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ABSTRACT 

"T& creep of cold-pressed and sintered stoichiometric uranium dioxide was measured in 

compression a s  a function of temperature, s t r e s s ,  grain s ize,  and theoretical density. The creep. 
rate of uranium dioxide a s  a function of these parameters i s  described by the modified Arrhenius 

equation given below: 

. . 
E = A a exp (- 90,00O/RT) + B u4. exp (-132,00O/RT) 

where 
r. . . 

= steady-state creep rate ,  in./in. /hour . , 

a = initial compressive s t r e s s ,  psi (1000 to 15,000) 

T = Temperature, OK (1713 tu 2033) 

D Theoretical Density, % (92.0 to 98.0) 

The strain rate  of uranium dioxide was found to be inversely proportional to the square of 
the grain s ize at low s t resses  and inverseiy related to the density. The experimental results fit 
this equation with *32% with a confidence level of 90%. 

This type of behavior of uranium dioxide is in agreement with existing theoretical descrip- 

tions of creep mechamsms, and the correlation indicates that lhermally aclivaled creep ill ural~iunl 
dioxide results from a combination of stress-enhanced diffusion, dislocaliorl mutiull, arid slidi~lg 

a t  grain boundaries. The mechanism which dominates and controls the creep rate i s  dependent on 
the specific temperature, s t r e s s ,  grain size, and density. 

Activation energies for uranium dioxide creep were calculated to be 90 Kcal/mole in the 

low s t r e s s  regions and 132 ~ c a l / m o l e  in the high s t ress  regions. 

Data previously reported on the creep of uranium dioxide agreed well with the results of 

this investigation. The effects of density and grain size on the creep behavior of uranium dioxide 
were evaluated and the relationship of these material parameters to nuclear fuel element design . 

discussed. This work was done a s  a preliminary to the measurement of creep of mixed 
uranium-plutonium oxide. 



I. INTRODUCTION 

The creep properties of a ceramic oxide nuclear fuel a r e  an important parameter in  
determining the performance potential of a fast reactor fuel element. During reactor operation, 
s t resses  develop within the oxide fuel a s  a result of the interaction with the cladding, differential 
thermal expansion, and from volume changes induced by fission products. The increase in the 
radial s t ress  component with fuel burnup can result in high hoop stresses within the cladding 
material. The resultant fuel-cladding interaction may lead to significant plastic deformation and 
fracture of the cladding material and limit the life of the fuel pin in the reactor. In a Fast  
Ceramic Reactor, fuel burnups in excess of 1000,000 MWd/Te will be necessary. Consequently 
an understanding of the mechanical properties of the fuel is essential to permit the effective 
design of a fuel element which minimizes cladding strain during the life of the core. 

To aid in acquiring an understanding of this type of material behavior, a test apparatus 
has been constructed to permit definitive measurement of the creep rate of mixed plutonium- 
uranium oxide fuels under conditions similar to  those of interest in reactor operation. The trial 
operation of this equipment was performed on uranium dioxide (natural and depleted) and the 
results a r e  presented in this report. 

The inherent radial temperature gradient in a fuel element results in gross microstructural 
c l~a l~ges  acruss Llle fuel radius. These changes include grain growth and fuel migration during the 
formation of columnar grains, resulting in an increase in the initial fuel density. A small ring of 
fuel directly adjacent to the cladding essentially maintains i ts  as-fabricated density. Since creep 
is a fuiictiol~ of sires!, Lamperalure, and density, the deformation behavior of the oxide fuel will 
vary within the different regions of the fuel matrix. The overall response of the entire fuel 
volume will determine the extent of the resultant fuel-cladding interaction. 

Present fuel designs incorporate porosity within the fuel to accommodate fuel volume in- 
creases and minimize the subsequent strain in the clad. The success of this concept is  determined 
by the ability of the oxide fuel to creep into the available pore volume. 

Experimental data on which to base predictions of fuel swelling have been relatively sparse.  
The purpose of this investigation was to provide useful information on the out-of-reactor creep 
behavior of oxi'de fuels under various controlled conditions of s t ress ,  temperature, grain s ize,  
and density:. 'By knowing how a fuel behaves a s  a function of these variables, i t  becomes possible 
to make more reliable predictions of the fuel-cladding interaction forces a s  well a s  fuel redistri-  
bution. Subsequent experiments on mixed plutonium uranium oxide fuels and in-reactor creep 
tests a re  planned a s  extensions of the current work. The variables of stoichiometry and plutonium 
content will he added to the list of parameters to be investigated. 

A compressfon test was chosen for this investigation. Under reactor operating conditions, 
the fission product swelling and diffe'rential thermal expansions result in radial force components 

\ that a r e  .opposed by clad and fuel restraint. These conditions a r e  best duplicated in a compres- 
sion test rather thgn in a bent beam test.  

. The resultd obtained in this investigation a re  reported herein. 
I 
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11. LITERATURE REVIEW 

A. C r e e ~  Mechanisms in Ceramic Materials 

The creep deformation of single phase polycrystalline ceramics is a complex process 
generally attributed to s t ress  enhanced diffusion, dislocation movement, and grain 
boundary sliding. These thermally activated processes which become operative at tem- 
peratures of approximately half the melting point can contribute simultaneously to the 
overall deformation of the material. The mechanism which dominates the behavior, 
however, i s  directly related to the temperature, s t ress ,  density, grain size and impurity 
content. Changes in any of these variables can alter the controlling mechanism and 
significantly change the mechanical deformation behavior. 

Most experimental data on the creep behavior of ceramic materials can be described 

by the following form of the Arrhenius equation 

t = A o n  exp ( -VRT)  

where 

i = creep rate 
A = material parameter determined by microstructure 
u = s t ress  
n = s t ress  exponent 
Q = a.ctivation energy 
R = gas consta.nt 
T = temperature 

Attempts have been nlade Lo correlate the parameters A, n, and Q with existing creep 
theories. In general the experimentally determined values of Q have been consistent with 
the activation energy for cation self-diffusion (the slowest moving ion in the material). 
However, because of uncertainties in the experimental data, only rarely ha.s i t  heen pnssibls 
to unequivocally establish a relition between a particular creep mechanism and the observed 
behavior. (1) 

Stress Enhanced Diffusion 

At low s t ress ,  diffusional or  Nabarro-Herring (2'3) creep i s  operative. Deformation re- 
sults from the flow of vacancies from grain boundaries in tension to those in compression. 
This type of material response leads to strain rates which a r e  linearly dependent on the 
s t ress  and inversely proportional to the square of Ihe grain size ( d  cz u / G ~ ) .  

Dislocation Movement 

The movement of dislocations due to applied .shear s t resses within the crystal structure 
result8 in a rnacroscopie nloveilleilt ul rr~aterial and permanent deformation. At high 



temperatures, dislocation climb can occur and results in an increase in deformation rate 

by allowing dislocations to surmount bar r ie rs  (impurity precipitates, porosity, grain 
boundaries, etc . ) which normally would restr ict  dislocation movement. ~ e e r t m a n ( ~ )  has 
proposed that high temperature dislocation movement should result in  the creep-rate being 
proportional to s t r e s s  raised to  the 4 . 5  power ( i  a 1 3 ~ ' ~ ) .  

