
I 

f 

/JF-/f^<^ ^ ^^ 

mmm 
This document consists of _JU pa-93 
Copy NO. . J.__ Of Zf- SerlestSll! 

LEXINGTON PROJECT REPORT 

No. 140 

PART A 

RADIATION DAMAGE TO PILE MATERIALS 

PART B 

CONSIDERATIONS OF RADIATION DAMAGE INVESTIGATIONS 

RELATIVE TO A HIGH-FLUX POWER REACTOR 

Ttus ikwument b 
RELEASABLE 

OEn^^iftMENi O F EN^RdY DECLASSIFtCATION REVIEW 

NAME: S?:^'JSL9»M^ 

OCtERMINATigK pRCLE NUMKFKS)] 
1 ctManemNMBiMNeo 
2. cussmexrioMCHANaEDTo 
X ooNiwNiMDMceuMnnmFo 

^JJHJgHJJJJQQ^ 



DISCLAIMER 
 

This report was prepared as an account of work sponsored by an 
agency of the United States Government.  Neither the United States 
Government nor any agency Thereof, nor any of their employees, 
makes any warranty, express or implied, or assumes any legal 
liability or responsibility for the accuracy, completeness, or 
usefulness of any information, apparatus, product, or process 
disclosed, or represents that its use would not infringe privately 
owned rights.  Reference herein to any specific commercial product, 
process, or service by trade name, trademark, manufacturer, or 
otherwise does not necessarily constitute or imply its endorsement, 
recommendation, or favoring by the United States Government or any 
agency thereof.  The views and opinions of authors expressed herein 
do not necessarily state or reflect those of the United States 
Government or any agency thereof. 



DISCLAIMER 
 
Portions of this document may be illegible in 
electronic image products.  Images are produced 
from the best available original document. 
 



uijaniL 
Lexington Project Report #ll4-0 (Part. A) 

Title: Radiation Damage to Pile Materials 
Author: L. P. Hunter 
Date: August 30, 19^8 

I. Introduction 

This section stumnarizes information on radiation damage, condlcl|(ring 
particularly graphite and heryIlium oxide. The application of this infor
mation to the problem of designing a reactor for_ aircraft use is discussed, 
and a proposed program of investi^tl3ir-ts presenifedr 

There are four radiations which are the principal sources of radiation 
damage in pile materials: Gamma rays. Beta particles, neutrons, and flsf 
sion fragments. The first two, while capable of producing significant 
effects, are greatly overshadowed in an operating pile "by the last two 
types of radiations. 

Damage due to fast-neutron "bombardment is quite general throughout 
the entire pile structure. The damage due to fission fragments is local
ized and is to "be found only in the immediate neighborhood of the uranium 
fuel. 

In metals there has never "been observed any damage due to fast neutron 
bombardment alone (neglecting order-disorder and precipitation transfor
mations). In the case of metals containing fissionable material, radiation 
damage has been observed and in the case of jrure uranium metal Is quite 
serious. Aluminum-uraniimi alloys (l) have shown some damage as indicated 
by changes in the electrical and thermal conductivity of the material, but 
have shown no serious deterioration such as blistering or cracking of the 
metal. The creep strength of metals has never been measured under pile 
Irradiation, and the only information available which bears on this prop
erty is based on some experiments made by Slegel at ORNL (l) on stress 
relaxation at room temperature on some bent strips of stainless steel which 
show 10^ stress relaxation for a total exposure of 5 x 10-̂ 9 neutrons per 
square centimeter. Other metals tested (A1-24ST and Be) show no signifi
cant relaxation at room temperature. 

II. Radiation Damagge to Graphite 

The only material about which a great deal is Isnown regarding radi
ation damage is graphite. Thermal conductivity, electrical conductivity, 
elastic modulus, physical dimensions, strength, and stored energy measure
ments have been made on irradiated graphite. All of these properties show 
remarkable changes due to fast-neutron bombardment and fission-fragment 
bombardment. 

When graphite is bombarded with t&Bp neutrons at a temperature of 
50°C or below, aind its properties are measured at room temperature, it is 
found, for Instance, that the thermal conductivity is rapidly reduced 
(2)(3)> and after a radiation dose of about 1000 megawatt days per adjacent 
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ton at Hanford (about 10 "̂  fast neutrons/sq.cm.) drops to about l/ii-O of 
its initial value. If now the graphite sample is annealed to saturation 
at 800°C, the thermal conductivity may increase by a factor of about 2, 
but still remains at a value equal to about l/20 of its original value. 

If a specimen of graphite which contains uranium oxide In a finely 
divided form (UO2 crystals •—^1 micron/diameter) is irradiated at a temper
ature of 800°C in a thermal pile, the damaging radiation will now be 
predominately fission-fragment recoils. The thermal conductivity in such 
a sample (k) after a total radiation dose of about 60 kilowatt hours per 
c.c. of heat evolution in the sample (due to the fissioning process 
occurlng In the UO2) will saturate at a value equal to the value of thermal 
conductivity which would be measured on a piece of ungraphitlzed carbon 
which had been molded and baked to 800°C. 

