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ABSTRACT

" The creep of cold-pressed and sintered stoichiometric uranium dioxide was measured in
compression as a function of temperature, stress, grain size, and theoretical density. The creep.
rate of uranium dioxide as a function of these parameters is described by the modified Arrhenius
equation given below: -

A o exp (-90,000/RT) + B 0% exp (-132, 000/RT)

m.
1}

where' ,
€ = steady-state creep rate, in./in./hour \
"y . _9.728 x 105
(-87.70 + D)G*
g . 1.376 x 107%
-90.50 + D ' .

o = initial compressive stress, psi (1000 to 15,000)
R = 1.986 cal/mdl/"K

T = Temperature, "K (1713 to 2033)

D = Theoretical Density, % (92.0 to 98.0)

‘G’ Gralu Slae, micruns (4 to 35)

The strain rate of uranium dioxide was found to be inversely proportional to the square of
the grain size at low stresses 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 mechanisms, and the correlation indicates thal thermally aclivated creep in uranium
dioxide results from a combination of stress-enhanced diffusion, dislocation motion, and sliding
at grain boundaries. The mechanism which dominates and controls the creep rate is dependent on
the specific temperature, stress, grain size, and density.

Activation energies for uranium dioxide creep were calculated to be 90 Kcal/mole in the
low stress regions and 132 Kcal/mole in the high stress 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 as a preliminary to the measurement of creép of mixed
uranium-plutonium oxide. '



-

-3

GEAP-10054 I-1

I. INTRODUCTION

The creep properties of a ceramic oxide nuclear fuel are an important parameter in
determining the performance potential of a fast reactor fuel element. During reactor operation,
stresses develop within the oxide fuel as a result of the interaction with the cladding, differential
thermal expansion, and from volume changes induced by fission products. The increase in the
radial stress 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 are presented in this report.

The inherent radial temperature gradient in a fuel element results in gross microstructural
changes across lhe [uel 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 smalil ring of
fuel directly adjacent to the cladding essentially maintains its as-fabricated density. Since creep
is a function of stress, lemperalure, 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 relati\}ely sparse.
The purpose of this investigation was to provide useful information on the out-of-reactor creep
behavior of oxide fuels under various controlled conditions of stress, temperature, grain size,
and density: "By knowing how a fuel behaves as a function of these variables, it becomes possible
to make more reliable predictions of the fuel-cladding interaction forces as well as fuel redistri-
bution. Subsequent experiments on mixed plutonium uranium oxide fuels and in-reactor creep
tests are plannéd as extensions of the current work. The variables of stoichiometry and plutonium
content will he added to the list of parameters to be investigated.

A compression test was chosen for this investigation. Under reactor operating conditions,
the fission product swelling and differential thermal expansions result in radial force components
that are .oi)posed by clad and fuel restraint. These conditions are best duplicated in a compres-
sion test rather than in a bent beam test.

. The results obtained in this investigation are reported herein.
/
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II. LITERATURE REVIEW

Creep Mechanisms in Ceramic Materials

The creep deformation of single phase polycrystalline ceramics is a complex process
generally attributed to stress 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, is directly related to the temperature, stress, 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

A o™ exp (-Q/RT)

MNe
1]

where

= creep rate

= material parameter determined by microstructure
= stress

= stress exponent

activation energy

= gas constant

HmO s A B
n

= temperature

Attempts have been made 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 has it heen pnssihle
to unequivocally establish a relétion between a particular creep mechanism and the observed
behavior. (1)

Stress Enhanced Diffusion

At low stress, diffusional or Nabarro-Herring 2,3) creep is 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 are linearly dependent on the
stress and inversely proportional to the square of the grain size (é « a/Gz).

Dislocation Movement

The movement of dislocations due to applied shear stresses within the crystal structure
results in a macroscopic movement of malerial and permanent deformation. At high
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temperatures, dislocation climb can occur and results in an increase in deformation rate
by allowing dislocations to surmount barriers (impurity precipitates, porosity, grain
boundaries, etc.) which normally would restrict dislocation movement. Weertman(4) has
proposed that high temperature dislocation movement should result in the creep-rate being
proportional to stress raised to the 4.5 power (¢ « 0'4'5).

