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ABSTRACT

Measurements have been made to establish the rates of diffusion pro­
cesses in graphite. Pore diffusion has been determined from flow rates of 
various gases through graphite samples. The gross diffusion of fission frag­
ments from, neutron-irradiated, uranium impregnated graphite haa been measured 
at various temperatures up to 1760® C. In addition, the diffusion of the 
particular fragments, Ba^^ and Sr^ were measured. Activation energies for 
the fission flragment diffusion were determined. The fraction of fission 
fragments penetrating the graphite crystals as a result of the neutron irra­
diation was measured as a function of the density of uranium impregnation.
By leaching the graphite subsequent to irradiation, the uranium fuel particles 
were removed and diffusion studies were carried out on the residue of the 
graphite crystals containing fission fragments. Data obtained in this way 
made it possible to separate the effect of diffusion from the fuel particles 
and from the graphite crystals as measured in the earlier gross diffusion 
studies

This report is based on studies conducted for the Atomic Energy Com­
mission under Contract AT-ll-l-GEN-8.
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1. INTRQDPCTiaff

A study of diffusion processes in uranium impregnated graphite has 
been undertaken to answer various questions arising in instances where this 
material is used in reactor construction. Radiation damage effects are known 
to be produced as a result of the high energy neutron flux in such a reactor.
In addition, if uranium fuel peirticles are located in the close vicinity of 
the graphite crystals, radiation damage rates will be increased due to the 
effect of fission fragments. The present studies have given some estimate 
of the amount of fission fragment penetration within the graphite crystals 
which might be expected during operation of an actual reactor utilizing ura­
nium impregnated graphite. Another question pertinent to the use of such a 
reactor is the ability of the fission fragments to diffuse out of the graphite- 
uranium matrix. The effect of this on an operating reactor depends upon the
type of construction employed. In a unit where the fission fragments can
diffuse into the coolant stream and be carried off, several points must be
considered. The radioactivity level of the coolant stream would be in­
creased by this process. The fission freigments acting as reactor poisons 
would be removed to a degree, depending upon the frequency of coolant re­
circulation, if recirculation is employed at all. Also, if the diffusion to 
the coolant stream is sufficiently rapid, the fission fragments releasing 
delayed neutrons will be swept from the active core and consequently produce 
a pronounced effect upon the reactor control. It is expected that such effects 
can only be significant in viranium-impregnated reactors operating at rela­
tively high temperatures. Such units have been suggested^ and have many 
attractive features from the standpoint of power production.

If we could examine the structure of uraniumr-impregnated AGOT type 
graphite in detail we would expect to find an agglomeration of irregular par­
ticles, each having a "deck of cards" type of structure with each layer (or 
crystallite) of the "stack" composed of several planes of atoms having a 
well ordered arrangement. Ref. 2 gives the height of the "stack" to be of 
the order of 150 £ and each layer to be about 50 £ thick. In directions 
parallel to the planes of the crystallites the stack is approximately 1000 S. 
in extent. Voids or pores amounting to 25 to 30 per cent of the total volume 
are distributed through the mass of graphite particles. For AGOT type gra­
phites the average size of the pores is about 5 microns. Many pores are much

V-'
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larger than 5 microns and may even appear as cracks and pits in the sTxrface. In
the experiments described in this report, the pores are partially filled with3tnranium oxide particles having average dimensions of the order of 1 micron.

Graphite is impregnated vdLth uraninm by forcing an aqueous vtranyl 
nitrate solution into the graphite under pressure. The uranyl nitrate is coiv- 
verted to UO^ by heating gradually to 250° C. The UO^ is then converted to TTOg 
by heating to 900<* 0 in an inert atmos|dierê  If heating is continued to higher
temperatures, the carbide UG^ is eventually formed. AGOT types can be impreg-

3nated with as much as perhaps 0.6 gram of uranium per em.-'̂ of graphite. A3reactor might require about 0.01 gram per cm .
When fission occurs, the uranium atoms divide into energetic fragments.

98 per cent of \diich have masses between BA and 150,^^ and which have energies
from 60 to 100 Mev. Such particles should have ranges of about 10 to 17 microns 
in graphite^ and about 5 microns in uranium oxide. It appears that a large 
fraction of the fission fragments will have sufficient energy to leave the 
uranium oxide and enter the graphite to depths up to 17 microns. The fraction 
of fission fragments which enter the graphite might be expected to vary with 
the density of impregnation.