It is difficult to make a comparison between these two experiments 
because the dosage unit for fast-neutron damage is not related to the 
unit for fission-fragment damage. If one assumes that the initial effect 
on the thermal conductivity is due solely to the number of displaced atoms, 
and is Independent of the type of radiation displacing them, one may 
force the initial slopes of the conductivity-dosage curves to coincide by 
plotting the conductivities against an arbitrary radiation dosage scale. 
If this is done, it is found that the drop in conductivity at large doses 
on the arbitrary dosage scale was much less for the specimens which were 
irradiated at 800°C than for those which were irradiated cold and subse
quently annealed at 800°C. Since the only difference in the treatment of 
these samples is the difference between continuous and subsequent smneallng 
it would seem that there must be a type of damage built up In the absence 
of continuous annealing which cannot be removed by subsequent anneallng„ 
This suggests the possibility that a greater effect would be observed for 
a total dose even in the case of the continuously annealed samples if the 
rate of radiation dosage were Increased sufficiently to produce this postu
lated type of damage in competition with the continuous annealing. The 
conclusion to be drawn from the above considerations Is that the rate of 
radiation dosâ gse, the total dose received, and the temperature of Irradi
ation are all important In determining the final effect. 

Another expeilment which bears on this conclusion is the measurement 
of the activation energy (temperature) necessary for the release of the 
energy stored in the graphite lattice due to radiation damage. If one 
exposes a series of graphite specimens to fast-neutron bombardment at low 
temperatures for progressively longer times, one finds that although the 
greater part of the stored energy is released by annealing in the neighbor
hood of 200°C for the specimens which underwent relatively short-term 
irradiations, it takes a progressively higher annealing temperature to 
release the greater part of the stored energy in the specimens which under
went the loptger-term irradiations (2). This makes it appear that as 
radiation damage is stored up In the graphite lattice there must be a 
combination of displaced atoms taking place as their concentration Increases, 
which combination requires higher activation energy to remove. This Implies 
that even if the irradiation takes place at a temperature above the tempera
ture necessary for annealing out single displaced atoms or diatomic 
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molecules, there could be a steady increase in the radiation damage pro
vided the equilibri\mi concentration of displaced atoms were high enough. 
The above oversimplified mechanism In which displaced atoms were considered 
to be the sole source of radiation damage Is used solely for illustration, 
and is not meant to be a working hypothesis for the mechanism of radiation 
damage in graphite. Such a working hypothesis must necessarily take 
account of the production of holes in the graphite lattice as well as the 
presence of the displaced atoms which were removed to form these holes. 

The strength and elastic modulus of graphite Increase very rapidly in 
the initial stages of room-temperature irradiation and show an early maxi
mum. Both of these properties reaash maximum values of about 3 times their 
initial values at about I50 megawatt days per adjacent ton irradiation at 
Hanford (2). The effects then decline with additional exposure until at 
about 600 megawatt days per adjacent ton exposure they seem to saturate at 
values equal to about 2^ times their initial values. The Initial change 
in both properties is very sharp and in the case of the modulus doubles 
the initial value in about 3 megawatt days per adjacent ton (5). The 
effect of annealing on the recovery of these properties has not been demon
strated on specimens which have undergone extensive Irridiation. On speci
mens which have undergone relatively short term irradiations, the change 
in Young's modulus appears to be more completely recovered upon annealing 
at 800°C than is the case with other physical properties such as thermal 
conductivity. If this Is also true for samples subjected to long exposures, 
it would suggest that the increase In Young's modulus is primarily due to 
Interplanar carbon atoms which are the most easily removed by annealing, 
and that the residiial thermal conductivity exhibited by the annealed 
thermal-conductivity specimens and the specimens damaged while being held 
at high temperatiire is due primarily to the holes left In the graphite 
planes. 

If the above mechanism of radiation damage is correct, one may predict, 
for instance, that the resistance of graphite to thermal shock will change 
with radiation damage only as its thermal conductivity changes if the 
specimen Is maintained above 800°C during the irradiation. This would be 
true as long as the rate of damage was not sufficiently great to keep an 
equilibrium concentration of Interplanar atoms large enough to cause their 
combination into aggregates which would require too high an activation 
energy for removal at this temperature. 

Annealing experiments have been made up to 2000°C on the change in
duced by radiation in the electrical conductivity of the material (6), 
It was found that in a specimen damaged by a relatively small dose of 
radiation the electrical conductivity change was reduced somewhat upon 
annealing at 300°C, remained constant until the temperature was Increased 
to 1200°C, increased somewhat upon annealing at ll+-00°C, and was removed 
entirely by annealing at l800°C, Regardless of the interpretation of this 
behavior in terms of the mechanism suggested above, it is apparent that 
the complete removal of the effects of radiation in graphite cannot be 
effected short of regraphitization of the material. 

». 
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The physical dimension change of Irradiated graphite is removed to 
the extent of 9k'^ upon annealing at 1000°C (2). The energy stored in the 
graphite lattice by a moderate exposure is 80^ removed on 1000°C annealing; 
however, the percentage residual effect is increased with increasing ex
posure and a saturation of this effect has not been observed. The greatest 
amount of stored energy which has been measured in graphite irradiated at 
low temperatures is somewhat in excess of 300 calories per gram. 