Grain Boundary Sliding

The third process by which deformation can occur in polycrystalline ceramics is grain
boundary sliding. The grain boundaries, which are areas of poor lattice registry and high
dislocation density, give rise to a complex deformation process which is 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
meéchanisms. )

Creep of Stoichiometric UOg

The creep behavior of single crystal and polycrystalline UQOg has been studied by several
investigators. An excellent detailed review of all published data has been prepared by
Wolfe and Kaufman.(e)' In general this data has been more qualitative than quantitative.
The effects of temperature, stress, 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 UOq over wide ranges of the parameters.

The creep of single crystal UOg was studied by Armstrong, et al. () A bend test was used,
and thc measurements were made between 1340 and 1685°C under maximum fiber stresses
of 3600 to 8000 psi. Fitting these data to the Arrhenius equation gave an activation energy
(Q) of 118 Kcal/mole and a stress exponent value {n) ot 3.3.

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

Armstrong, et al ) also performed bend tests on polycrystalline UOy. 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 stress from 700 to 16,000 psi.
Two distinct modes of behavior were observed. Bclow 10,000 psi, the creep rate increased
with stress in a nearly linear manner. The following expression* describing the creep of
96% dense, 6 micron samples as a function of stress and lemperalure was obtained:

*Equation appearing in literature has been modified to report creep in units of in/in/hour -~
personal communication from A. R. Causey (for W. M. Armstrong) to J. L. Smith,
September 27, 1966.
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¢ =2 x 104,13

exp (-91,000/RT) in/in/hr

Above 10,000 psi, the creep rate increased more rapidly with stress, and the stress
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 creép deformation. -

Compression testing of UOg has been reported by Poteat and Yust (10) and by Wolfe and
Kaufman. &) The creep data of Poteat and Yust was determined at temperatures from
1430 to 1666°C under constant load, with the stresses from 2000 to 11,000 psi. The
samples 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 at low stresses (é « ¢) to a power law relation at stresses greater than

6000 psi (¢ cccr4'5) was observed. Activation energies varied from 83 to 97 Kcal/mole.

Wolfe and Kaufman ) 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 stress from
1000 to 7500 psi. The stress at which the transition in creep behavior occurred was found
to be strongly affected by grain size. This transition took place at 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. -

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

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 at relatively low stresses (1000 to =
3000 psi) the creep rate is almost directly proportional to stress (€ « o). Grain boundary.
sliding contributes to the overall creep deformation, and small grain size material creeps
more rapidly than large grain size samples.

At higher stresses (> 6000 psi) a transition in the creep behavior occurs and creep rates
increase more rapidly with increasing stress (¢ « g4 to 5). The stress 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 at high stresses.

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
UOg (70 to-108 Kcal/mole)(11‘13) shows reasonable agreement.

e
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III. 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:

A o exp (-90,000/RT) + B o%3

m.
1]

exp {-132,000/RT)
where
¢ = steady-state creep rate, in/in/hour

A - _9.728 x 108
(-87.70 + D)G2

1.376 x 1074
-90.50 + D

¢ = initial compressive stress, psi (1000-15,000)
R = 1.906 cal/mol/"K

T = Temperature, °K (1713-2033)

D = Theoretical Densify, % (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 UOg samples fall within +32% (90% confidence level)
of the creep rates calculated from this expression,

2. The experimental results are in agreement with existing theoretical creep mechanisms,
indicating that thermally activated creep in UOy results from the combination of
stress enhanced diffusion, dislocation motion, and grain boundary sliding. The
change in activation energy from 90 to 132 Kcal/mole with increasing stress indicates
a change in the controlling creep mechanism.

3. At low applied stress (< 3000 psi) the creep behavior of UO2 exhibits a high depend-
ence un grain size (é o 1/G2). 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 UO, with the re-
sults of this investigation are in good agreement.
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IV. EXPERIMENTAL DESIGN

4.1 TEST FURNACE

A photograph of the test furnace used in this investigation is presented in Figure 4-1. The
internal operation of the furnace is illustrated in Figure 4-2. The entire bottom plate of the fur-
nace assembly was lowered by two hydraulic cylinders for loading and unloading the test sample.
With the furnace in the test position, the compressive load was applied on the sample by two
tungsten plungers. The upper plunger was rigidly fixed to the top of the furnace. The lower
plunger was free to move vertically through a linear bearing and bellows in the bottom plate.