If the impregnated graphite is at a high temperature we might e:q)ect 
to observe three distinct processes of diffusion: diffusion of fission frag­
ments to the surface of the fuel particles (toranium oxide or uranium carbide); 
diffusion of fission fragments from the graphite psurticles; and gaseous dif­
fusion through the pores following evaporation from the surfaces of the fuel or 
graphite particles. One might expect that gaseotis diffusion would be extremely 
rapid compared to diffusion through solids, and as a result, the size of the 
block of graphite would have only a small effect on the rate of diffusion.

With these ideas in mind, we planned a program of small-scale experi­
ments on diffusion of fission fragments through AGOT-KC graphite, impregnated 
with normal uremium. Without employing extremely large scale operations (conf>
structing an impregnated reactor, etc.) the quantity of fission products which

13could be produced for these experiments was so small (perhaps 10 atoms) that 
it could be measured only by its radioactivity. Therefore, we are concerned 
only with those fission fragments which have sufficient activity to be readily 
detected. The experiments fall into five groups, to determine:

• • •» • •
• • • •
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1. This rate of diffusion of gases through pores of graphite.
2. The diffusion of total activity (activity of all fission 

ft*agments as a group) from U»impregnated graphite as a 
function of temperature and heating time.

3. The diffusion of individual elements from U-impregnated 
graphite as a function of temperature and heating time.

4.. The diffusion of activity froih the graphite crystallites 
as a function of temperature and heating time.

5. The fraction of fission fragments in the graphite as a 
function of the density of impregnation,

II. DIFFUSION OF GASES THROaGH GRAPHITE PCRES

We have supposed that gaseous diffusion through the pores of graphite 
at high temperatures would be very rapid conqjared to diffusion through the 
lattice or along grain boundries. We conducted a few simple experiments to 
establish the order of magnitude of this pore diffusion.

The theory of gaseous diffusion through porous media has been the 
subject of numerous investigations and appears to be well in hand. A brief dis-5cussion of pore diffusion is given by Schwertz, whose notation we use. The 
quantity, Q, of gas in volume units at standard temperature and pressure, which 
flows through a porous plug in time, t, with a pressure drop, A p  = across
the plug is given by

Q = F A  Pt
or

Q = - g  = p A p .

where F is the specific flow rate, measured in volume units at standard condi­
tions.

Schwertz shows that F is a linear function of the mean pressure,
Pi+Pj
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vhere € is the porosit7, the ratio of the volume of pores to the
volume of the porous object

A is the cross sectional area of the body
T and P are standard temperature and pressure o o

S is the surface area per unit volume 
fjt, is the viscosity 
L is the length of the porous body 
T is the absolute temperature of the gas
Z is a funtion of pore shape and of the fraction of gas mole­

cules idiich are diffusively reflected from the pore walls
M is the molecular weight of the gas

If the mean free path of the gas molecTiles is small compared to the average 
pore diameter, the secoiid term in the above equation may be neglected, that is

P = aP 
01

The apparatus shown in Fig* 1 was set up for measuring the rate of 
flow of gases through graphite. The porous plug was a graphite cylinder sealed 
into a PTrex tube by heating the tube aisd paddling the hot glass agcdnst the 
graphite with a carbon tool while the assembly rotated in a glass lathe. This 
procedure produced an excellent mechanical seal; the glass appeared to wet the 
grai^te. A mercury manometer was attached at each side of the graphite plug.
Gas from a tank was admitted at one end of the plug through a stopcock. A 
vacuum pump was used to remove the gas at the other end of the plug and make 
P^ approximately zero for ease of computation. The exhaust from the vacuum 
pump was trapped over water in a volumetric flask.

The gas was collected in each measurement until the water level was 
the same inside and outside the flask. At that point the total pressure in 
the flask was the sum of the partial pressure of the gas plus the partial pres­
sure of the water vapor and was equal to the barometric pressure P̂ . The par-cL
tied pressure of the water vapor should be about equal to the vapor pressure P^

i*; i:* : • i ; K’ ^  A VlVrM/H^^
• • •  • •  • • •  • • •  • •  • •  Cl-- C-''
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of water at the water temperature, in this case approximately 20<> G.