Grain Boundary sliding 

The third process by which deformation can occur in polycrystalline ceramics is grain 
boundary sliding. The grain boundaries, which a r e  a reas  of poor lattice registry and high 
dislocation density, give r i se  to  a complex deformation process which i s  not well under- 
stood. Without the occurrence of either diffusional or  dislocation movement mechanisms 
to  change the grain shape during deformation, grain boundary sliding cannot occur on a 
continuous basis while maintaining grain boundary continuity. However, grain boundary . 

sliding in cooperation with other deformation mechanisms can have the effect of increasing 
the overall creep rate  and reducing the geometric restrictions imposed on the other 
mechanisms. (') 

B. Creep of Stoichiometric U02 

The creep behavior of single crystal and polycrystalline U02 has been studied by several 
investigators. An excellent detailed review of all published data has been prepared by 
Wolfe and ~ a u f m a n . ( ~ ) '  1; general this data has been more qualitative than quantitative. 
The effects of temperature, s t r e s s ,  density and grain size on the steady state creep rate 
have been observed, and general trends showing the relationship between the creep rate 
and these variables have been stated. However, a lack of sufficient quantitative data has 
prevented the development of a spe\cific expression which reasonably predicts the creep 
behavior of U03 over wide ranges of the parameters.  

The creep of single crystal U02 was studied by Armstrong, et al. (7) A bend test was used, 
and thc measurements were made between 1340 and 1685°C under maximum fiber s t resses  
of 3600 to 8000 psi.  Fitting these data to the Arrhenius equatior. gave an activation energy 
(Q) of 118 Kcal/mole and a s t r e s s  exponent value ,(n) ot 3 . 3 .  

Scott, et  a1. (8) used a bend test  to study the creep of polycrystalline U02. The activation 
energy for 95% dense samples was calculated to be greater than 95 Kcal/mole. 

Armstrong, e t  a1 (') also performed bend tests on polycrystalline UO2. The stoichiometric 
samples had a density range of 93 to 98% and a grain size range of 6 to 40 microns. The 
temperature was varied between 1250 and 1400°C, and the s t ress  from 700 to 16,000 psi. 
Two distinct modes of behavior were observed. Bclow 10,000 psi,  the creep rate increased 
with s t r e s s  in a nearly linear manner. The following expression* describing the creep of 
9fjoh dense, 6 micron samples as a fuiictfon of s t r e s s  and Lerrlperalure was obtained: 

*Equation appearing in li terature has been modified to report creep in units of in/in/hour -- 
personal corrlrrluilicatioi~ froin A. R. Causey (for W. M. Armstrong) to J. L. Smith, 
September 27, 1966. 



E = 2 x lo4 ul' exp (-91,00O/RT) i d i n / h r  

Above 10,000 psi,  the creep rate increased more rapidly with s t r e s s ,  and the s t r e s s  

exponent n was calculated to be much greater than one. Grain boundary sliding was re -  
ported to occur during creep deformation. However, no correlation between the creep rate  
and grain size was found. Increased porosity in the grain boundaries was observed to 
facilitate creep defurmation. 

Compression testing of U02 has been reported by Poteat and Yust (lo) and by Wolfe and 
Kaufman. (6) The creep data of Poteat and Yust was determined at temperatures from 

1430 to 1666°C under constant load, with the s t resses  from 2000 to 11,000 psi.  The 
sarnples were 96.3% dense and 10 micron average grain size. In general the results were 
similar to those of the bend tests.  A transition in the steady state creep rate from a 
viscous flow a t  low stresses (E cc o) to a power law relation at s t resses greater than 
6000 psi (i was observed. Activation energies varied from 83 to 97 Kcal/mole. 

Wolfe and Kaufman (6) investigated the deformation of samples with grain sizes of 18 and 
55 microns. The test temperatures ranged from 1600 to 2000°C and the initial s t r e s s  from 
1000 to 7500 psi. The s t ress  at which the transition in creep behavior occurred was fniind 

to be strongly affected by grain size. This transition took place a t  about 3000 psi for the' .  
18 micron material and at less  than 2000 psi for the 55 micron samples.. At low stresses?. .''; 

the smaller grain size material exhibited higher creep rates  under similar test conditions-. :' J 

The activation energy for creep was reported to be 71 Kcal/mole. , , s  

5 

In general, the experimental data reported in the literature to date show an extensive ., 

scatter,  only part of which can be associated with variations in material grain size and . . ; 

stoichiometry. However, the data do indicate that a t  relatively low stresses (1000 to ,-' , ;; 

3000 psi) the creep rate is almost directly proportional to s t ress  (i a o). Grain boundarya 
sliding contributes to the overall creep deformation, and small grain size material creeps 
more rapidly than large grain size samples. 

At higher s t resses ('5 6000 psi) a transition in the creep behavior occurs and creep rates 
increase more rapidly with increasing s t ress  (€ a 04 5). The s t ress  at which this 
transition takes place decreases with increasing grain size. The dominant creep mechanism 
here seems to be dislocation motion. Grain size does not affect creep rates a t  high s t resses .  

The calculated activation energies for creep range from 71 to 118 Kcal/mole. Comparison 

of these values with activation energy values for the self-diffusion of the uranium atom in 

U02 (70 to.108 ~ c a l / m o l e ) ( l l - ~ 3 )  shows reasonable agreement. 



111. CONCLUSIONS 

The experimental results of this investigation indicate that: 

1. The steady state creep behavior of stoichiometric polycrystalline uranium dioxide 

under compressive loads can be described by the relationship: 

i = A o exp (-90,00O/RT) + B 1 3 ~ ' ~  exp (-132,00O/RT) 

where 
. . 

i = steady-state creep rate, in/in/hour 

u = initial compressive s t ress ,  psi (1000- 15,000) 

T = Temperature., OK (1713-2033) 

U = Theoretical Density, % (92.0 - 98.0) 

G = Grain Size, microns (4-35) 

For the experimental procedures and apparatus used in this investigation, the actual 

creep measurements made on the U02 samples fall within *32% (90% confidence level) 
of the creep rates c a l c ~ ~ l a t ~ r l  f rom this expression, 

2. The experimental results a r e  in agreement with existing theoretical creep mechanisms, 
indicating that thermally activated creep in U02 results from the combination of 
s t ress  enhanced diffusion, dislocation motion, and grain boundary sliding. The 
change in activation energy from 90 to 132 Kcal/mole with increasing s t ress  indicates 

a change in the controlling creep mechanism. 

3 .  At low applied s t ress  (? 3000 psi) the creep behavior of UO2 exhibits a high depend- 

elrce un grain size ( P  a 1/Ci2). This material parameter consequently is an impor- 
tant consideration along with porosity in designing fuel elements to minimize clad 

distortion resulting from fission product swelling and differential thermal expansion. 