Both plungers were thermally insulated from the vessel shell by pyrolitic carbon spacers. A
uniform heat zone was provided by a cylindrical tungsten mesh resistance heating element that
was suspended from the top of the furnace. Temperature control was maintained by providing a
constant power input to the heating element. A boron nitride muffle was placed around the test
specimen, and the entire heating zone was surrounded by tungsten heat shields to minimize heat
losses.

4.2 INSTRUMENTATION

The hydraulic load on the test specimen was measured using a 0-5000 psig bourdon tube
pressure gauge. Scale divisions were in 5 psi increments and the accuracy was 0.1% full scale.
The load was maintained at a constant level during testing by a gas-hydraulic system. A sche-
matic of the design is included in Figure 4-3. A floating gas/oil piston compensated for any change
in the hydraulic pressure resulting from deformation of the test sample. A high pressure gas
bottle (helium) and regulator were used to maintain the constant gas pressure.

The furnace cover gas of premixed nitrogen - 6% hydrogen was maintained slightly above
atmospheric pressure (0 - 6 psig). This pressure was controlled by a low pressure regulator and
measured using a 0 to 10 psig gauge. Divisions were in one ounce increments and the accuracy
was 2 - 3%.

Creep of the UOg test specimens was measured by two techniques. A precision optical
cathetometer with an accuracy of +.0001" was used to measure sample length changes by sighting
through the observation port located on the front of the furnace. The emissivity differences at
the interfaces between the UOg and the tungsten plungers resulted in sharp visible lines for
making the length measurements. The second measure of creep was obtained from the output of
a linear variable differential transformer (LVDT) which monitored the movement of the bottom
tungsten plunger. The movement of this plunger was directly proportional to the deformation of
the test specimen. The signal of the LVDT was amplified and recorded on a continuous millivolt
pen recorder. The creep rate of the UQ9 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
ngity were prepared by conventional cold pressing and sintering techniques. The fabrication
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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 1100°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 UOg Test Samples

Batch UOg Sintering Sintering
Designation Enrichment Temperature (°C) Time (Hours)
B Natural 1690 4
C Natural 1690 4
E Natural 1650 48
F Depleted 1650 4-1/2
G Depleted 1735 40
I Depleted 1600 4

Samples of the finished pellets were analyzed for O/U ratio by a combination of thermo-
gravimetric techniques and coulometric 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. (14) Representative characterization of the various groups
of test pellets are given in Table 4-2, and the as fabricated pellet microstructures are 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
specimens 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 UOy 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% H9SO4 - 90% HgOg solution that was applied for one to three
minutes.
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Group B ' 500X
94.8% TD v Etched
14 microns

Group C 500X
92.4% TD Etched
14 microns

Figure 4-4. As-Fabricated Microstructure of UO9 Test Specimens
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Group E 00X
95.0% TD 20-35 Microns Etched

Group F 500X
97% TD 7 Microns Etched

Figure 4-5. As-Fabricated Microstructure of UOy Test Specimens
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Group I 500X
95% TD 3-4 Microns Etched

Figure 4-6. As-Fabricated Microstructure of UO9 Test Specimens
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gas backfill, a slight positive gas pressure (less than 6 psi) was maintained within the furnace

vessel during the remainder of the test.

Table 4-2

Characterization of Sintered UOy Pellets

Nominal Nominal Theoretical Oxygen to Average
Batch Diameter  Height Density % Uranium  Grain Size
Designation (Inches) {Inches) 0.2 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**
0.489 0.745 95.0 . 2.008* 20-35
0.250 0.250 97.0 2.004%* 6-17
2.003**
G 0.250 0.252 98.0 2.001*x* 18
2.003** 3-4