P = P -P g a w

Since P. is very nearly 76 centimeters of Hg and P„ is 1,7 centimeters of Hg 6(at 20° C) , P is eqtial to P within 2,5. per cent. Since the collecting flask 6 a
has a slender neck a small error in the height of the water column will result 
in only a very small error in volume. For this reason, we could neglect the 
water vapor pressure.

F is found from the relation

^ ” tAp »
where Q is corrected to standard conditions.

With this equipment a series of measurements of F as a function of Pm
were made for helium, nitrogen and hydrogen diffusion through AGOT-KC graphite 
parallel to the direction of extrusion. The data from these measurements is 
plotted in Fig. 2. Table I gives values of a and P  from Fig. 2.

TABLE I

Gas a P

»̂ 2 1 , 4.6 X  10" ^  c ffl^ /m in  X  (cm  o f  Hg)^ 0.75 X  lO ” ^  cffli^ /m in x  cm o f  Hg
He 1,35 X  10" ^  C B ^ /m in  x  (cm  o f  Hg)^ 1.76 X  10” ^  o a ^ /m in  x  cm o f  Hg

«2 2,97 X  10” ^  e m ^ /m in  x  (cm  o f  Hg)^ 2.11 X  10 cm /m i n  x cm o f  Hjg

According to Eq. (1) the values of a for different gases should be 
inversly proportional to their viscosities; that is

“ 2 = -pi- ...( 2 )

If we use the value of a for He frcmi our data we can compute a for and

• • 
• • ••
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utilizing the following values for viseosity^

jx ~ 198 oicropoises for He at 20<> C 
fjL - 90*0 nicropoises for at 20<> C 
/X = 176 micropoises for at 20® C

Substituting these values in Eq. (2) we find

Hg = 2*97 X 10”^ emî /nin x (cm of Hg)^
Ng = 1,52 X 10“^ eoP/min x (cm of Hg)^

The agreement of the above values of a for ^  and Ng with the value mea­
sured directly is encouraging.

This data can be Tised to compute a for other gases> provided that
the viscosity of the gas is known. If the viscosity is not known it can be

7 8coĵ puted from the following well known relations: ’

iOT X
= “ 3 

X = — 4 -----
7T no* f<f2 

p - n m

where - _ average velocity of the molecules^ cm/sec
X = mean f^ee path, cm «3n =: number of molecules per unit volume, cm 
cr = molecular diameter, cm 
m B mass of molecule, gm

Combining these relations, we find

^   ̂ ^  X 10^ poises ...(3)

; • I ; t : ^  O  (; . ^
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for the particular piece of graphite \riiich we used to measure F. Since we 
have extrapolated ourselves bgr our bootstraps this far> ve might as well 
assume that Z is a constant in Eq* (1), although this is probably not a very 
good approximation over a wide range of temperatiires. Then we can calculate 
P  since

C

C can be found from

Ba

Re

and so

Then

He
V 2

“l^l

^Ba ■ fsjx ^ a r O  ” cmVinin x cm of Hg.

We are now in a position to estimate the specific flow rate of barium 
vapor through our graphite sample* Suppose ~ ^ might for a
short time, if a graphite sample containing barium were suddenly heated to 
l500<’ C in a vacuum, and suppose that - 0, then = 0.5 mm and P^ = 1 mm. 
The rate of gas flow is

Q = (flfRtt+yS) A p
= (8*8 X 10"^ X 5 X 10“^ + 1̂ 22 x lO"^)
= 1*22 X  10**̂  cn^/min, the voltime of gas being measured

at standard temperature and pressure* This volume corresponds to 7*5 x lO"^ grams 
per minute or 3*3 x 10^^ atoms per minute* This number is very approximate, but
it represents a rate which is at least 10^ times as great as we might expect for
diffusion of barium through graphite* Therefore, it seems safe to assume that 
the pore diffusion time is very small and can be neglected compared to the time 
for diffusion through solids*

\3
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III. DIFFUSION OF TOTAL ACTIVITY

To provide material for parts 1, 2 and 3 of the program outlined in 
the introduction, a block of AGOT-KC graphite approximately 2 inches ty 2 in­
ches ty 1-1 /8 inches with the extrusion axis parallel to the 1-1 /8 inch edge 
was impregnated with uranium oxide to an average density of 0.3 grams of lura- 
nium per cubic centimeter of graphite. The density of impregnation was made 
large so that a short irradiation wotild produce enough fissions for easy 
measvu*ement. The density of impregnation was found to vary considerably from 
one part of the block to another.