In Figure 1 are shown the results of fission recoil-damage in graphite 
measured by the change in relative thermal resistivity. The two samples 
represented here were operated at 650°C and contain equal amounts of UO2. 
The marked difference in the 2 experiments can be attributed to the differ
ence In the particle size of the UO2 present in each case. The dosage unit 
used in this plot is kilowatt hours of fission-fragment energy dissipated 
as heat in each cubic centimeter of the specimen. As was pointed out before, 
this may not prove to be a true Independent variable in the case of extremely 
high rates of damageo The sample which shows the greater rate of damage was 
Impregnated with uranyl nitrate which was fired to UO2 at 800°C giving rise 
to UO2 crystals of the order of 1 micron in diameter. The sample which 
shows the lower rate of damage was prepared by molding minus-100 mesh uranium 
oxide particles mixed with the proper amounts of coke flour and pitch mixture 
followed by baking and graphitizlng in the usual manner'for the production 
of ordinary graphite. Since the range of fission-recoil fragments is 5 
microns or less. It is clear that the great majority of fission fragments 
which were produced In the case of the molded graphite-uranium oxide sample 
never reached the graphite struct\ire, but dissipated their energy in indi
vidual particles of the uranium oxide. This means that the rate of damage 
to the graphite structure in the impregnated sample is considerably greater 
than the rate of damage to the graphite structure in the molded sample, even 
though the two samples contained the same amoimt of \iranium and were irra
diated in the same neutron flux so that the rate of heat evolution is the 
same for each sample. From this it would seem that part of the difference 
in the two results could be attributed to the difference in rate of damage. 
However, this can still be thougtt of as due to the difference In the parti
cle size of uremiiim oxide present in each case. 

In Figure 2 is shown a comparison of the change of relative thermal 
resistivity of two Impregnated graphite samples run at two different temper-
atTires but receiving radiation exposure at the same rate. The higher curve 
was run at 630°C, the lower curve at 775°C. Even thoiigh the difference in 
the damage rate is slight, the fact that the specimen run at higher temper
ature shows a somewhat lower damage rate would indicate that in the compe
tition between the annealing of the structure and its damaging by radiation, 
the dosage rate and the temperature are Important in determining the final 
amount of damage at a given total dose of radiation. 

In Figure 3 is shown a complete curve of the change of relative thermal 
resistivity in graphite with radiation damage at about 780OC. It will be 
noted that this curve seems to saturate after a total dose of 60 kilowatt 
hoiirs per c,c, of radiation. In this specimen, as in the others, damage 
was mainly due to fission-recoil particles generating heat at a rate of 
about 11 watts per c.c. As was pointed out before, the absolute value of 
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the final thenaal conductivity of the specimen is approximately equal to 
the thermal conductivity of an ungraphitlzed body, molded in the usual way, 
of coke flour and pitch baked to 780°C. 

III. Radiation Damage to BeO 

The only other material which has been measured at elevated tempera
tures under irradiation is BeO. Under bombardment by fission recoils, 
BeO shows an early saturation effect in the change of the relative thermal 
resistivity {k). In Figure k is shown a comparison of two different BeO 
stimctiH-es which have been damaged at roughly the same temperature (65O -
675°C) by fission recoils (7). The lower curve is of a low density (2.0) 
extruded BeO body which has been impregnated with uranyl nitrate fired to 
UO2 at 800°Co The upper curve is that of a hot pressed BeO mlxtiire with 
relatively large UO2 particles. The density of this hot pressed sample 
was about 3»0, The amount of uranium In each sample was the same. They 
were exposed at the same values of thermal flux, and the heat evolution 
per c.c. of each of the samples was, therefore, the same and equal to about 
17 watts. The fact that the sample containing the larger \irani\im oxide 
particles shows the most radiation damage is curious and differs from the 
results with graphite, but may be accounted for by the great difference in 
the type of stmcture of the two bodies. The absolute value of the conduc
tivity of the extruded body was initially about 60^) of that of the hot 
pressed body so that the final saturation values of thermal conductivity 
are not more apart than a factor of 2, 

Hot pressed BeO bodies exposed to fast-neutron bombardment alone show 
an Increase in the relative thermal resistivity by a factor of 1.6 after 
133 days at Hanford (6), The crushing strength of these samples was measured, 
and was not found to change significantly after the above exposvire. An
nealing in vacuo at 900°C appeared to restore the original thermal conduc
tivity. Here again the early saturation of the effect Is noted. 

IVo Probable Damage to the Proposed Pile Combinations 

Of the pile combinations suggested elsewhere in the Final Report, the 
first to be considered in relation to radiation damage is the graphite-
moderated gas-cooled pile. The uxanlxm is -uniformly impregnated throughout 
the moderator, and the coolant Is contained in metal tubes. 