4. Comparison of previously reported creep data on polycrystalline U02 with the re- 

sults of this investigation a r e  in good agreement. 
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.-• , ,,is : ,, G 1 i d ~ s . a  ' 
A photograph of the t e d  f u r d c e  used in this investigatfa: is *iesented I T  I -!I ti, in $ .  Figure 4-1. fhk 

interhal operation of thk furnace is illusthfeii ih F i g h e  4-2. The exitire bottom plate of the hr- 
m e  assembly Whs 1o;beted by d o  hgdkarilib c$lhden for loddlk and unlddidg the test sample. 
With the furnace ih the test pasition, the ~ o & ~ r & s s i v e  load was i&liea oq tkk sample b i  two 
tungsten plungers. The upper plunger w& rigidly fiied to tf;k t& of the fu&&e. The lower 
plunger was free to move vertically through a linear bearilig and belloys in the bottom plate. 
Both plungers were thermally insulated from the vessel shell by pyrolitic carboi spacers. A 
unifbrm 6eai zone was provided by a tiylindrical tungsten mesh resistance heating element that. 
was susp&ntied from the top of the furnace. ~ e k ~ e r a t u r e  control was maintained by providing a 
constant podper input to the heat ik  element. A boron nitride muffle was placed around the test 
specimen, and the enfire heating zone was surrounded by tungsten heat shields to minimize heat 
losses. 

The hydraulic load on the test specimen was measured using a 0- 5000 psig bourdon tube 
pressure gadge. Scale divisions were in 5 psi increments and the accuracy was 0.1% full scale. 
 lie load wa's maintained at a constant level during testing by a gas-hydraulic system. A sehe- 
ma& of &23 design is included in Figure 4-3. A floating gae/oil piston compensated for any change 
in the hy&d&c pressure resulting froni' dkformatibn of the test sample. A high pressure gas 
bottle (helidh) and regulator weie used to hintai 'n the constant gas pressure, I .... _ 

, ,,g, - ;! : 

~he ' fu rwce  cover gas of premixed nitrogen - 6% hydrogen was maintained slightly above 
atinmheric dressure (0 - 6 psig). This pressure was controlled by a low pressure regulator and 
measured 'u~ in~  a d t o  10 psig gauge. ~ivisions were in one ounce increments and the accuracy 
was 2 - 3%. 

Cree* of 'the U0 2 test specimens was measured by two techniques. A precision optical 
cathetometer' did an accuracy of *. 0001" was used to measure sample length changes by sighting 
through the o b i e r ~ t i o n  pdrt located on th= front of'the furnace. The emissivity differences at 
the interfaces bbtbeen the U a  and the &sten plungers resulted in sharp visible lines for 
Hlaliing the l e d  measbements. The second measure of creep was obtained from the output of 
a line* varihble dijfferendal transformer (LVDT) which monitored the movement of the bottom 
tungsten plunger. The movement of thiiYglunger was directly proportional to the deformation of 
the test speciinen. The signal of the LVDT & amplified and recorded on a continuous millivolt 
pen recorder. The creep rate of the U& was then obtained from this graph of plunger movement 
versus time. 

4.3 TEST SPECIMENS 

Uranium dioxide test samples having various combinations of grain size and theoretical 
.reity were prepared by conventional cold pressing and sintering techniques. The fabrication 



Figure 4-1. IIechanical Properties Test Furnace 
* I 
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history of individual groups of test cylinders (pellets) is presented in Table 4-1. The cylinders 
were formed by two directional pressing of depleted or natural uranium-dioxide powders in 
cylindrical steel dies. The pressed pellets were densified by isostatic pressing and/or sintered 
in a dry hydrogen atmosphere. After sintering, the pellets were centerless ground to a uniform 
diameter, ultrasonically cleaned, and refired in dry hydrogen (-80°F dewpoint) for 3 to 6 hours 
at llOO°C. This final step was intended to reduce any stoichiometry increase that might have 
occurrred during the grinding process. 

Table 4-1 

Fabrication History of UQ Test Samples 

Batch uoz Sintering Sintering 
Designation Enrichment Temperature ("C) Time (Hours) 

B Natural 1690 

C Natural 1690 

E Natural 1650 

F Depleted 1650 

G Depleted 1735 

Depleted 

Samples of the finished pellets were analyzed for O/U ratio by a combination of thermo- 
gravimetric techniques and caulometric titration. Polished metallographic sections of the as 
fabricated samples were also prepared. These sections were etched* and grain size determined 
by a grain boundary intercept method. (I4) Representative characterization of the various groups 
of test pellets are  given in Table 4-2, and the a s  fabricated pellet microstructures a r e  shown in 
Figures 4-4 through 4-6. During the fabrication, emphasis was placed on obtaining samples with 
uniform grain size and microstructure. 

Spectrographic analyses were performed on both the "as-fabricated" specimens and on 
specimen8 that had been creep tested. Results of the analyses showed that the impurity content 
of all samples tested was less than 200 ppm. A typical spectrographic analysis is given in 
Table 4-3. 

4.4 EXPERIMENTAL PROCEDURE 

The UQ2 test pellet and boron nitride muffle were placed on the lower tungsten ram. The 
-- - - entire lower assembly was then hydraulically raised and secured in the test position. The furnace . chamber was evacuated to less than 5 microns pressure and back filled with a nitrogen-6% hydrogen 

- cover gas mixture. This procedure was repeated a minimum of three times. Following the final 

*Etching agent was a 10% H2S04 - 90% Hz02 solution that was applied for one to three 
minutes. 



Group B 
94.8% TD 
14 microns 

500X 
Etched 

Group C 
92.4% TD 
14 microns 

500X 
Etched 

Figure 4-4. As-Fabricated Microstructure of U02 Tekt Specimens 



Group E 
95.0% TD 20-35 -- Microns 

Group F 
97% TD 7 Microns 

500X 
Etched 

Figure 4-5. As-Fabricated @icrostructure of U 0 2  Test Specimens 



Group G 
98% TD 18 Microns 

500X 
Etched 

Group I 500X 
95% TD 3-4 Microns Etched 

Figure 4-6; As-Fabricated Microstructure of UO2 Test Specimens 
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gas  backfill, a slight positive gas  p ressure  (less than 6 psi)  was maintained within the furnace 

vessel  during the remainder of the test .  