1 0.250 0.250 95.0

* Thermogravimetric Analysis +0. 005
** Coulometric Analysis +0.001

Table 4-3

Typical Spectrographic Analysis Result

Sample No. 19381

Aluminum 14
Boron 1.1
Calcium 50
Cadmium < 0.5
Chromium 3
Coball 2
Copper <1
Iron 22
Lead 1
Magnesium 10
Manganese 1
Molybdenum <3
Nickel 4
Silicon 50
Silver < 01
Sodium <15
Tin <1
Vanadium <11
Zinc <10

ppm
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The temperature pf the furnace was increased at a constant rate of 50°C per minute to the
desired test condition. The béttom'tungsten plunger was raised to bring the top surface of the
UO9 sample-in éoptéét with the top tungsten ram. (No load was applied.) After allowing fifteen
minutes to stabilize temperatures within the hot zone of the furnace, an optical cathetometer was
used to measure' the expanded length of the UOy sample. The LVDT was calibrated and zeroed
and the desired load was applied to the bottom tungsten plunger. The deformation of UOg sample
(the millivolt output of the LVDT-amplifier) was recorded continuously as a function of time. The
shape of the plot was typiéal ofa plastic material subjected to a compressive force. After the
initial elasti_c' compression, the deformation rate decreased until a minimum or constant rate was
obtained. Déper‘iding upon the test conditions, three to ten hours were required to reach a con-
stant creep rate. o

The-cx‘eép rate for each test was calculated using the formula

_ AL/t
e

where . ¢ = steady-state creep rate (in./in,/hour)
‘L = original .sample length at test temperature
aLl = change’in sample length after time t
t = time (hours)

Thé value of AL/t was obtained directly from the linear portion of LVDT - amplifier
plot.

' Thg furnace temperature was-monitored throughout the test with a tungsten - 5% rhenium
versus tungsten - 26% rhenium thermocouple junction touching the side of the test pellet.

At the completion of the test, the hydraulic load was removed from the saniplc and the
furnace was allowed to cool at approximately 50°C per minute to room tempcrature. Measure-
ments were made on the samples to characterize the deformed shapes. The parallelness of the
top and bottom of the pellets was measured to establish that in all tests the loading was always
uniaxial compression. '

A large number of these test pellets were metallographically prepared to measure the
post-test grain size and to observe any other microstructural changes. O/M ratio analyses were
perforx.ﬁed'on a. number of sa'mple.s 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 UOy as 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 are shown in Figure 4-4 through Figure 4-6, and physical prop-
erties are 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 UOg as a function of material density,
grain size, stress 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 Il was derived to describe the creep response of UOg. This expression is 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
are included in Appendix B along with the experimental data points. The expression for creep is
an empirical equation which describes the response of UOg only over the range of parameters
investigated. Extrapolation to conditions other than those observed here should be done with
caution. For example, as 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 UO3,
and the equation breaks down as 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 UQj at three different densities (97, 95, and 92% TD respectively). The temperature varied
from 1450 to 1750°C. The plots were gencrated from equation (1), 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 UOg 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 stress is low (1000 - 3000 psi) and material grain size is small (4-12 microns),
the calculated creep rate ié essentially determined by the first of these two terms. With increas-
ing stress and grain size, the contribution of the second term becomes more important and even-
tually dominates. Between (hese two extremes there is a large transition region in which both
terms contribute nearly equally. This behavior exhibited by the UOg2 indicates that gradual and
continuous changes occur in the mechanisms controlling the creep process.

5.2 EFFECT OF DENSITY ON THE CREEP OF UO2

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 stress. In Figure 5-5 the creep rate is plotted as 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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stress values of 1000 and 8000 psi, and illustrates that density variations have a similar effect
at both high and low stress.

Armstrong, et al (9) observed grain boundary sliding in the deformation of UOy and it 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 stress.

5.3 EFFECT OF GRAIN SIZE ON CREEP RATE OF UOy

The creep rates of specimens at low applied stress were observed to be inversely pro-
portional to the grain size squared and directly proportional to stress (é « -iz— ). For large
stress 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 stresses, the
creep rates for 7T 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
at a constant stress 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) at low stress and the activation energy required for the dif-
fusion of uranium atom in UQOg (70 to 108 Kcal/mole). (11-13) while the activation energy for
creep does not define the specific mechanism of deformation, it does show that a strong correla-
tion exists between diffusion and the mechanism of creep at low stress.

5.4 METALLOGRAPHIC OBSERVATIONS OF STRAINED UO9 SAMPLES

A large number of the UQOy test samples were metallographically examined. In many of
these samples anincrease 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 stresses 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 are 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 stress at which the deformation occurred. Figure 5-9 shows the typical post-
test microstructure of a small 10 micron grain size material tested at 3700 psi. In this case, the
occurrence of etch pits in the grains is rare, possibly indicating that the grain boundaries rather
than crystal lattice were primarily associated with deformation of the material.