Considering first the fisslon-fragnent damage to the graphite struct-ure 
we see, referring to Figure 1, that after a total radiation dose of 25 
kilo-watt hours per c.c. of fission-fragment energy dissipated In the 
graphite, the thermal conductivity had dropped in^the^^^,fl£,Jte.«J4^'l.. 
graphite by a factor of 2,5. JTSIS" dlOBe *oT''^T;llowatt ho-urs ,E|£«SU£**i-S 

/roligSly' ettilv^^^rSSic^aioMLJS^:^^ 
\a. nuclear^poWeredaircraft, ̂ The rate o?'"̂ osage in the experiment here 
^;S^ar-«s-"«rriK'8"ia'"17lOO"of the rate anticipated/K^^l^^alrcraftJ and 
in the event that the rate of damage plays an impor-tant role in the over-
all effect, this result is of questionable relevance. The temperature of 
this experiment is also considerably lower than the temperature of much of 
the graphite in the proposed power reactor. It is probably above the 
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minimum temperature to he expected. In the event that total dose is 
really an independent variable, and that the rate of dose is of negligible 
consequence, the above result wDuld indicate that the graphite structure 
•would not be seriously damaged in 100 ho\irs of operation. There have 
never been any measuremjents made on the elastic modulus or strength of 
graphite under these conditions of fission-fragment bombardment, but 
Judging from the correlation of these properties with change of thermal 
conductivity in neutron-bombarded graphite it -would appear that the resist
ance to thermal rupture of the graphite would not be greatly reduced by 
such a dose of radiation. In the case discussed here, the fast-neutron 
damage to the graphite is of negligible proportions compared to the fission-
fragment damage already considered. The effect of this much radiation would 
be to raise the average t)ile temperature of the order of a few tens of 
degrees centigrade -- the exact amovuat depending on the wall thicknesses 
of the graphite structurfe. 

The metal coolant tubes in this pile design would be subjected only 
to fast-neutron bombardment which should have no effect on these tubes at 
this temperature, other than a possible increase in creep rate. It is 
presumed that the rate of diffusion of fission fragments from the moderator 
space into the coolemt space through the solid walls of the metal-cooled 
tubes would be quite negligible. If, however, the rate of such diffusion 
sho\ild turn out to be marginal, the presence of the fast-neutron irradiation 
of the metal tubes might accelerate it by a significant amount. 

From the point of view of radiation damage, the first thing to be 
investigated in connection with such a pile structure would be the effect 
of rate of dosage on the total effect of the radiation for a given total 
dose. The secondary problem which should be investigated is the effect of 
fast-neutron bombardment on the diffusion rate of fission-fragment atoms 
In the metals suggested for the coolant tubes„ This, of course, is only 
important If the diffusion rate of these atoms is found to be marginal in 
the absence of radiation. Since ther« is a marked difference in result 
observed with the two types of samples shown In Figure 1, further investi
gation of the effect of UOg particle size on radiation damage should be 
carried out at the high dosage rates contemplated for the aircraft-
propulsion pile. 

In relation to the pile types suggesting the use of BeO as a moderating 
material, the effect of radiation is much more serious. Since BeO in the 
hot pressed form, of nearly theoretical density, is questionable from the 
thermal ru^ure point of view under the conditions of moderation heating, 
the effect of the fast-neutron bombardment yhidh it receives as a moderator 
is quite critical. The only measured effect of fast-neutron bombardment on 
BeO is a decrease of thermal conductivity by a factor of 1.6 after 133 days 
irradiation in a test hole at Hanford. This effect alone would not rule 
out the use of BeO under such conditions, but rather render it a little 
more marginal. The effect quoted above appears to saturate after about 
80 hours at Hanford. However, the fact that the thermal conductivity of 
uranium containing BeO s:̂ ecimens was reduced under pile irradiation by a 
factor of 5 stnd 6 before saturation occurred throws some doubt on the 
apparent saturation of the effect in the pure BeO specimens. If this 
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effect is not a true saturation, or if the saturation value depends markedly 
on the rate of damage, BeO may well turn out to be impossible for such a 
use as this since the rate of fast-neutron bombardment in the proposed 
aircraft-propulsion pile woxild be more than 1000 times the rate at Hanford. 
Uraxilvmi bearing BeO is completely out of the question for use in the pro
posed pile from the thermal rupture point of view \mless a design is used 
which obviates the need for resistance to thermal rupture. 

The metal-urani\m compound sandwich tubes proposed as fuel rods and 
coolant tubes for some of these pile combinations must sustain all of the 
fission-fragment recoil damage of the pile. The only information on fission-
recoil damage in metals or metal sandwiches is that mentioned above in 
uranium-aluminum alloys, which showed no marked changes in the physical 
properties at total dosages much greater than those to be expected in this 
application. However, no measurements of creep were made on these speci
mens, and it may well be possible that the creep and "diffusion rates of 
such fuel-bearing combinations will be greatly increased by the fission-
recoil bombardment. Measurement of these rates should be made iinder irra
diation in investigating the possibilities of pile combinations using such 
metal-Tiranium sandwich tubes. 

The effect of pile radiations on ceramic coatings has never been 
tested, but might be quite marked if the coating was not in an equilibrium 
phase, but was susceptible to a crystallization or precipitation tranS)forma-
tlon. The effect on the diffusion of fission fragments through such coatings 
might also be significant In the presence of high-intensity radiations. Wo 
deleterious effect on the liquid metal coolants Tould be expected due to 
neutron bombardment, other than possibly the enhanced diffusion of these 
metals into the walls of the coolant tubes, A molecular coolant such as 
water wo'uld be subject to quite extensive decomposition under irradiation^ 
so that the corrosion of the coolant tubes would probably be greatly en
hanced. 