Table 4-2 

Characterization of Sintered U02 Pellets 

Nominal Nominal Theoretical Oxygen to  Average 
Batch Diameter Height Density '% Uranium Grain Size 

Designation (Inches) (Inches) *O. 2 Ratio O/U (Microns) 

B 0.500 0.775 94.8 2.007* 15 
2.009** 

C 0.500 0.766 92.4 2. 000* 14 
2.004** 

* Therllrogravimetric Analysis *O. 005 
** Coulometric Analysis *0.001 

Table 4-3 

Typical Spectrographic Analysis Result 

S a m ~ l e  No. 19381 

Aluminum 
Boron 
Calcium 
Cadmium 
Chromium 
Cobalt 
Copper 
Iron 
Lead 
Magnesium 
Manganese 
Molybdenum 
Nickel 
Silicon 
Silver 
Sodium 
Tin 
Vanadium 
Zinc 
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The temperature of the furnace'was increased a t  a constant rate of 50°C per  minute to the 
desired test  condition.. The bottom tungsten plunger was raised to bring the top surface of the 
U02 sample.in kontadt with the .top tungsten ram. (No load was applied. ) After allowing fifteen 
minutes to  stabilize temperatures withinthe hot zone of the furnace, an optical cathetometer was 
used to  measure the expanded length of the U02 sample. The LVDT was calibrated and zeroed 
and the desired ioad was applied t o  the bottom tungsten plunger. The deformation of U02 sample 
(the milliyolt output of the LVDT-amplifier) was recorded continuously a s  a function of time. The 
shape of the plot was typical of a plastic material subjected td a compressive force. After the 
initial elastic compression, the deformation rate decreased until a minimum or  constant rate was 
obtained. Depending uponthe test  conditions, three to ten hours were required to  reach a con- 

. . 
stant creep rate'. . 

~ h e . c & ~  rate  for each test  was. calculated using the formula 

aL/t  2 =-  

where.  = steady-state creep rate (in. /in./hour) 
.L = original.sample length at test temperature 
AL = change'in sample length after time t 

t = t ime (hours) 

The value'of A L / ~  was obtained directly from the linear portion of LVDT - amplifier 
plot. 

The . .  furnace . .  temberatuie . . . . . . .  . ~~&n-ionit.or,ed throughout the lesl with a tungsten - 5% rhcnium 
Yersus tungsten. - 26% rhenium ~ l e r m b c c i b ~ l e  junction touching the side of the' test pellet. 

At the completion of the test ,  the hydraulic load was removed from the saiiiplc and the 
furnace was allowed to cool a t  approximately 50°C per  rr~i~lute to room temperature. Measure- 
ments were made'on the samples to characterize the deformed shapes. The parallelriess of the 
top and bottom of the pellets was measured to establish Lhal ill all tests the loading was always 
u n i a a l  compression. 

A large number of these.test pellets were metallographically prepared to measure the 
post-test .grain size and t o  .observe any other microstructural changes. O/M ratio analyses were 
performed'on a. number of samples after testing to ensure that the stoichiometry of the test speci- 
mens was maintained. ' ' 

An analysis of the uncertainties in the experimental apparatus and technique is .presented 
in  Appendix A. 
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V. EXPERIMENTAL DATA AND DISCUSSION OF RESULTS 

5.1 Creep of U02 a s  a Function of Temperature, Stress, Grain Size and Density 

The purpose of this experiment was to measure the creep behavior of stoichiometric 
uranium dioxide. During the fabrication of the test specimens, emphasis was placed on obtaining 
microstructures having homogeneous grain size and porosity distribution. The microstructures 
of typical "as-fabricated" pellets a r e  shown in Figure 4-4 through Figure 4-6, and physical prop- 
er t ies  a r e  described in Table 4-2. ' The initial step in the evaluation of the experimental data 
was to establish the trends in the creep behavior of the UO2 a s  a function of material density, 
grain s ize,  s t ress  and temperature. Forms of the Arrhenius equation, modified to incorporate 
theoretical descriptions of creep mechanisms were compared with the raw data. In general, the 
correlation was excellent for measurements of this type, and from the experimental data equation 
(1) of Section 111 was derived to describe the creep response of UO2. This expression i s  valid 
within the range of experimental conditions and describes within &32% the actual experimental 
results with a 90% confidence level. The derivation and a discussion of this confidence interval 
a r e  included inAppendix B along with the experimental data points. The expression for creep is 
an empirical equation which describes the response of U02 only over the range of parameters 
investigated. Extrapolation to conditions other than those observed here should be done with 
caution. For example, a s  density approaches 90.45% of theoretical the calculated creep rates  
become extremely large. This is not an accurate description of the true behavior of the UO2, 
and the equation breaks down a s  an estimator of the creep rate. 

The relationship between equation (1) and normalized experimental data is shown in 
Figures 5-1, 5-2, and 5-3. The three graphs describe the creep response of 14 microns grain 
size U02 at three different densities (97, 05, and 92% TD respectively). The temperature varied 
from 1450 to 17Sf1°C. The plots were gcncrated from equation ( I ) ,  and the data points were nor- 
malized using the procedure described in Appendix D.* The correlation between.the data and the 
graphical representation of equation (1) was found to be very satisfactory. This equation describes 
the creep behavior of U02 to be the sum of two terms. The relative contribution of each of these 
terms to the total creep rate is determined by the values assigned to the variables in the equation. 
Where the applied s t r e s s  is low (1000 - 3000 psi) and material grain size is small (4-12 microns), 
the calculated creep rate is essentially determined by the first  of these two terms.  With increas- 
ing s t ress  and grain s ize,  the contribution of the second term becomes more important and even- 
tually dominates. Between these two extremes there is a large transition region in which both 
terms contribute nearly equally. This behavior exhibited by the U02 indicates that gradual and 
continuous changes occur in the mechanisms controlling the creep process. 

5.2 EFFECT OF DENSITY ON THE CREEP OF U02 

Density decreases (increasing porosity) resulted in increased creep rates. This behavior 
is shown in Figure 5-4 where the creep response predicted by equation (1) for 92, 95, and 97% TD 
material is plotted. The differences between the creep rates remained fairly uniform for all 
values of s t ress .  In Figure 5-5 the creep rate is plotted a s  a function of density for constant 

*The normalizing technique was intended to correct for small variations in the actual test  
parameters used to obtain the experimental data and to make graphical comparisons of the data 
and equation (1) more meaningful. 
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Figure 5-1. Comparison of Normalized Data with Calculated 
Creep Rates for 97% TD, 14 Micron U02 
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Figure 5-2. Comparison of Normalized Data with Calculated 
Creep Ratea for 06% TD, 14 Micron U02 
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Figure 5 -3. Comparison of Normalized Data with Calculated 
Creep Rates for 92% TD, 14 Micron U02 



1650°C 
10 microns 

Figure 5-4. Effect of Denxlly on Creep Rile of U02 
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s t ress  values of 1000 and 8000 psi,  and illustrates that density variations have a similar effect 
a t  both high and low s t ress .  

Armstrong, e t  a1 (9) observed grain boundary sliding in the deformation of U02 and i t  was 
reported that the rate  of deformation was directly related to the amount of porosity located in the 
grain boundaries. The findings of this investigation agree with Armstrong's results. The contri- 
bution of grain boundary sliding would be expected to be enhanced by grain boundary porosity and 
increase the overall creep rate for all values of s t ress .  