Cylindrical samples l/4 inch in diameter ty 1-1/8 inches long with the 
axis of the cylinder parallel to the extrusion axis were cut from the impreg­
nated block. These samples were packed in an aluminum holder and sent to 
Los Alamos where they received 4-00 kilowatt hours of irradiation in the thermal 
colimm of the Fast Reactor, after which they vrere returned to us.

A simple vacuixm furnace was constructed which consisted of a crucible 
supported on three txmgsten rods and surrounded by a water cooled induction 
heating coil, the whole assembly being in a bell jar with copper to glass seals 
in one end for the RF leads. Radio frequency power was supplied to the heat­
ing coil by a 450 kilocycle, 3 /4 kilowatt induction heater.

Two samples were heated in this furnace, the first for 17 minutes at 
1200° C, the second for one hour at 1170® C. An optical pyrometer was used for 
temperature measurements. It was difficult to adjust the induction heater to 
a desired temperature, although the temperature was stable within + 5*̂ C at 
any particular adjustment.

The activity of the two heated samples was compared with two unheated 
samples in the following manner. The graphite was broken up electrolytically 
in hot concentrated nitric acid. It was then separated from the solution by 
filtering, after which it was dried in an oven at 120® C. The dried grajMte 
was spread on a 1-inch watch glass and counted with a geiger counter. An ali­
quot of the solution was evaporated on a 1-inch watch glass and counted. The 
data fjrom this counting were correlated with the weights of the samples before 
heating and the aliquot used, etc. The resulting data were disappointing in 
that the solution from the heated samples had more activity than that frcm the 
unheated ones. It was decided to cut the next s^ple in two and
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unheated to try to get reasonable agreement between the heated and unheated 
samples) with the idea that the dlscrepanpy was dvie to differences in the 
density of Impregnation from sample to sample.

Due to the difficulty in setting the induction heater to the desired 
temperature, we decided to seal the samples in evacuated vycor tubes and use 
a tube furnace for the 1200° C measurements. Accordingly, a sample was cut 
into halves, of which one was kept as a control and the other was placed in 
a vycor capsule which was evacuated and sealed. The capsule was placed in a 
tube furnace and heated for 34 hours at 1200° C. When the capsule was removed 
from the furnace it was found to have swelled to approximately twice its 
original volume. Evidently the uranium oxide in the sample was converted to 
uranium carbide and the liberated oxygen combined with the graphite to form 
carbon monoxide (carbon dioxide would be unlikely at 12(X)o at high pressure.

The pressure of the liberated carbon monoxide can be estimated as
3folJLows, The volume of the sample was approximately 0.5 cm , that of the vycor

3tube was about 20 cm , and the density of impregnation was 0.3 gram of uranium 
per cubic centimeter of graphite. Assuming that the uranium was present as TTOg 
we have = 0*55 x 10“  ̂mole of UO^ = 1.1 x 10“^ mole of CO. Then if
n is the number of moles, R the gas constant; T the temperature; and V the 
volume of the vycor tube, the pressure of GO, Pqq» at 1200° G is ^GO “ “
l,2_x 10 82.1 X 1473 _ y atmospheres.

After heating, this sample was treated and counted in the same manner 
as before. The data from the residues and solutions of the heated half compared 
to those of the unheated half indicated that 27.5 per cent of the original total 
activity had diffused out of the heated sample.