The effect of the presence of fission-fragment atoms in the fuel-rod 
material can possibly be thought of as radiation damage. In a pile of 
25 kg. of 11̂ 35 operating for 100 hours at a power level of 200,000 kw., it 
is found that 1 u235 atom in 12 has fissioned at the center of the pile. 
In the sandwich type of fael rod suggested there are to be 56 atoms of MO 
for each U -̂-̂  atom. At the end of 100 hours there would then be 1 fission-
fragment atom for each 33O MO atoms. This is 0.3^ of foreign atoms in the 
fuel-tube material. It may well turn out that the presence of this much 
Impurity will not Impair the properties of the fuel-tube metal, but this is 
by no means certain since there are instances known of much smaller impurity 
concentrations significantly altering the properties of a metal» (0,007^ 
Pb in Zn causes serious grain boundary corrosion.) 

Another effect of the fission-fragment atoms In the fuel-ix)d material 
at the temperatures proposed here is a possible gas-pressure effect. At 
these temperatures it is possible that the mobility of those fission frag
ments which are gaseous is sufficient to allow them to collect in small 
pores in the metal and possibly create very large pressures and therefore 
large stress concentrations. If such a condition existed, however, the 
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escape of fission products into the coolant stream would probably be intol
erable. There is only a remote possibility that the total cross section 
which the pores in the sandwich clading present to the outward diffusing 
atoms -would be great enough to prevent th^ir escape into the coolant. 

V, Suggested Research Program 

Below is given a brief outline of a radiation-damage program which 
would be necessary to investigate the above problems. The types of experi
ments suggested by the above problems fall into three classes: 

1, Irradiation of specimens containing fissionable material 
•with the property in question measured while the sample is 
undergoing the irradiation in the pile. 

2, Irradiation of specimens containing fissionable material 
•with the property in question measured outside the pile after 
the radiation exposure has taken place« 

3, Irradiation of specimens nOt containing fissionable 
material, 

All the Irradiation experiments suggested would probably require 
considerable time because of the nature of the information wanted, i.e., 
creep measurements, diffusion measurements, and the change of one or more 
physical properties with total doses of radiation comparable with •those 
which •would be received in the reactor fluxes and lives proposed here. 
Since each individual irradiation would run for a time of the order of a 
month, and since a great many tests -would have to be run to solve the 
problems involved, it is clear that as many tests as possible should be 
carried on in parallel. These considerations indicate two things. First, 
that the pile facilities used for these tests must necessarily be physi
cally large in order to accommodate all of the tests that should be made 
in parallel„ By "large" is meant a pile Of the size of one of the Hanford 
piles, with something of the order Of 100 of the fuel channels available 
for experimentation. Second, that equally extensive "hot lab" facilities 
"be provided -to accommodate the "hot" specimens which would be measured 
after irradiatlon„ Ideally, this materials research reactor should have 
as high a flux as the contemplated power reactor for which the materials 
research is being carried out. However, a reactor with an average flux 
of one order of magnitude less than that of the proposed power reactor 
can be used to carry out m&ny of the radiation damage investigations which 
are pertinent to the development of the power reactor. These investiga
tions can be carried out by the use of special u235 loading of the exper
imental specimens and in many cases the rate of radiation exposure will be 
comparable with -that of the proposed power reactor. 

It would be quite difficult to use a single reactor for both the 
materials research program as a whole and for the accumulation of opera
tional and engineering experience in a high-fliix pile, since the materials 
research is best served by a large cold reactor and the operational and 
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engineering experience is best obtained in a small hot reactor. It there
fore appears that t-wo reactors are necessary -- the large materials re
search reactor, and a small, high-flux reactor which can be used both for 
gaining operational and engineering experience and for any materials in
vestigations which cannot be carried out in the lower flux of the materials 
research reactor, A more detailed discussion of the requirements leading 
to the above recommendations is given in Part B. 

All of the experiments of type 1 above require no "hot lab" facil
ities. They can best be done in the fuel channels of a pile since they 
require both cooling during exposure and shielded discharge facilities. 
Both of these facilities are used by the regular fuel slugs of the pile 
and no extra facilities need be provided for the experiments. It is not 
necessary to do the high-temperature experiments of this type in a high-
temperature pile since the specimens contain fissionable material and 
maybe heated by the fission heat to the desired temperat-ure if the exper
imental apparatus is properly designed. This is also true of high-temperature 
experiments of type 2. In the case of the experiments of type 3; which must 
be carried out at high temperatures, external heat must be applied if the 
pile itself is not hot, but in most instances this -would be more satisfac
tory than trying to vary the experimental temperature Independently of pile 
temperat-ure by means of special cooling in a high-temperature pile. 

For such an experimental program, one other Important feature which 
should be considered here is the fissionable material requirement„ From 
past experience -with such high-temperature experiments using fissionable 
material, it has been found that samples of reasonable size can be tested 
using about 5 grams of highly enriched (90?̂ ) u235 per sample. A single 
investigation of, say, the thermal conductivity of a given material as a 
function of radiation damage, temperature and rate of irradiation -would 
require a minimum of 15 samples or 79 grams of highly enriched fissionable 
material. If two properties such as creep and thermal conductivity of a 
given material are to be tested, and if a half-dozen different materials 
are to be tested in a type 1 experiment, the fissionable material require
ment adds up to 900 grams of fissionable material. If a similar amo-unt is 
used in the type 2 experiments, it wovild seem that a prelimiria,ry investi
gation of the problem suggested above -would require an initial Investment 
of about 2 kilograms of highly enriched fissionable material. 