5.3 EFFECT OF GRAIN SIZE ON CREEP RATE OF UO? 

The creep rates  of specimens a t  low applied s t ress  were observed to be inversely pro- 
portional to the grain size squared and directly proportional to s t ress  (i a & ). For large 2 
s t ress  values, no correlation between grain size and deformation rate was gund. In Figure 5-6, 
equation (1) is plotted for four different grain size values. For relatively small s t resses,  the 
creep rates  for 7 micron and 25 micron materials differ by an order of magnitude. At 10,000 psi 
this difference becomes almost negligible. 

The data for 1000 psi in Figure 5-6 is plotted again in Figure 5-7. This graph shows that 
a t  a constant s t ress  the creep rate decreases with increasing grain size. This type of material 
behavior is predicted for a diffusional or Nabarro-Herring (2,3) creep mechanism. This predic- 
tion of diffusional creep is further substantiated by the agreement between the activation energy 
necessary for creep (90 Kcal/mole) a t  low s t ress  and the activation energy required for the dif- 
fusion of uranium atom in UO2 (70 to 108 Kcal/mole). (11-13) While the activation'energy for 
creep does not define the specific mechanism of deformation, i t  does show that a strong correla- 
tion exists between diffusion and the mechanism of creep a t  low s t ress .  

5.4 METALLOGRAPHIC OBSERVATIONS OF STRAINED U04 SAMPLES 

A large number of the U02 test samples were metallographically examined. In many of 
these samples an$increase in the average grain size was noted. (See Appendix C. ) These post- 
test grain sizes were measured and used in the analysis of the data. Examination of numerous 
microstructures did not reveal any evidence of grain boundary sliding or grain boundary separa- 
tion. A number of samples, however, strained under high compressive s t resses  did show high 
concentrations of etch pits within the grains. An example of the observed microstructure is shown 
in Figure 5-8. In general, the etch pits a r e  consistent in shape and orientation within any one 
grain. The pits in  highly strained material may be the traces of dislocation movements within 
the crystal lattice. The concentration of these etch pits increased with the grain size of the 
material and the s t ress  a t  which the deformation occurred. Figure 5-9 shows the typical post- 
test microstructure of a small 10 micron grain size material tested a t  3700 psi. In this case, the 
occurrence of etch pits in the grains is r a r e ,  possibly indicating that the grain boundaries rather 
than crystal lattice were primarily associated with deformation of the material. 

The creep rates  a t  high s t ress  values (? 8000 psi) were found to be proportional to the s t r e s s  
raised to the 4 .5  power ( i  a c4. 5). ~ e e r t r n a n ( ~ )  proposed that for the face-centered-cubic 
structure of UO2 this type of behavior would result when dislocation climb allowed dislocations to 
surmount barr iers  which normally restrict their motion. Such a mechanism is strongly dependent 
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Figure 5-6. Effect of Grain Size on Creep Rate of U02 



Figure 5-7. Creep Rate as a Function of Grain Size at 1000 psi 
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1 25 MICRONS 2.6% STRAIN 500X 

Figure 5-8. Microstructure of UO Sample Tested 
at 1750°C and 5000 psf 

10 MICRONS 3.7% STBAlN 500X 

Figure 5-9. Microstructure of U02 Sample Tested 
at 1750°C and 3700 psi 
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on the diffusion of atoms and vacancies within the crystal lattice to the a rea  of the pinned dislo- 
cation. However, the activation energy obtained for high s t r e s s  conditions (132 Kcal/mole) is 
considerably larger than the activation energy required for uranium diffusion in UO2 (70 - 108 
Kcal/mole). (11-13) This comparison of data suggests that the reported diffusion activation 
energy values for U02 a r e  strongly influenced by grain boundary effects. For typical materials, 
the amount of energy required for lattice diffusion (QLAT) is greater than that necessary for 
grain boundary diffusion (QGB). In the few systems where both values have been determined, 
their relative values have been 

The ratio of activation energies in equation (1) (90 and 132 Kcal/mole) falls between these two 
values. This result further supports the idea the creep in U02 results from grain boundary and 
lattice diffusion. The mechanism which dominates the deformation is determined by the tem- 
perature, s t ress ,  and grain size of the material. 

5.5 COMPARISON OF EXPERIMENTAL RESULTS WITH PREVIOUSLY REPORTED 
CREEP DATA ON U02 

A graphical comparison of equation (1) with previously reported creep data has shown the 
agreement to be very satisfactory. In Figure 5-10, the expression 

i = 2 x lo4 0 I s 3  exp (-91,00O/RT) 
: 

suggested by Armstrong, e t  a1 for 6 micron, 96% TO U 0 2  a t  1400°C has been plotted. In 
Figure 5-11, the data reported by Wolfe and Kaufman") and Poteat and yust(lO) i s  given. In 
each of these figures, curves generated from equation (1) using the test conditions reported by 
the other experimenters a r e  presented. In general, the data is within a factor of 2 or 3 of the 
values calculated from equation (1). 



Figure 5-10. Comparison of Results with Bend Test Creep Data of U02 , , 
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Figure 5-11. Comparison of Experimental Results with Previously 
Reported Compression Creep Data of U02 
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APPENDIX A 

PRECISION O F  EXPERIMENTAL TECHNIQUE 

The uncertainty in the measured creep rates  is the composite effect of all  the possible 
random e r ro r s  in the experimental technique. The propagation of these e r r o r s  in  a typical test 
can significantly affect the experimental result. Discussed below a re  each of the major test  
variables, the uncertainties in these variables, and their combined effect on the precision of the 
experimental technique. 

A. Temperature 

A calibrated tungsten - 5% rhenium versus tungsten - 26% rhenium thermocouple ,was 
used to measure the test temperature. The thermocouple was touching the .side of the 
U02 test specimen, and the measurements were accurate within rt1.0% of the absolute 
temperature. At 1700°C this results in a rtl7"C uncertainty in the temperature data. 

The furnace provided a stable and isothermal heat zone. The drift in temperature during 
a typical test was less than 4°C. A pellet containing black-body holes was used to check 
for temperature gradients. Within experimental e r ro r  of a calibrated optical pyrometer 
(rt20°C) no significant axial or radial temperature variations were observed. 

13. Comprcooivc Load 

Drift in the hydraulic load applying the compressive force was held constant within k2 psig. 
On a 0.250 inch diameter pellet under a 1000 psi compressive s t r e s s  this produces an un- 
certainty in the load of *4%. At larger s t resses  the e r ro r s  become smaller and insignifi- 
cant. 

The test samples typically deformed into a barrel shape with a resulting increase in the 
maximum cross-section area.  In Figure A-1 the maximum.change in the a rea  of a number 
of test pellets is plotted a s  a function of percent strain. In all but a few tests,  the change 
in area and the resulting uncertainty in the calculated s t r e s s  was less  than 4%. This change 
in a rea  was not considered in calculating the applied s t ress .  The original cross-section 
a rea  was used to calculate all s t r e s s  values. 

Parallelism between the top and bottom surfaces of the tungsten plungers was measured 
to be within 0.0015 inches. Consequently, the applied load was the true compressive load 

, . 
on the sample and the contribution of torque or shear forces was negiigible. . ... . . , 

C. GRAIN SIZE 

A linear intercept method was used to measure the average grain size on the "as-fabricated" . 
and tested U02 test pellets. (I4) The microstructures were reasonably uniform in grain 
size and distribution, and the estimated values were considered to be within 10% of the true 
average grain size. 