The creep rates at high stress values (38000 psi) were found to be proportional to the stress
raised to the 4.5 power (€ = ¢ 4. 5). Weertman(4) proposed that for the face-centered-cubic
structure of UQOg this type of behavior would result when dislocation climb allowed dislocations to
surmount barriers which normally restrict their motion. Such a mechanism is strongly dependent
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Figure 5-8. Microstructure of UO2 Sample Tested
at 1750°C and 5000 psi

10 MICRONS 3.7% STRAIN 500X

Figure 5-9. Microstructure of UO2 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-area of the pinned dislo-
cation. However, the activation energy obtained for high stress conditions (132 Kcal/mole) is
considerably larger than the activation energy required for uranium diffusion in UQg (70 - 108
Kcal/mole). (1,1'13) This comparison of data suggests that the reported diffusion activation
energy values for UQg are strongly influenced by grain boundé.ry effects. For typical materials,
the amount of energy required for lattice diffusion (Qp,5T) is greater than that necessary for
grain boundary diffusion (Qgg). In the few systems where both values have been determined,
their relative values have been

. o 4. . ' ‘ 18y
QVOL : QGB = 4:3 or 4:2 (15)
The ratio of activation energies in equation (1) (90 a.nd 132 Kcal/ mole) falls between these two
values. This result further supports the idea the creep in UOqg results from grain boundary and
lattice diffusion. The mechanism which dominates the deformation is determined by the tem-
perature, stress, and grain size of the material.

5.5 COMPARISON OF EXPERIMENTAL RESULTS WITH PREVIOUSLY REPORTED
CREEP DATA ON UOQg '

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
¢ = 2 x 10% ¢1-3 exp (-91, 000/RT)

suggested by Armstrong, et-al 9) for 6 micron, 96% TD UO, at 1400°C has been plotted. "In
Figure 5-11, the data reported by Wolfe and Kaufman 6) and Poteat and Yust(lo) is given. In
each of these figures, curves generated from equation (1) using the test conditions reported by
the other experimenters are presented. In general, the data is within a factor of 2 or 3 of the
values calculated from equation (1).
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APPENDIX A

PRECISION OF EXPERIMENTAL TECHNIQUE

The uncertainty in the measured creep rates is the composite effect of all the possible

random errors in the experimental technique. The propagation of these errors in a typical test

can significantly affect the experimental result. Discussed below are each of the major test
variables, the uncertainties in these variables, and their combined effect on the precision of the

experimental technique.

A.

0

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
UQq test specimen, and the measurements were accurate within +1. 0% of the absolute
temperature. At 1700°C this results in a +17°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 error of a calibrated optical pyrometer

(x20°C) no significant axial or radial temperature variations were observed.

Compressive Load

Drift in the hydraulic load applying the compressive force was held constant within +2 psig.:
On a 0.250 inch diameter pellet under a 1000 psi compressive stress this produces an un-
certainty in the load of +4%. At larger stresses the errors 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 area of a number
of test pellets is plotted as a function of percent strain. In all but a few tests, the change
in area and the resulting uncertainty in the calculated stress was less than 4%. This change
in area was not considered in calculating the applied stress. The original cross-section
area was used to calculate all stress 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 negligible.

GRAIN SIZE

A linear intercept method was used to measure the average grain size on the "as-fabricated" .
and tested UO, test pellets. (14) 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.

'
v
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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 UOg samples
were small and less than 0.2% of theoretical.

CUMULATIVE EFFECT OF UNCERTAINTIES ON THE PRECISION OF
EXPERIMENTAL DATA

Random variations or errors 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 error had to be weighed according to its importance and in-
fluence on the experimental result. In Section 3, the equation describing creep behavior
of UO, effectively weights each of the test variables. This equation was used to calculate
creep rates where the errors 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 errors 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 error buildup. Duplicate tests were made in an attempt to
obtain a quantitative measure of the precision of the experimental apparatus. Results of
these tests indicated that experimental results were reproducible within +20%.
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APPENDIX B