The personnel requirements of such a project are hard to estimate, 
and any estimate given is really In the nature of a guess. However, it 
•woTold seem that a preliminary program woiild require, at the very least, 
k2 technical people possibly distributed as 6 senior and l8 junior pro
fessional men and l8 laboratory assistants. In addition, of course, 
adequate general clerical, laboratory and shop facilities •wo-uld be required. 
This estimate is made on the assumption that the half-dozen materials men
tioned above would be tested simultaneously, and it is reasonable to sup
pose that such a program might obtain significant answers two years from 
the date of its inception. 
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Fission Fragment Damage in Graphite 

Fig. 1 
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Any measxirements on solid materials usually in̂ volve a great many 
variables. For example, in a creep measurement at a given temperature, 
the Independent variables are stress, temperature and time, while the 
dependent variable is elongation. In addition to these obvious variables, 
however, there are others which must be controlled and held constant in 
such an experiment. These are grain size of the material, methods of 
gripping the specimen, and methods of applying and measuring the temper
ature. In order to get significant results In such an experiment, one 
usually finds that several preliminary runs are necessary to adjust the 
technique to apply -fco the particular specimen type under investl^tlon. 
When everything is •working properly several Identical runs have to be 
made at a given temperature on a given material to establish the statis
tical differences between the supposedly identical specimens. All of 
this means that a large number of experiments must be made even in one 
specific measurement. 

The types of Irradiation experiments suggested •would probably re
quire considerable time because of the nature of the Infonaation •wantedj 
that is, creep meas-uprements, diffiision measurements and the change of one 
or more physical iroperties -with total radiation doses equal to or greater 
than those -which woxild be received at the fluxes, and for the lives of 
the proposed power reactor. Since each experiment -will require a great 
many relatively long-time runs, it is clear that as many tests as possi
ble sho-uld be carried out in parallel. These considerations Indicate 
that the pile facilities used for these tests should be physically large 
in order to accommodate all of the tests •̂ diich should be made in parallel. 
By physically large is meant three things: (l) that there be a large 
number of experimental channels a-vailable for slmultemeous experiments; 
(2) that these channels be separated sufficiently in space that they -will 
not rob each other of slow neutrons in the pile, and (3) that at the sur
face of the pile there is sufficient room to place the equipment neces
sary for the maintenance of each experiment in its channel. 

In general, the radiation-damage Investigations can be dl-vlded into 
three classes: (l) irradiation of specimens containing fissionable mate
rial with the property in question measured -vrtxile the sample is undergoing 
irradiation in the pile; (2) iri^diatlon of specimenB containing fission
able material with the property in question measured outside the pile after 
the radiation exposure has taken place and (3) irradiation of specimens 
. not containing fissionable material. All of the experiments of type 1 
requisre no "hot lab" facilities, but do require shield facilities fbr 
discharging the extremely radioactive specimens at the end of the experi
ment, as well as facilities for cooling the apparatus during the experi
ment. Both of •these facilities are a-vailable in the regular fuel channels 
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Of a pile, and no extra facilities would need to be provided for these 
experiments if they were done in such channels. The fact that the meas
urements are made on the samples while they are in the pile means that 
considerable equipment may be necessary at the pile face to maintain the 
proper experimental conditions and to monitor the effect being measured. 
Such experiments, therefore, are limited usually to one or two per channel, 
since the task of bringing the connections to the associated equipment 
through the radiation shield of the pile becomes too great if a large 
number of experiments are attempted in one channel. 

Ex|)erlments of type 2 in general do not require so much associated 
equipment at the pile face as do experiments of type 1, and, therefore, 
more of these experiments can be performed per channel. Experiments of 
both type 1 and type 2 must be sufficiently separated in their channels 
so that they do not rob each other of slow neutrons; type 2 and 3 experi
ments -woxild require extensive "hot lab" facilities. 

Measixrements on type 3 may or may not be cairied out -while the 
specimen is still in the pile, and the space considerations mentioned 
above for the other t-wo types of experiments apply here -with the exception 
that in the type 3 experiments there is no space required to prevent the 
competition for available neutrons since the effects being Investi^ted 
are due -to fast-neutron Tsombardment and are not related to slow-neutron 
capture in most instsmces. 

The pile used for these investigations should be a low-temperature 
pile since it is much easier to maintain and control temperat-ure as an 
Independent variable if the temperature is achieved by adding heat rather 
than abstracting it. This does not mean to imply that it is Impossible 
to maintain proper experimental conditions by abstracting heat from a higfh-
temperatiire pile, but that it is much more difficult to do, both from the 
point of view of the experimental set-up itself, and from the point of 
view of the structure of the high-temperature pile, since it Is difficult 
to design the pile structure to withstand the cooling of one channel to a 
much lower temperature than its neighbors. 