The next sample was cut in several pieces, foiir of which were sealed in 
evacuated vycor capsules ard heated in the tube furnace at 1200° G for 7-1/2 hours 
17 hours, 24-I/2  hours, and 46 hours. After heating, the samples were placed in 
platinum boats and burned in oxygen in a tube furnace at 800<> G to remove the gra­
phite and eliminate the need for making a correction for self-absorption when 
measuring the activity of the samples. The unbumed residue was then dissolved 
in concentrated nitric acid and evaporated on a watchglass for counting. This 
technique had been tested previously with known quantities of material and fotnad 
to be very reliable. These samples gave the foUoidng data:
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TABLE II

Heating Time 
hoxirs

Per Gent of Activity Lost

7-1/2 21.5
17 7.5
24-1/2 32.2

46 15.5

The above data show more scatter than one would like.
It was realized that the high carbon monoxide pressure in the vycor cap­

sules might have a profound effect on the rate of gaseous diffusion from the 
graphite and that the heating should be done in a vacuum furnace. The tube fur­
nace has the further disadvantage that its highest temperatiire is about 1500° C, 
which it reaches with difficulty. For these reasons we decided to construct a 
small vacuum furnace employing a helical graphite heating element sxirrounded by 
tantalum shields. This furnace is shown in Fig. 3 and is described in detail in 
Ref. 9.

The furnace proved to be very successful, having none of the disadvan­
tages of the radio frequency induction furnace or the tube fuxnaee.

Another sample was cut into eight pieces, five of which were placed in 
the new vacuum furnace. The temperature was held at 1200° C. The pyrometer was 
arranged to look through holes in the furnace shields, directly at the sample, 
through the helical heater. One piece was removed after 11 hours and 15 minutes; 
another at lA hoxu*s and 10 minutes; the next at 16 hours and 12 minutes; the next 
at 18 hours and 19 minutes; and the last at 20 hours and 19 minutes. These sam­
ples were treated in the same manner as the previous sample suid yielded the 
following data.

TABLE III
Heating Time Per Cent of Activity Lost
11 hr 15 min 9.9
14 hr 10 min more activity than unheated samples
16 hr 12 min 34.4
18 hr 19 min 25.6
20 far 19 min 3.0
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It was known that formation of uranium carbide is appreciable at 
1200° C and it was felt that such a chemical reaction might upset the rate 
of diffusion. We decided, therefore, to make the next measurements at 1500° G. 
At this temperature, carbide formation would proceed to completion more rapid­
ly. In any case, it was desirable to make the rate of diffusion much larger, 
>diich would Improve the accuracy of the measurements atxi tend to mask other 
disturbeinces.

Another irradiated sample was cut into six pieces, five of which were 
placed in the vacuum furnace emd heated at 1560° 0. A piece was removed fjrom 
the furnace each hour. The samples were treated for counting as before 
(burned in oxygen at 800° G, dissolved in HNO^, evaporated on a watchglass, 
etc.). Fig. A presents a flow chart for the procedvires xised with these sam­
ples. These samples were sufficiently active to count in an ionization cham­
ber with a vibrating reed electrometer. This was advantageous, since it elimi­
nated the need for coincidence corrections, etc., which were necessary with 
the Geiger counter.

The data were correlated by dividing the ion chamber current by the
weight of the sample. The 1560° C run yielded reasonably good data (Pig. 5).
The per cent of the activity lost as a function of heating time was computed
using the relation
per cent lost = . m ^ tfd sample activity-heated s^ple activity ^
^  unheated sample activxty

These data are plotted in Fig. 6.
Another sample was cut into eight pieces and the heating and counting

procedure was repeated at 1760° G. These data were correlated with sample 
weights and are plotted in Fig. 7. The data have considerable scatter and 
the curve of Fig. 7 is quite uncertain. At this point it was decided to try 
correlating the data with the weight of the burned residue. The weight of the 
burned residue is proportional to the uranium content of the samples so that 
correlating the data \d.th this weight should give more consistent data if the 
density of Impregnation varies from sample to san5>le. This was done and the
results are plotted in Fig. 8. The data look considerably better in Fig. 8
than in Fig. 7. The agreement of the two unheated samples is especially 
gratifying. The per cent of the activity lost as a function of

i O' a  ^
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time was computed in the same manner as before and is plotted in Fig. 6. The 
manner in which the curve approaches zero is not well established and there­
fore is drawn with a dashed line. The experiment was repeated again at 1660° C 
with good results when the uranium content of each piece was taken into con­
sideration, The loss of activity as a fvinction of heating time is plotted in 
Fig, 9, The per cent of the activity lost as a function of heating time was 
computed as before and is plotted in Fig, 6. Again the lower end of the curve 
is dashed in for lack of data in this region.