ANALYSIS OF EXPERIMENTAL DATA

The experimental data obtained during this investigation was a sampling of the actual
creep behavior of polycrystalline UOy for various conditions of temperature, stress, grain size,
and density. The trends in this data as a function of the test variables have been described by
the equation derived in Section 3. This equation serves as an estimator which predicts the creep
behavior of UOZ' 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 betwéen the experi-
mental data and the calculated creep rates. The estimated test conditions of temperature, stress,
grain size, and density were used to obtain the calculated values. The comparison was then made
by using the following formula:

€ - €
X =X cal 44

€ .
cal

where X = the percent difference
€cal = calculated creep rate
Eexp = experimental creep rate

The results are 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 (X) 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 is 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 as 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% = X = + 32%).

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

éexp = éeal +32% ¢al (90% confidence) - . . . -

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

Compressive Stress 1000 - 15,000 psi
Temperature 1440 - 1760°C
Density 92.0 - 98.0% Theoretical

Grain Size 4 - 35 microns
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Table B-1. Comparison of Experimental Data and Calculated Creep Rates

TtS) STRESS TeMPERA LURE % IHEUREITCAL BKAIN SI2F EXPERIMLNIAL caLCuULATED g UlEFERENCE
NU. rsi1) (°K) ) WENSETY (MICRUNS) CREEP KATE CRFI-P RATE IN CREEP RATES
59, 1000, 2020, 94.8 17, B.33E~04 9.22E-04 -9.62
67, 150, 212y, 92.4 17, 1.65£-03 1.67€-03 -1.25
47, 1aun. Pu2y., 97.2 10, $010k-03 2.88E-03 7.64
s1. 1575, 192, 94.8 17. $.99L-04 4.54E-04 -12.18
74, 1625, 2u2l. 95,0 20, 1.30k-03 1.05E-03 25.66
101, 1660. 1624, 41,7 6. 8.20E-04 7.578-04 8.38
84, 1675, 1924, 95.2 5. 5,871-03 5.40£-43 8.78
az, 1700, 2020, 95.0 7. 9.50E-03 B.41E=03 12.93%
78. 1740, 2uPh, v5.2 a. B.50E-u3 7.03€-03 20,90
80, 1779, 2012. vl.5 7. 0,60L-03 5,986-03 10,33
48. 2050, 1920, 9744 10, 1.10k-03 1.16E-03 -5.00
60, 2070. 2038, 94.8 18, 1.826-03 2011603 -13.86
89, 2075, 1932, YA b, 4.25E-03 3e9AE-03 7.8
64, 207%. 2029, 95.0 35, 5.50E-04 6.04E-U4 -8.97
95, 2080. 1731, . v7.0 4, 5.84E-04 b.B1E-u4 8,51
68, 2100, . 2027, v2.4 17, 3.Y7E-03 Se31E-03 19.91
65, 2%40. 1931, vo.0 20, 5.b0E-U4 6.16E-04 ~5.89
71, 2570, 1926. 92.4 17, 1.126-03 1.26E-03 -12.45
84, 2570, 1929, ¥5.2 . 475803 4.34E-03 -15.56
80, 2575, 2011, 97.5 9. 6.40E-03 PIRCI LI Y " 19.55
48, 2700, 2024, 974 13, $.34E-03 J.33€=04 0.32
57, 2150, . 2439, y2.3 12, 4.10E-03 4.42e-08 -7.28
77. 2970, - 2014, 94.9 9. 5. DAE-03  hoH9E-0S <10.04
3. 3629, 2024, : 94.3" ’ 19, ‘ 24740003 841703 “18.53

36, JORL. 202/, 92.4 17, S.87E-03 6,39E-03 -16,0]1
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Table B-1. Comparison of Experimental Data and Calculated Creep Rates (Cohtinued)