Ideally one would desire that the flux of the materials research 
and development pile -would be comparable to that of the proposed power 
reactor. Ho-wever, the difficulties of building a cool, high-flux reactor, 
which is large enough to provide proper space for the desired exposures 
of materials irradiation and testing, seem much too great at the present 
level of pile technology. Furthermore, it is possible to do many experi
ments which are pertinent to the development ofa M^-temperature^ high-flux 
power reactor in a reactor -whose flux is one order of magnitude lower than 
that of the proposed power reactor. Comparable values of the rate of 
radiation dosage can, in many instances, be achieved by special U^35 
loading of the specimens under test. There are, of course, some experi
ments on some materials in -which comparable dosage rates cannot be achieved 
by extra uranliim loading -without materially changing the constitution of 
the specimen being s-tudied. These latter Investigations must of necessity 
be carried out in a pile of high flux comparable to that of the fower 
reactor. 
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An example of the type of experiment which can be done at a lower 
flux and still yield results -which are pertinent to the development of 
the power reactor is the investigation of the radiation damage to graphite 
Impregnated -with uranium oxide. Consider, for example, a proposed power 
reactor in -which the uranium fuel is present in the form of small uraniimi 
oxide crystals deposited througjiout the pores of the graphite moderating 
structure. If, for Instance, we assume a power reactor size of a one-meter 
right cylinder -with a free-flow area of O.it-, the vol-ume of fuel-bearing 
graphite will be about 500,000 c,c. If the power delivered by this reactor 
is 100,000 kw,, the specific power is 200 -watts per c,c, on the average, 
and it must be multiplied by a factor of 2 to get the maximum heat evolution 
at the center of the pile. The maximum specific power is then 400 -watts 
per c,c. Experiments have been made on graphite Impregnated -with excessive 
amounts of uraniimi oxide in which 15 watts per c,c, heat was evolved in 
the flux of the Clinton pile. From the experience gained in -these experi
ments, it is clear that samples can be run in which the heat evolution 
woxild be 20 watts per c,c. in the Clinton Pile flux. If ve now assume a 
factor of 20 between the Clinton tlvix and the Hanford flux, it is clear 
that the same sample -would evolve UOO watts per cc, in the Hanford flux. 
This is the value of heat evolution expected in the proposed power reactor. 
If the size of the vuranlum oxide aggregates in the interstices of the 
graphite is small compared to the range of the fission fragments, the 
damage associated •with this much fission heat •will be fs-und in the graphite 
struct-ure. Photo-micrographs of the sample which yielded 15 -watts per c,c, 
in the Clinton Pile showed that the crystal size of the uranium oxide 
particles -was on the order of 1 micron, and that the largest aggregate of 
crystals appeared to be of the order of 3 microns. The range of fission 
fjragments in uranium oxide is not certain, but is abo-ut 5 microns. Under 
these conditions, one wovild expect that most of the damaging effect of 
the fission fragments originating from such a -uranium oxide structure would 
appear in the graphite structure, so that from the point of view of struc
tural damage to the graphite such an experiment would be significant. The 
only difference between the experimental condition^ and those obtaining 
in the proposed power reactor are found in the effects to be expected in 
the uranl-um oxide crystals themselves, since the crystals in the specimens 
under experiment receive only l/lO irradiation exposure per unit -volume 
that the crystals in the actual pile -would receive. 

An example of the type of experiment which cannot be significantly 
carried out in a flux lower than that of the pix>posed power reactor is the 
effect of fission-fragment damage in the uranivim alloy In which the concen
tration of uranium noticeably effects th6 properties of the alloy. If extra 
uraniian were added to such a system to Increase the fission-recoil dosage 
rate, the results obtained on the enriched alloy ha-ving different proper
ties than that proposed for the power reactor could not be considered 
significant. From these examples it is clear that a class of materials in 
which the uranium fuel resides simply as inclusions in a matrix can be 
studied significantly at lower fluxes since the properties of the material 
•would be the properties of the matrix as long as the fuel inclusions are 
sufficiently separated and do not form a significant part of the structure. 
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Considering existing radiation facilities, one finds that at present 

there are no piles In exlstance •which are available for carrying out the 
rstdlatlon-damage program -which wo\iLd be necessary for the development of 
a high-flux, high-temperature power reactor. The Clinton and Argonne 
piles have too low a flux, and thô ugh the Hanford piles have fluxes which 
are one order of magnitude less than the proposed power reactor, they are 
not available for the extensive experiments necessary. Existing cyclotron 
facilities might prove usef\il in measuring fast-neutron bombardment effects 
on very small sanrples, but could probably not be used for -work -with large 
engineering-type samples or for the study of fission-fragment damage. 

The Brookhaven pile is designed to give a flux about k times the 
Clinton flux. This •would not be sufficient for this program, but some 
of the more optimistic thinking at Brookhaven indicates that a flux of 
a"bottt 6 times the Clinton flux is possible. Such a flux is within a 
factor of 2 or 3 of the Hanford flux and might be reasonably useful in 
the program contemplated here. The factors -vdilch wlH determine the 
final values of the Brookhaven flux cannot be very certainly evaluated 
at this time, but briefly they appear to be as follows: 

The blower capacity is about 25^ greater than is necessary to main
tain the ambient temperature at the original design level. The delivered 
graphite is sufficiently superior to the design specifications so that 
only about 75^ of "the \3ranium that was originally contemplated -will be 
used. This increases the available cooling another 25^. If the ambient 
•temperat̂ ure initially contemplated can be used, this means that the pile 
co-old be run at 6 times the Clinton flux. However, there is some doubt 
about the maximum allo-wable ambient temperature, from the point of view 
of the oxidation rate of the graphite in salt air Of the concentration 
found at Brookhaven. If the ambient temperature has to be lowered say 
50°C, the extra cooling capacity win be needed to maintain this temper-
ature at k times Clinton fliix. Experiments are under -way to determine 
a safe amiblent temperature, but the result is not yet foreseeable. 

