient, as well as in certain special cases of dissociative
diffusion (if local equilibrium is absent) - In our experiments the diffusion times were
sufficiently 1ong for local equilibrium to be established; therefore, the model of dissocia”
tive diffusion may be discarded. The functions D(C) calculated from the experimental data
recorded after various dif fusion times were ;dentical. Therefore, the coordinate dependence
of the diffusion coefficient may be neglected. Thus, the main reason for conveX concentrat:
the present case is the concentration dependencé of the diffusion coefficient:

sed on the aumerical colution of Eq. 8

An algorithm for treating the results can be ba
f the dif-

followed by the determination of the parameters of the concentration dependencé o
fusion coefficient. A shortcoming of such an approach is the & priori introduction of a ¢¢
crete dependencé for D(C) [as 2 rule, in the form of D = D(O)eBC], while the discovery of

dependence is the purpose of the work. Therefore, the treatment

carried out by the Matano~Boltzmann method [91. According to this method, in the case ©
diffusion coefficient at poin

fusion from a constant source 1into a semi—infinite body, the
Ccy oo the concentration distribution curve can be found from the formula
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Fig. 5. Distortion of the concentration distribution curve due

to the presence of a free path for the radiation in the case of
autoradiographic detection. 1) Distribution of the blackening
density from an infinitely thin source in polyethylene; 2) true
concentration distribution; 3) distorted concentration distribu—
tion curve.

Fig. 6.
the case of strong distortion (a
function): 1) response function;
tion; 3) distorted concentration
tained from reconstruction.

Reconstruction of a concentration distribution curve in
large width of the response

2) true concentration distribu-
distribution curve; 4) curve ob-

Then the problem of treating the results reduces to finding the derivative at the point Ci,
Cq

i.e., (3C/9x)c;, and the integral, i.e., 5 z(C)dC.
0

but it is necessary to deal with considerable difficulties in its practical realization.

The priﬂciple of the method is simple,

the selection of the spacing

1. Since the calculations include graphical integration,
with respect to the concentration and the integration method is a serious problem. The com-
putational operations are tedious and require the use of a high-speed computer. The accuracy
These dif-

of the determination of D, especially in the extreme composition regions, is low.
ficulties were thoroughly analyzed in [10]) and will not be considered here in detail.

2. While the integration process 1s a proper problem, the differentiation is classified
8 in improperly formulated problem in mathematical physics. In practice this means that the
solution becomes unstable in the presence of statistical errors. The difficulties which
arise in this case are illustrated in Fig. 4A, in which the results of model calculations have
been presented. During the simulation, D(C) was first assigned, and it was used to find the
profile of C(x), on which random errors of various magnitude were imposed. The testing of
the program according to the Matano—Boltzmann method on this "experimental" file showed that
the calculated values fluctuate strongly and that the dependence of D(C) obtained has practi-
cally nothing in common with the original. In order to overcome this difficulty, the photo-
Metric curve was subjected to smoothing by the spline method. The conditions of the program
¥ere finalized with the aid of mathematical simulation, Figure 4B shows that the proposed
Methods make it possible to find an adequate functional dependence for D(C).

3. The transition from the measured blackening density of the autoradiograph to the
Concentration profile presents a serious problem. In fact, the existence of a free path for
the radiation, the finite thickness of the sample and the photographic emulsion, and so forth,
Cause distortion of the shape of the concentration—distance curve. Figure 5 presents a theo-
Tetical distribution curve of a diffusing impurity in the case of the classical diffusion

Mechanism and the blackening-density curve which would be obtained by scanning a sample with

Such a concentration profile, if the diffusate was labeled with the '“C isotope and the sample

251




1
07 09

1 1 1 1 1
0.1 0.3 0.5
Concentration, rel, units
Fig. 7. Dependence of the diffusion coef-
ficient on the concentration of organic sol-

vents in polyethylene: 1) cyclohexane; 2)
carbon tetrachloride; 3) benzene.

was made from polyethylene. It is seen that the shape of the photometric curve does not cor-
respond to the shape of the curve for the concentration profile. For this reason we develope
a method for restoring the true form of the concentration profile based on the solution of a

Fredholm-type integral equation of the first kind

I= S C (8) K (z — E) dE, (11)

where I is the blackening density at a certain point, C(£) is the true concentration profile,
and K(x — &) is the kernel of the Fredholm equation. The function K(x — £) can be determined
experimentally, since it is equivalent to the photometric curve of an autoradiograph from an
infinitely thin layer of the isotope, which is embedded in a polymer block and oriented per-
pendicularly to the layer of the photographic emulsion. Equation (11) was solved according
to the program in [11]. Sufficiently good results on the reconstruction of photometric curve
were obtained in model examples with various error levels and widths of the kermel. It shoul
however, be noted that the proposed method works well only when the width of the concentratic
profile C(x) is several times greater than the width of the function K(x — &). In the cases
in which the width of the kernel is comparable to C{x), pulsations, which are impossible to
eliminate, appear in the solution (Fig. 6). Therefore, the diffusion time must be selected
sufficiently large for the effect just indicated to be suppressed. '

The treatment of the results of the experiment according to the longitudinal-section
method was carried out with the aid of a package of programs which are realized on computers
of the BESM-6 type. The package includes a program for smoothing with cubic splines, a pro-
gram for reconstructing the autoradiograph based on the solution of integral equations, pro-
grams for initial evaluation of the diffusion parameters (with the use of the linearization
method in [12]), and programs for the calculation of the concentration dependence of the dif-
fusion coefficient.

Figure 7 presents plots of the concentration dependence of the diffusion coefficient ca.
culated from experimental data for cyclohexane, carbon tetrachloride, and benzene in low-
density polyethylene. It was found that the dependence can be divided into three sections i1
all the systems studied: At low diffusate concentrations the diffusion coefficient is practi
cally constant; then, as the concentration is increased, an exponential increase in the dif-
fusion coefficient according to the law D = D(0)exp(BC) begins; and at a concentration
greater than 70% of the maximum concentration corresponding to the solubility of the partic-
ular diffusate in low-density polyethylene, a sharp increase in D begins. As a result, the
diffusion coefficient increases by 1.5-2 orders of magnitude. The value of D(0) increases
along the series cyclohexane, carbon tetrachloride, benzene, which is consistent with the
dimensions of these molecules. The relative increase is maximal for carbon tetrachloride, an
this attests to the strong plasticizing effect of this substance on low-density polyethylene.
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