YEST  SIRESS  TERPEIAIUKE g THEORETICAL  GKAIN SIZ€  EXPLRIMENIAL  CALCULATED 3 LIFFERENCE

NU. s (°K) DENSITY (HICRUNS) CREEP RATE CHELP RATEL N CHEEP RATES
48, 3080. 1922. 97.5 10, 2.10€-03 1.856-03 13.22
82, 3100. 2020, 95.0 8. 1.26€-02 1.25E-02 0.99
75, 3115, 202y, T 20, 3.10€-03 2.88E-03 7071
49, s200. 1922, 97.2 10, 2.506E-03 2.00E-03 T 24476
47, 3225, 2029, 97.2 12, 5.30E-03 5. 83E-u3 -0.54
64, 3515, 2031. 95.0 5. 2.006-03 2.48E-03 -19.32
73, 3515, 1930, 92,4 17, 2.80E-03 2.93E-03 20.39
67, J44u. 2027, 92.4 17, 6.426-03 8,246-03 - -22.0¢
59, 3520, 2035, ' 9a.0 18, 3.84E-03 5.08E-03 -24.45
89. 1890, 1932, 97.0 8. ‘ 4.72t-03 4,48E-03 - 5.24
9. 1980, 1733, 97,0 .. 1.60E-03 1.12€6-03 43.09
48, 4040, 1919, v7.5 11. 2.46-03 ?.14E-03 14.85
61, av4u, 1926, 94,8 18, 1.58£-03 1.59€-03 -0.7%
4z, 1040, 2021, y7.2 13. B.00E-03 6.296-03 27.21
63, 1070, 1821, 94.8 15. 6.47L-04 4.65E-04 © 39418
TR 4090, 2024, TR 10, 5.24L-03 $.95-03 32.55

79, 4100, 2078, vB.1 18, 5.17£-03 4,25€-03 21.58
78. 1100. 2028, 95,2 9. 1.60E-02 1.61£-02 <0.40
69,  attu. 191, 92,4 . 16, 2.96E-08 2,796-03 5,91 -
3. 4150, 19214 ¥5.4 6. 8.15k-03 8.79E-03 . -7.29
3s. 450, 1930, ©94.8 14, 2.70£03 2.45€-03 10,08
47, 476, 2629, 9.2 14, 8.90E-03 B.39E~09 6.04
60,  461u. 203, va.8 18, 9.86E-03 1.10E-02 -10.66
82. 1725, 2020, 95,0 9. 2.50€-02 1.94t-02 . 28.64

87, 4750, 1927, 98.2 18, 2.12E-03 1.49E-03 42.36
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Table B-1. Comparison of Experimental Data and Calculated Creep Rates (Continued)

TEST
NO.

35,
70.
84,
32,
64,
89.
60,
73,
99.
68,
54
45,
44,
23,
S1.
65,
70,
62,
71.

83,

SIRESS
(PS1)

5025,
5050.
5050,
5060,
5075,
5075,
5560,
6000,
6020.
6020.
6025,
6075,
L6100,
6100.
6100.
6940,
6960.
6990,
7000
7000,
7050.

7100,

TEMPERAVUKE

1723.
2023,
1010,
1924,
2029,
1728,
1774,
192y.
2023,
1926.
1925,

1921,

H

IHEORET1CAL
DENSITY

‘92.4
92.4
95.2
94.8
95.0
97.0
va.8
92.4
94.8
02.4
TN
97.2
97.4
94,9
97.2
95,0
95,2
94.8
92.4

. 95.4

GRAIN SIZE

(MI1CRUNS)
14,
13,
10.
10,
25,
16.

15,

18,

35.

11.
3.
8.

20.

10,

18,

17.

EXPERIMENTAL

CREEP RATE
1.50k-02
1.12€-02
1.70&-02
4,30t-03
9.20E-03
2.,21€E-02
1,31€-03
8.,60E-03
1,50€-02
9.90&-03
5.86E-03
3.00E-02
7.10E-03
2.,94€-03
5.01E=02
Ja2dL-00
6.60E-03
2.27E-02
3e56L-04.
8.68E-04
1.006-02
$.87E=02
8.97€~03
1.,506~-02

1.05E-02

CALCULATED
CREEP RATE
1.,11E-02
1.04E-02
1.82€=-02
J.88E~03
9.20E~03
J.06E-02
1,14€-03
9.93E-03
1.43E-02
1.44E-02
8.82E-03
2.84E-02
1.06E-02
3.53E-03
1.966-02
Li0FE~0D
5.89E-03
2.29E-02
4.37€E-03
1.11E-03
8.10E-03
4.87E-02
Y.,42€E-03
1,82E-02