It has been suggjssted that the hi^-flux water reactor design at 
Oak Ridge could be built in a relatively short time, and be used to 
pro-vide the facilities necessary for this radiation damage research. 
The design of this machine as it s-tands consists of a rery small reactor 
core surrounded by a 1-foot thickness of beryllium metal reflector which 
in turn is surrounded by a 6-foot thickness of graphite reflector, the 
•t©tal height of the graphite being 13 feet. The flux in a graphite shell 
of thickness 1 foot next to the beryllium metal is comparable in all re
spects to the Hanford flux. The flux in the beryllium metal is, on the 
avierage one order of magnitude higher than the Hanford flux, and has a 
peak value of about 30 times the Hanford flux. If one were to use the 
"beryllium metal region for high-flux radiation-damage studies using 
fuel-bearing specimens, one -woxild have to provide special cooling facili
ties for these specimens. If specimen holes were placed as close to
gether as If-inch centers in -this region, a total of 25 experimental 
holes could be provided. It is doubtful, however, whether cooling and 
measuring facilities could be provided in such a small space for so 
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many holes, so "that a more realistic estimate of, say, 10 experimental 
holes might be achieved in this region. In the region of the graphite 
in -which the flux is comparable to the Hanford flux, there corild be 
pro-vlded about 25 holes on 8-inch centers, assuming again that cooling 
and measuring facilities could be provided for such a density of ex
perimental holes. Regardless of the crowding Involved in such experi
mental facilities, the act-ual space a-yailable does not seem to be 
sufficient to carry out the extent of radiation-damage investigations 
contemplated here. 

Another suggested method of using this pile would be to replace 
a portion of the beryllium metal region -with a struct-ure of moderator 
and fuel rods so that the contemplated high-temperature po-wer reactor 
structiire wo-uld be simulated in this region. Such an approach -would 
require cooling facilities comparable to those necessary in the high-
temperatxire reactor Itself, and does not seem to offer much advan
tage over building the high-temperature reactor. 

The advantages of the water-cooled high fl-ux pile are: (l) that 
it is cold; (2) that it is already designed and ready to be built 
(unless major modifications are needed as in the last suggestion above) 
and (3) it provides a flux comparable to the proposed po-wer reactor. 

It should be possible to build a new Hanford-type pile in less time 
than the above considered high-flux pile, which -woxild have considerably 
more room in it for experiments. In such a pile, one would have a'flux 
one order of magnitude below that of the proposed power reactor, and one 
should have 100 experimental channels at the same fl-ux -which -would be 
about 2 feet apart. If such a pile were t-umed over solely to materials 
research and development, it -would afford sufficient facilities to carry 
forward efficiently the contemplated program. It -would have the disadvan
tage that any experiments which could not be performed in -the lower fliix 
-would have to be deferred until high-flux facilities were available. How
ever, it -would have the ad-vantage of adequate room both in numbers of 
channels and space between the channels, low temperatxrre, and freedom 
from operational difficulties such as would be associated -with the in
itial operation of an untried high-flux pile. Furthermore, even thou^ 
the pile is to be used solely for research and development purposes, 
considerable plutonlum production -would occ-ur Inevitably, and probably 
the installation -woTild yield 70?̂  of the production of one of Jhe regular 
Hanford units. Such a machine -would not provide all of the facilities 
needed for the materials research and development program; and a high-
flux reactor shoxild be started immediately -which -woTild supply facilities 
for any experiments -which could not be carried out in -the lower flux. 
However, most of the materials experiments could be carried out in the 
Hanford-type pile so that the space available in the hi^-flux machine 
should be adequate for the remaining investigations. It might well turn 
out that a high-fl-ux pile could be made primarily a high-temperature 
machine -which could be used for gaining operational and engineering ex
perience which is quite necessaiy to the development of the proposed 
po-wer reactor. The use of such a hot, high-flux reactor for materials 
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experimentation •wo\ild be quite inconvenimt, but possible in view of -the 
fact that the major part of the program -would not haye to be carried out 
in it. Such a reactor might be a high-;^ssure helium-cooled miachlne in 
the erent that -ttiis type is not ohosen by the Argotme group for the Navy 
pile. It -would seem in any event that the high-flux reactor should be 
also a hi^-temperature reactor if the specific ends of this froject are 
kept in mind and if it can at all be used in the necessary high-flux 
ma-tertals and research and development ex^riments. Such a reactor -would 
have the disadvantages of not being completely designed at present and 
of Taeing inore complicated, and -would therefore be delayed in time Qrer 
the cold high-flux water reactor. 

In conclusion it -would seem that a combination of extensive facili
ties for materials research and development in a Hanford-type reactor 
de-vtrted primarily to this purpose plus some high-flux facilities avail
able in an experimental hlgh-temperat-ure, high-fl-ux machine aimed 
primarily at studying the operational and engineering'problems of such 
a reactor, -would be the most effective method of attacking the radiation-
damage problem and at the same time working toward the overall purpose 
of developing a mobile power reactor. 