Figure A-1. Increase in the Cross Section Area versus 
the Fsrcent Strain in the Sample Length 
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D. DENSITY 

Density measurements were made on a number of pellets before and after testing by both 
water and mercury immersion techniques. Changes in the density of strained U02 samples 
were small and less  than 0.2% of theoretical. 

E. CUMULATIVE EFFECT OF UNCERTAINTIES ON THE PRECISION OF 

EXPERIMENTAL DATA 

Random variations or  e r r o r s  in the test  parameters had a cumulative effect on the experi- 
mental results.  The variations of these parameters did not affect the experimental result 
in an identical manner. Each e r ro r  had to be weighed according to i t s  importance and in- 
fluence on the experimental result. In Section 3 ,  the equation describing creep behavior 
of U02 effectively weights each of the test variables. This equation was used to  calculate 
creep rates where the e r ro r s  were allowed to accumulate to maximize or  minimize the 
result. The calculated creep rates were found to vary up to  +50%. This, however, 
represents the worst possible combination of experimental e r ro r s  and the probability of 
it occurring in a single experimental test was very slight. The test  procedure was de- 
signed to prevent this type of e r r o r  buildup. Duplicate tests  were made in an'attempt to 
obtain a quantitative measure of the precision of the experimental apparatus. Results of 
these tests indica.tsd that experimental results were reproducible within *20%. 
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APPENDM B 

ANALYSIS OF EXPERIMENTAL DATA 

The experimental data obtained during this investigation was a sampling of the actual 
creep behavior of polycrystalline U02 for various conditions of temperature, s t ress ,  grain s ize ,  
and density. The trends in this data a s  a function of the test  variables have been described by 
the equation derived in Section 3. This equation serves a s  an estimator which predicts the creep 
behavior of U02. A data evaluation study was conducted to determine the confidence that can be 
placed in the estimates provided by this equation. A comparison was made between the experi- 
mental data and the calculated creep rates. The estimated test conditions of temperature, s t r e s s ,  
grain s ize,  and density were used to obtain the calculated values. The comparison was then made 
by using the following formula: 

x = iexp - leal 
€ cal 

where X = the percent difference 

- calculated creep rate cal - 

i = experimental creep rate 
exp 

The results a r e  presented in Table B-1 along with the experimental data. The largest 
difference between an experimental and calculated creep rate was 45%. Conventional statistical 
formulas were used to evaluate the distribution of these differences. For the 90 experimental data 
points,'the sample mean (z) and the standard deviation (Sx) of the differences were 1.1% and 18.6% 
respectively. The positive and negative results were evenly divided (46 positive and '44 negative), 
and a graph of this data i s  plotted in Figure B-1. If the distribution shown in this figure is assumed 
to be normal, the following general statement can be made about the precision of the equation a s  an 
estimator of experimental results: 

Using the experimental technique described previously, there is 90% confidence that the per- 
cent difference between experimental and calculated creep rates (X) will fall within interval 
(-32% 5 X 5 + 32%). 

This comparison may be carried one step further and restated as:  
' 

t = iCa1. *32% Ccal (90% confidence) . - . I  _ .- 

exP 

This level of confidence is valid only where the variables used in the calculations fall within 
the range of values: 

Compre~sive S t r e ~ o  
Temperature 
Density 
Grain Size 

1000 - 15,000 psi 
1440 - 1760°C 
92.0 - 98.0% Theoretical 

4 - 35 microns 
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Table B-1. Comparison of Experimental Data and Calculated Creep Rates (Continued) 
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Table B- 1. Comparison of Experimental Data and Calculated Creep Rates (Continued) 
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Table B-1. Comparison of Experimental Data and Calculated Creep Rates (Continued) 
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SAMPLE MEAN SAMPLE STANDARD DEVIATION 

SAMPLE S I Z E  (n) = 90 

Figure B-I. Frequency Polygon Showing the Distribution of the Percent 
Deviations between Experimental and Calculated Creep Rates 
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The width of the confidence interval indicates the precision of the creep expression a s  an 
estimator of the true creep behavior, and i t  sho.~vs the mzgnitude of the sampling e r ro r  (e. g. , 
uncertainty in experimental procedure and apparatus). In Appendix A, an analysis of the experi- 
mental technique showed that the precis'ion or reproducibility of experimental data was on the 
order of 520%. This suggests that a large portion of the differences found between experimental 
and calculated creep rates results from uncertainties in the experimental technique. Consequently, 
the 'expression in Section 3 may provide a better estimate of the true creep behavior of U02 than 
i s  suggested by the 90% confidence interval of *32%. 
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APPENDIX C 

GRAIN GROWTH OF U02 SAMPLES 

Metallographic inspection of U02 creep test  specimens indicated that changes had occurred 
in the microstructure during testing. The average grain size increased a t  a rate greater than 
anticipated. Since the creep experiments were not originally intended to study this phenomena, 
the quantitative data is inadequate to thoroughly analyze. It is, however, of interest and worth 
noting. In Figure C-1, the.increase in the grain size of the creep specimens is plotted as a func- 
tion of time. Data on the grain growth of U02 is plotted for comparison. M a c ~ w a n ( ' ~ )  stated 
that the mean grain diameter D (microns) after annealing for t hours a t  a temperature T (OK) 
was given by the equation: 

- D: = ko toea exp (-87000/RT) 

where Do and ko a r e ,  respectively, the initial grain size and proportionally constant. Using this, 
equation, MacEwan's data was extrapolated to the temperatures of interest in the creep and plas- , 

ticity study. In all cases, the increase in the average grain size of samples under compressive 
loads of .I000 to 12,000psi was 2 to 3 times that predicted for normal s t r e s s  free grain growth of 
the U02. 



h e  (hours) 

Figure C-1. Increase in Average Grain Size of UO 
as a Function of Time and ~ern~eratuge 
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APPENDIX D 

PROCEDURE FOR NORMALIZING EXPERIMENTAL DATA 

The experimental data was for the most part  grouped about specific values of temperature, 
density, and grain size. Small variations from these nominal values, however, were present in 
most of the data. For example, a number of tests  were intended to  be made a t  a nominal tem- . 

perature of 1650°C. The actual'temperatures of these individual tests  were anywhere from 1640 
to 1660°C. Similar variations existed in the density and grain size numbers. A graphical pre-  
sentation of the data in this form made interpretation difficult and had little value. Consequently, 
experimental data that were grouped about the same nominal values were "normalized" to the 
same temperature, grain size and density. The technique used to normalize the data is best 
described by an example: 

The following experimentally obtained creep rate is to  be normalized to 1750°C, 95% TD 
and 14 microns. 

Test No. 59 
Stress 1000 psi 
Temperature 1753°C 
Density 94.8% TD 
Grain Size 17 microns 
Experimental Creep Rate -8.33 x in. /in. /hour . 