IV. "blFFUSION OF BARIUM AND STRONTIUM

After the samples were cô n̂ted to determine diffusion of total activi­
ty, the activity was v/ashed off the watch glasses with nitric acid and chemi­
cal separations for barium and strontium were performed. Barium and strontium 
were chosen because of their high fission yield, convenient half-lives 
(Ba^^ - 12.8 days, Sr^ - 54- days), easy chemical separation, and because 
barium is representative of the heavy group and strontium is representative 
of the light group of fission fragments. It is possible that much of the Ba 
and Sr present in the graphite is in the form of carbides. While barium and
strontiim are known to form the carbides, BaC, and SrC,, these carbides are10also known to be volatile in high vacuum below 1500° C.

The separations were carried out in accordance with standard pro­
cedures,^^ using the carrier technique of the addition of a known amount of
the desired element. The active elements precipitate along with the inactive 
elements. The precipitate is then mounted and counted.

The per cent of the activity lost ais a function of heating time was 
computed using the Ba auid Sr activity of the unheated sample aa a basis for 
comparison and is shown in Fig, 10 for barium and in Fig. 11 for strontiTjm, 
Data for diffusion of strontium at 1200® C is also shown in Fig. 11. No 
separations for barium were done on samples heated at 1200® C,

V. DIFFUSION FROM THE GRAPHITE CRYSTALLITES

Referring to Fig. 6, each of the three curves for diffusion of total 
activity has three peurts: an initial part in which the slope is large and the 
cvtrve is fairly linear, a transition region from one slope to another, and the

  ^
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last part which is quite linear and has a small slope. This suggests that two 
processes of diffusion are occurring which have quite different rates. One 
might suspect that the initial steep part of the curves represents diffusion 
from the fuel particles and that the last part may be due to diffusion from 
the graphite.

We performed an experiment to test this hypothesis. In order to de­
termine the rate of diffusion of fission fragments from the graphite alone, 
the uranium was removed from the graphite with nitric acid and then the gra­
phite residue was heated to a high temperatvire to drive off fission products.
In leaching the uranium with nitric acid, we assumed that since the uranium 
was in the pores, it would be attacked by the nitric acid, along with any 
fission fragments that were also in the pores, but that the nitric acid could 
not leach out fission fragments driven into the crystallites diiring fission, 
present there interstitially.

The first part of this experiment required that we determine the 
degree to idiich the uranium could be removed by nitric acid leaching. Several 
impregnated samples were ground to dust in concentrated nitric acid in a stain­
less steel mortar and pestle. The stainless steel mortar and pestle were used 
because it was found that with porcelain mortars and pestles the graphite 
smeared in streaks which could not be removed without abrasives. In the stain­
less steel mortar, the nitric acid etches the steel slightly and any adherent 
graphite particles are dislodged. The mixture of graphite and nitric acid was 
poured into a beaker, heated to boiling and separated filtration after 
standing for several hours. The uranium was plated out of the filtrate onto 
a copper disc the following procedure. The solution was evaporated al­
most to dryness to get rid of excess HNO^. Five milliliters of saturated am­
monium oxalate and 5 milliliters of ferric ammonium sulfate (0 .1 mg/cc) were add­
ed. The sample was then neutralized by addition of NH.OH, The uranium was plat-

12ed on a copper disc in the plating cell previously used in this laboratory at a
13temperature 80 to 100° C with a current of 1 to 2 ma. The powdered graphite

was placed in a platinum boat, dried in an oven at 100® C and then burned in
oxygen in a tube furnace at 800® C. After the graphite was completely burned,
the platinum boat was throughly washed out with nitric acid and the uranium
was plated out of the nitric acid wash onto a copper disc by the same method
as was used with the filtrate. The relative amounts of uranium on the^copper.
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discs were determined with an £d.pha counter. Since no fission fragments have 
alpha activities, the total count was an indication of the uranium content. 
The burning and plating procedures were tested using known quantities and 
found to be reliable. The efficiency of nitric acid in removing uranium from 
graphite was determined with unheated and heated samples and with samples 
which had been irradiated with neutrons and with unirradiated samples. The 
results are tabulated below:

TABLE IV
Per Cent of Uranium Removed from Sample by HNO,

99.85^ 99.8156Unheated 99.87J6 Unheated 99.79%Unirradiated 99.8256 Irradiated 99.8756
99.8056 99.84$

Heated (1200° C - l/2 hr) 
Unlrradiated

99.37%
99.32%
99.85%

Heated (1500O C 
Irradiated

- 3 hr 15 min) 99.65$
99.71$
99.57$

The last decimal place is uncertain in the above table. Evidently, the nitric 
acid leach removes impregnated tiraniura to an extent of at least 99 per cent.