1.61E+02

% DIFFERENCE
IN CREEP RATES

10,85
-0.05
-27.88
14,45

-13.42°
5.13
-31.16
-33.54
5.53
-32.81
-16.64
0,93
iveus
11.97
-0.9¢
«18.56
-21.96
2).47
20,98
6,57
-28.74

~34,.70
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Table B-1. Comparison of Experimental Data and Calculated Creep Rates (Continued)

1ES| S1RESS 1E.MPEKATURE % [HEURETICAL GHAIN SI1ZE EXPERIMENTAL CALCULATED % DIFFERENCE
NO. (FS1Y (°K) DENSITY (HICRUNS) CREEP RATE CREEP RATE IN CREEP RATES
55, 7140. 1815, 97.2 6. 3.95€-03 3.37€-03 17.05
50, 7150, 1769. 96.7 8. 9.49€-04 1.14€-03 -16.84
49, 7475, 1920, 97.2 11, 7.83E-03 8.68E-03 -9.84
54, 7940, 1812, 97.? 7. 3.46E-03 3.14E-03 10,25
62, 4050, 1925, 94.8 18, 1.92E-02 1.426-02 6.7
e, A540. 1728, 94.9 3. 4,20£-03 5,54E-03 -24.18
40, Ayse. 1936, 97.5 10, 2.056-02 2,08E-02 -1.26
75, 9020. 2023, 95.0 25, 1.50E-01 1.07E-01 39.8%
46. 9508, 1776, 97.4 8, 1.576-03 2.12E-03 -25.89
84, 0660 1929, 95.2 A, 3087602 3.95€-02 -14.76
41, 9900. 176%, 97.3 8. 1.4%-03 1.96€E-03 -26.18
54, 10000, 1812, 97.2 7. 5.,38t~-03 Y.29E-03 1.71
70, 10954, LH1Y, 92.4 14, 1.40k~02 1.53k=-02 -8,40
S0, 15100, 1769. Y6.7 8. 4,70E-04 He26E-03 -10.69
51. 16900, 1777, 97l.2 8, 1.42k-02 1.47E~02 @2
ARITHHETIC MEAN = 1,11 §
SAMPLE SIANDARD VEVEATION = 1R.27 %
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16 €
= 12¢
o
=
%8

PERCENT DEVIATION (X)

SAMPLE MEAN SAMPLE STANDARD DEVIATION

- =X : 7y
X @—h— ' sx' = Z(X- X)'Z
X = 11% | Sx = 186%

69

SAMPLE SIZE (n) = 90

Figure B-1. 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 as an
estimator of the true creep behavior, and it shows the magnitude of the sampling error (e.g.,
uncertainty in experimental procedure and apparatus). In Appendix A, an analysis of the experi-
mental technique showed that the precision or reproducibility of experimental data was on the
order of +20%. 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 UOy than
is suggested by the 90% confidence interval of +32%.
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APPENDIX C

GRAIN GROWTH OF UO, SAMPLES

Metallographic inspection of U02 creep test specimens indicated that changes had occurred
in the microstructure during testing. The average grain size increased at 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 UOy is plotted for comparison. MacEwan stated
that the mean grain diameter D (microns) after annealing for t hours at a temperature T (°K)

was given by the equation:
p? - D% - k. t08 exp (-87000/RT)

where D0 and k o are, respectively, the initial grain size and proportionally constant. Using this,
equation, MacEwan's data was extrapolated to the temperatures of interesi in the creep and plas-
ticity study. In all cases, the increase in the average grain size of samples under compressive
loads of 1000 to 12,000 psi was 2 to 3 times that predicted for normal stress free grain growth of

the UOZ'
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Figure C-1. Increase in Average Grain Size of UO
as a Function of Time and Temperatu%e
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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 at 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 104 in. /in. /hour
exp)

Using the conditions of test no. 59, the creep rate calculated by equation (1) in Section 3
is
¢ = 9.22 x 107% in./in. /hour
In a similar manner the creep rate calculated for the desired conditions of 1750°C, 97% TD,
1000 psi and 14 microns is
. \ -3 s
éy = 1.27 x 10°" in. /1n. /hour
Substituting the above values into the following expression, a normalized creep rate (éy)

is obtained.

én _8.33 x 1074

1.27 x 103  9.22 x 10-4

én = 1.14 x 1073 in./in. /hour
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The value of é, represents the créep 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.
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