('exp) 

Using the conditions of test no. 59, the creep rate calculated by equation (1) in Section 3 
is 

i1 = 9.22 x in. /in./hnur 

In a similar manner the creep rate calculated for the desired conditions of 1750°C, 97% TD, 

1000 psi and 14 microns is 

Substituting the above values into the following expression, a normalized creep rate (€*) 

is obtained. 
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The value of a, represents the crkep rate that would have been obtained had the test 
been conducted at 1750°C, 95% TD, and 14 microns rather than at 1753"C, 94.8% TD and 17 
microns. Normalizing groups of data in the above manner makes the graphical comparison of 
data from the different tests clearer and more meaningful. 



GEAP- 10054 

ACKNOWLEDGMENTS 

The authors a r e  grateful to  W. E.  Baily for his direction and encouragement during the 
course of this investigation; G. R. Hull for his assistance in the' computer analysis of the data; 
Dr. G. F. Melde for the helpfu1,discussions . . during the preparation of this document; and R. L. 
Bertolotti for the design of the test apparatus. 



REFERENCES 

Nadeau, J .  S. ,' "The Sti-ength of Non-Stoichiometric Oxides," General Electric Research 
and Development Center, June 1.967 (67-C-243), p. 9. 

Nabarro, F. R. N . ,  "Deformation.of Crystals by the Motion of Single Ions," Rep. Conf. 
Strength of Solids, London, physical sbciety, 1948, p. 75. 

Herring, .C. , J. Appl. Phys. , - 21, 437-445 (1950). 

Weertman, J . ,  J.,. Appl. .Phys.,  28, 362-364 (19.57): . 

Kingery, W. D. and Coble; R. L. , "A Review of the Effect of Microstructure on Mechanical 
Behavior of Polycrystalline, ~ e r a m i c s  , " In "Mechanical Behavior of Crystalline Solids, U: S. 
Department' of Commerce, National Bureau of Standards Monograph 59, March 25, 1963, . 

pp. 103-111. 

~ o l ' f e  , R. A. and Kaufman, S. F.  , "Mechanical 'properties . . of Oxide Fuels (LSBR/LWB 
Development Program), " WAPD-TM- 587 AEC ~ e s e a r c h  and .Development Report, October 
1967. 

Armstrong, W. M., Causey, A.R. ,  and Sturrock, W. R . ,  ,J. Nucl. Mater., - 19, 42-49 (1966). 

. . .  

Scott,, R . ,  Hall, A.R. , and ~ l l l i a & s ,  J . ,  J. Nucl. Mater. ,  1, 39-48 (1959). 
. .  . . . . '  .. , , . . .  - 

. . 

Armstrong, W: M: , Irvine, W. R . ,  Martinson,. R. H.', J. Nucl. Mater . ,  - 2, 133-141 (1962). 

Potoat, L. E .  and YuGt ,  C. S, , "Graill Boundary Rcnction~ During Deformai.irm," 
ORML-P=237,1 1nfi6, 

Alcock, C: B . ,  Hawkins, R. J. ,' Hills, A.'W.D., and McNamara, P . ,  "A Study of Cation 
Diffusion in Stoichiometric U02 Using a-ray Spectrometry," Proceedings on the Symposium 
of Thermodynamics, International Atomic Energy Agency, Vienna, 1966, pp. 57-72. 

Belle, J. Auskern, A. B. ,  Bostrum, W. A . ,  and Susko, F. S., 4th Intern. Conf. Reactivity 
of Solids, Elsevier, ~ m s t e r d a m ,  1960, p. 452. 

Hilliard, . J .  E. , "Grain Size Estimation," General Electric Research Lab. , Dept. No. 
62-RL-3133M (1962): 

Brophy, .J. H. , Rose, R. M. , and Wulff, J. , "The Structure and Properties of Materials, ' I  

John Wiley and Sons, 'New York, 1964, .Val. 11, pp. 82-84. 

J. R. Mac Ewan and V. J3. Law~on,  J. A m ~ r  Cera,mic Soc. . s, 37-41 (1962). 



DISTRIBUTION LIST 

Director, Contracts Division 
U. S. Atomic Energy Commission 
San Francisco Operations Office 
211 1 Bar~croft Way 
Berkeley, California 94704 

Chief, California Patent Croup 
U. S. Atomic Energy Commissior~ 
Sari Francisco Operations Office 
P. 0. Box 808. 
Livern~ore, California 94551 

Division of Reactor Development and Technology 
U. S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: Asst. Director for Reactor Engineering 

Division of Reactor Development and Technology 
U. S. Atomic Energy Commission 
Waehington, D. C. 20545 
Attn: M. a. Whitman 

Asst. Director for Program Analysis 

Division of Reactor Development and Technology 
U. S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: A. Giambusso 

Asst. Director for Project Mgmt 
(Attn: R. Sweek, G. Wensch, J. Morabito) 

Division of Reactor Development and Technology 
U. S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: J. A. Lieberman 

Asst. Director for Nuclear Safety 

Division of Reactor Development and Technrrhgy 
U. S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: J. A. Lieberman 

Asst. Director for Nuclear Safety 

Division of Reactor Development and Technology 
U.S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: J. W. Crawford 

Amt. Directctr Cur Pliint Engineering 

Division of Reactor Development and Technology 1 
U.S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: K. H. Steel 

Division of Naval Reactors 

Division of Reactor Development and Technology 2 .  
U.S. Atomic Energy Commission 
Washington, D. C. 20545 
Attn: E. E. Sinclair 

Asst. Uiector for Reactor Tech. 
(Attn: I. M. Simmons; I. Zartman) 

RDT Site Office 
U.S. Atomic Energy Commission 
c/o General Electric Company 
310 DeGuigne Drive 
Sunnyvnlc, California 
Attn: J. V. Levy 

LMFBR Program Office 
Argonne National Laboratory 
9800 South Cass Avenue 
Argonne, Illinois 60439 
Attn: A. Amorosi, Director 

LMFBR Program Office 
Argonne National Laboratory 
9800 South Cass Avenue 
Argonne, Illinois 60439 
Attn: L. R. Kelman 

Atomics International 
P.O. Box 309 
Canoga Park; California 91304 
Attn: S. Golan 

Director 
Liquid Metals Information Center 
P. 0. Box 309 
Canoga Park, California 91305 

The Babcock & Wilcox Company 
Atomic Energy Division 
Lynchburg, Virginia 24501 
Attn: M. W. Goft  



Mr. L. W. Fromm, Manager 2 
'1000 MWe LMFBR Follow-On Study Project 
Building 208 
Argunne National Laboratory 
9800 South Cass Avenue 
Argonne, Illinois 60439 

Mr. C. A. Anderson, Project 'M~T 

1000 MWc LMFBR Follow-On study 
Westinghouse Electric Corporation 
Advanced Reactors Division 
Waltz Mill Site 
P. 0. Box 1513 
Madison, Pennsylvania 15663 

FFTF Project 
r. O. BOX 390 
Richland, Washington 99352 
Attn: configuration & Data Management 

. . . .  . W. P. Stakcr, Project Manager" .' '. . , "  . . . . . .  ... 2 
. . .. . 