Ry grinding in nitric acid, the uranium was removed from two previ­
ously untreated, irradiated samples. The powdered graphite was placed in a 
crucible and heated in a vacuum furnace at 1660° C. A portion of the gra­
phite was removed each hour for 8 hoiirs. Each portion of heated graphite 
was placed in a platinum boat and burned in oxygen in a tube furnace. The 
burned residue was washed out of the boat with concentrated nitric acid and 
evaporated on a watchglass for counting. The seunples obtained in this manner 
were counted with a thin-window Geiger counter. The data was correlated with 
sample weights and is plotted in Fig. 12.

Assuming that the data should represent a straight line a least 
squares treatment yields the line which is shown, with slope, -0.297 and or­
dinate intercept, 5.814. This line was used to compute the fraction of activ­
ity lost as a fvmction of heating time, which we then plotted in Fig. 6, for 
comparison with the diffusion of activity from impregnated graphite at 1660° C, 
It is encouraging that the two curves approach the same slope w)iich lends some 
support to the hypothesis that the last part of the curves for diffusion from 
impregnated graphite is due to diffusion from the graphite only,

•• ••• • • • •• •• • ••• • ••• 9m
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71. THE FRACTICW OF THE FISSICBI ACTIVITY IN THE GRAPHITE AS A FUNCTION
OF THE DENSITY OF IMPREGNATION

To determine what fraction of the fission fragments penetrates the 
graphite cxystallites and whether this fraction varies with the density of 
impregnation, samples of AGOT-KC graphite were impregnated with 3»7, 10.9> 
and 138 milligrams of uranium per cubic centimeter of graphite suad were sent 
to Los Alamos for neutron irradiation. We also sent some samples of EBP 
graphite impregnated with 0.8, 5.8, and 65,4 milligrams of uranium per cubic 
centimeter of graphite.

After the samples were irradiated, they were ground to dust in nitric 
acid with the stainless steel mortar and pestle. The powdered graphite and
acid were poured into a beaker, heated to the boiling point and allowed to
stand for a few hoixrs. The solution was separated from the graphite by 
filtering. The filtrate was diluted to 50 milliliters and aliquots were 
evaporated on watch glasses and counted to determine the fission activity. 
Aliquots were also taken to determine the uranium content of the sample by 
the alpha counting method as described in Section 7. The powdered graphite
was dried and burned in oxygen at 800° G, The burned residue was 'dissolved
in nitric acid, evaporated on watch glasses and counted to determine the fis­
sion activity. The per cent of the fission fragments in the graphite was coia- 
puted from the formula
per cent in graphite =

____________ counting rate of graphite_____________
^ counting rate of graphite + counting rate of solution

These data are plotted in Fig, 13, Points were also obtained at 325, 33A> bjoA
351 ndJJAgrams of uranium per cubic centimeter of graphite from data from the
control samples of the first group of experiments on diffusion of totsil activi­
ty, Prom Fig, 13, it appears that the fraction of fission fragments which 
enter the graphite is independent of the density of impregnation, certainly 
within the range of impregnation densities used.

It is of interest to calculate the activation energies associated with
the diffusion of fission fragments since it may shed some light on the nature
of the processes involved and will establish whether or not the diffusion is

co»iriPE>ifl£C
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diie to a sizigle process.
If one takes seversJ. identical samples and anneals them at different 

temperatures for times required to change some physieed property of each samr- 
ple to a now fixed Talue^ it can be shown^* that the following relation 
holds:

t 0“^^^ = a constant

Eq. (4.)  applies to the isothenaal time cixnres of any physical property, the 
only restrictions being that one most start with identical walues of the prop­
erty for each sample used, and that the relation applies only if the physical 
property change is due to a single prooess of fixed activation energy, E. This 
equation represents a powerful method since it allows us to compute an acti­
vation energy without having to know the physiccJ. processes involved.