1000 MWe LMFBR Follow-On'Study . . , 

. . 
. . 

Combustion Engineering, Inc. 
P. 0. Box 500 
Windsor, Connecticut 06095 

RDT Senior Site Representative . 1 
Carluga F x k  Area Office , , ,. . 

P. 0. Box 2325 . . 

Sar~ D i e ~ o ,  Califorriia 92112 

RDT Senior Site Representative 
Cannga Park Area Office 
P. 0. Box 591 
Canoga Park, California 91305 

RDT Senior Site Representative 1 
U.S. Atomic Energy Commission 
Argonnc. National Idahoratory 
9800 South Cass Avenue 
Argonne, Illinois 60439 . 

TlUT Site Officc 1 
U.S. Atomic Energy Commission 
Atomic Power Development Associates, Inc. 
1911 First Street 
Detroit, Michiin 48226 

RDT Senior Site Representative 
Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, Tenncsscc 37830 

The Babcock & Wilcox Company . 1  
Atomic Energy Division 
Lynchburg, Virginia 24501 . . 

Attn: S. H. Esleeck 

RDT Senior Site Representative 
U.S. Atomic Energy Commission 
P. 0. Box 550 
Richland, Washington 99352 . 

RDT Site Representative 
U.S. Atomic Energy Commission 
Post Office Box 2108 
Idaho ~ a l l s ,  Idaho 83401 

RDT Site Representative 
U.S. Atomic Energy Commission 
United Nuclear Corporation 
Grasslands Road 
Elmsford, New York 10523 
ALLII: M. Nayack 

R.DT Site Representative 
U.S. Atomic Energy Commission 
[Jyited Nu~:Ir.ar Cnrpnrntion 
,Grasslands Road 
~lmsford,. ~ e w  York 10523 
Attn: A Strasser 

Argonne National Laboratory 
9800 South Cas .Aven~~e 
Arpnne, Ulinois~60439 

. . 
httn: J. H. Kittkl 

Argonnc National Laborntory 
9800 South Cass Aven11e 
A r g u ~ ~ ~ e ,  Illi~~uis 60439 
Attn: R. C. Vogel 

Pacific Northwest Laboratory 
P. 0. Box 999 
Richland, Washington 99352 
Attn: E. A. Eschbach 

Pacific Northwest Laboratory 
P.O. Box 999 
Ihcldanrl, Wiishi~gtul~ 99352 
Attn: E. A. Evans 

University of California 
Lawrence Radiation Laboratory 
P. 0. Box 808 
Livermore, California 94551 
Attn: A. Rothman 

Los Alamos Scientific ~aboratory 
P. 0. .Box 1663 
Los Alamos, New Mexico 87544 
Attn: R. D. Baker' 



1.0s Alamos Scientific Laboratory 
P. 0. Box 1663 
Los Alamos, New Mexico 87544 
Attn: D. B. Hall 

Los Alamos Scientific Laboratory 
P. 0. Box 1663 
Los Alamos, New Mcxico 87544 
Attn: J . C. Clifford 

Scientific Laboratory 
P. 0 .  Box 1.663 
Los Alamos, New Mexico 87544 
Attn: Reports Librarian 

Westinghouse Electric Corporation 
Bettis Atomic Power Laboratory 
P. 0. Box 79 
West Mifflin, Pennsylvania 
Attn: E. J. Kreh 

Oak Ridge National Laboratory 
P. 0. Box X 
Oak Ridge, Tennessee 37830 
Attn: J. E. Cunningham 

Brookhaven National Laboratory 
Upton, Ncw York 11973 
Attn: 0. E. Dwyer 

Battelle Memorial Institute 
Columbus Laboratories 
505 King Avenue 
Columbus, Ohio 413201 
Attn: D. Kcllcr 

Qtomics International 
P. 0. Box 309 
Canoga Park, California 913M 
Attn: H. Pearlman 

Atomics International 
P:O. Box 309 
C a ~ l o ~ a  PPiirli, Culiionlia 91 304 
Attn: FBR Project Manager 

(R. J. Beeley) 

Dow Chemical Company 
Rock Flats Division 
P. 0. Box 888 
Golden, Colorado 80401 
Attn: R. D. Forest 

Scientific ~epkescntative 
U.S. Atomic Energy Commission 
American Embassy 
APO San Francisco 96503 

U.S. AEC Scientific Representative 
United States Embassy 
Paris, France 
APO New York 09777 

Senior U.S. AEC Representative 
U.S. Mission to the European Communities 
United 'States Embassy 
Brussels, Belgium 

Division of Technical Information Ext. 
U.S. Atomic Energy Commission 
P. 0. Box 62 
Oak Ridge, Tennessee 37831 

Dr. John C. Woodhouse 
1 Guest Lane 
Wilmington, Delaware 19809 

Power Reactor Development Corp. 
1911 First Street 
Detroit, Miclligd~~ 48226 
Attn: W. J. McCarthy 

Argonne National Laboratory 
Idaho Division 
P. 0. Box 1096 
Idaho Falls, Idaho 83401 
Attn: I?. W. T h a b t t  

Detroit Ellison Company 
191 1 First Street 
Detroit, Michigan 45226 
Attn: A. S. Griswold 

Atomic Power Development b o c i a t e s  
191 1 F i r ~ t  street 
DeLruiL, Miclligan 48226 
Attn: A. A. Shoudy 

Combustion Engineering, hc. 
Nuclear Division 
Prospect Hill Road 
Windsor, Connecticl~t 06095 
Attn: W. P. Chmock 



'I'hc Babcock & Wilcox Company 
-4tonlic Energy Division 
IJy nchburg, Virginia 24501 
Attn: H. S. Rarringer 

General Atomic 
P.O.Box608 . 
San Diego, California 92112 
Attn: D. B. Coburn 

The Babcock & Wilcox Company 
Alliance Research Center 
Alliance, Ohio 44601 
Att~i:  D. Koc11 

Westinghouse Electric Corporation 
Advance Reactors Division 
P. 0. Box 217 
Cheswick, Pennsylvania 15024 
Attn: W. E. Ray 

Nuclear Materials & Equipment Corp. 
Plutonium Laboratory 
Leechburg, Pennsylvania I 5656 
Attn: William J. Ross 

1 U. S. AEC Scientific Representative 
United States Embassy 
London, England 

1 
S. F. Stachura 
Villa Plein Ciel 
Quartier Roussier 
Aix-en-Provence 

1 13 - France 

S. Visner 
Nuclear Division 

1 Combustiori Erigu~eerir~g, 111~. 
P. 0. Box 500 
Windsor, Connecticut 06095 

W. B. Cottrell, Director 
1 Nuclear Safety Program 

Oak Ridge National Laboratory 
P.O. Box Y 
Oak Ridge, Tennessee 37830 