If we take the logarithm of each side of Eq. (4) we have

log t = 1̂ /kT + leg e ...̂ 5)O

which is linear in l/T with a slope of Therefore,
A l.»g t_   ̂̂ ̂

A y
where t is the time and k is the Boltzmann constant.

We have supposed that the final slopes of the curves of Fig. 6 are due 
to diffusion from the graphite crystallites, and the data obtained flrom leached 
graphite tends to confirm this. A farther confirmation is obtained ty com­
puting the activation energy fjrom this part of the carves by means of Eq. (6).

In order to satisfy the first restriction on Eq. (4) we must have the 
same conditions for the diffosion of total activity through graphite at
each of the three temperatures. We can accomplish this by drawing straight lines 
through the origin with the same slopes as the final slopes in Fig. 6. We have 
done this in Fig. 14. The times required to reach 12.5 per cent, 20 per cent and 
30 per cent were determined from Fig. 14 and a semilogaritfamic plot of these times 
T O M .  1/t " M  1. 15. Troa ?ig. 15, »  fli>J ly mmas Bq. (6̂ , m
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aotlvation •nerg7 for the diffcuilon of total aetlTltj of 20,700 cal/aole*
I& Fig. 6 the data is too meager daring the initial rise to permit a 

compatation of the aetiration energ7 in this region where ve have supposed 
that the diffosion is predominantly trom. the fuel particles.

In the case of the diffusion of barium and strontium, however, we have 
sufficient data to ccmqmte activation energies during the initial rise but 
not during the later phases of diffusion. From Fig. 10 the times required 
for 20 per cent, UO per cent, and 60 per cent of the barium activity to be 
lost were determined and plotted in Fig. 15. The strontium data of Fig. 11 
was treated in a similar manner by determining the times for 20 per cent,
30 per cent, and 40 per cent to diffuse. From Fig. 15 we find an activation 
energy of 63,300 cal/mole for barium and 26,400 cal/mole for strontium.

The three sets of points in Fig. 15 approximate straight lines quite 
well, indicating that each case is due to an essentially single process.

m «  s ^ B i

A. Pore Diffusion
We have found that the gaseous diffusion of fission fragments through 

the pores of graphite at high temperatures should be extremely rapid compared 
to diffusion through a solid lattice or along grain boundaries.
B. Diffusion of Total Activity from Uranium Impregnated Graphite

This ease is conveniently divided into two parts: the diffusion of
total activity through the uranium oxide or carbide fuel particles and dif­
fusion through the graphite. The diffusion was found to be strongly tempera­
ture dependent. Sufficient data was available to compute the activation energy 
for diffusion of total activity trom. the graphite but not for diffusion from 
the fuel particles. An effective activation enwgy for diffusion of total 
activity through graphite of 20,700 cal/mole was found. This energy is un^ 
usually low for a diffusion process. The diffusion of total activity through 
graphite behaves quite like a single process.
C. Diffusion of Ba^^ *nd ar>^

The diffusion of barium and strontium from impregnated graphite also■CQf irdMMTJAfc• ^1 r- I
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appears to divide Into tvo parts, not neeessarily for the sane reasons as In 
the oase of toted aetivity* In this ease ve had data te<m whloh to eoo^ta 
the activation energies of the first process but not the second. Activation 
energies of 68,300 ced/mole for barlim and 26,^00 cal/oole for strontium vere 
found. The data available at this time does not permit speculation as to the 
nature of the diffusion processes Involved, for Instance, grain boundary. Inter­
stitial or whatever.
D. gractlon of the Activity in the Graphite as a Function of Density of 3 ^  

pregnatlon
It was found that approximately 65 per cent of the fission activity 

was in the graphite crystals and that this fraction was Independent of the 
density of Impregnation within the aceuraay of the experiment for AQOI-KC and 
EBP type graphites In the range from 3*7 to 350 milligrams of uranium per 
cubic centimeter for AOOI-KC and 0.8 to 65*4 milligrams of uranium per eubie 
eentimeter for EBP.
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