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ABSTRACT

Helium bubble migration in uranium mononitride was studied in the
tenperature range of 985 to 1585°C. with temperature gradients ranging
from 75 to 880°C. per centimeter. The UN specimens were inoculated with
250-kilo-electron volt helium ions from a Cockcroft-Walter accelerator.
Both the temperature and temperature gradients were known accurately
and could be controlled. The migration distances and bubble sizes were
examined by replication electron microscopy applied to longitudinal sec-
tions (parallel to the temperature gradient) through the UN specimens.
Thin-film transmission and replicas of fractured surfaces were used to
support the results obtained from the longitudinal sections. The bubbles
were observed to migrate by surface diffusion up the temperature gradient
at velocities ranging from 300 angstroms per second at 985°C. to greater
than 11,000 angstroms per second at 1585°C.

From measurements of the migration distances, an approximate

surface diffusion coefficient, Ds’ for UN was calculated to be;

DS = 1.92 x 10 exp(—42,200/RT) square centimeters per second .

Although the bubbles migrated large distances, they were not observed to

coalesce during the heat treatments. It is suggested that this behavior

was caused by the existence of large stress fields in the UN matrix sur-

rounding the bubbles which caused the bubbles to repel each other. These
stress fields were presumably caused by high nonequilibriuwm internal

pressures in the gas bubbles.
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CHAPTER I
INTRODUCT ION
I. OBJECTIVE OF THE STUDY

The purpose of this study was to examine the migration and coales-
cence of inert helium~gas bubbles in uranium mononitride in a temperature
gradient. The primary objective was to determine the mode and velocity
of bubble movement. We hoped the results would closely relate to the
migration of the inert fission-product gases, krypton and xenon, which
are known to have very detrimental effects on irradiation stability of
nuclear fuels. Uranium mononitride was chosen as the nuclear fuel in
which to conduct this study because it i1s considered to be an attractive
fuel candidate for both central power station fast breeder and space

electric power reactors.
IT. IMPORTANCE OF THE STUDY

The interest in inert gas~bubble migration in nuclear fuels is
derived from the performance limitations imposed by the formation of
fission-gas atoms during irradiation. Approximately 0.25 inert-gas
atoms of krypton and xenon are produced for every uranium atom fissioned.

Johnson and Shuttleworth (1)* have shown that these gas atoms exhibit a

very low atomic solubility of 10"% to less than 107! in some metals in

*Denotes reference. See page 88.
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the liquid state. 1In addition, Rufeh (2) reports helium solubilities
in U0, at 100 atmospheres pressure of 1.0 x 1078 and 4.8 x 107° (atom
fraction) at 1200 and 1300°C., respectively. It is likely that the
larger atoms of krypton and xenon have solubilities even less than that
observed for helium.

Tt is postulated that the fission-gas atoms (3,4,5), initially
trapped within the lattice, initiate movement by combining with one or
two vacancies which render the gas atoms mobile. The gas atom-vacancy
combinations further react with other gas atoms or gas atom-vacancy
combinations until two or three gas atoms have formed a nucleus (4).
These nuclei, essentially stable, then grow by the addition of gas atoms
and. vacancies until the gas-vacancy combination can be called a bubble
(a bubble is arbitrarily designated as a gas-vacancy configuration con-
taining sufficient vacancies so that the gas may be described by the
van der Waals' eguation).

The bubbles, once formed, are probably free to migrate, by
mechanisms to be described in a later section, until they reach an
internal surface such as a grain boundary. These grain-boundary
trapping sites enhance coalescence with other gas bubbles, resulting in
a volume increase which severely limits the use of nuclear fuels in most
reactor applications. As these fission-gas bubbles become interconnected
at grain boundaries, fission-gas release is increased.

Sclid fission products also contribute to fuel swelling. This
type of swelling probably cannot be prevented although it can be

accommodated by design. Swelling caused by gaseous fission products
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may be of much larger magnitude and must be controlled. It is with
this prospect in mind that the present study of helium-gas diffusion
was undertaken.

In addition to the fundamental interest and the possible applica-
tion of the results to existing irradiation data, there is a third
reason for studying this system. There presently exists no established
out-of-reactor experimental or theoretical technique for predicting the
irradiation behavior of nuclear fuels. Scientific and engineering
estimates are all that can be used to predict the outcome of experiments
whose cost is on the order of $lO0,000 each. The successful development
of a technique by which inert gases in materials may be studied could
eliminate much of this guesswork. Since accelerator costs are low (about
one to ten dollars per specimen), it may be possible to study existing
and potential fuels for the cost of the material plus the manpower spent
in examining a specimen of interest.

For example, it has been shown that additions of stable precip-
itates enhance the irradiation stability of some fuels (6). This
experimental technique should allow us to predict which precipitates
would be effective in pinning bubbles and thereby improving the
irradiation behavior.

Uranium mononitride was chosen as the nuclear fuel in which to
conduct this study because it is considered to be an attractive fuel
candidate for both fast breeder and space reactors. Uranium mononitride

is face-cenbered cubic (rock salt crystal structure) with a lattice
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parameter of 4.8889 angstroms and has the following desirable properties:
(1) high thermal conductivity, (2) high uranium density, (3) high melting
point, (4) good compatibility with most cladding materials, and (5) good

compatibility with most ligquid metals.



CHAPTER IT

LITERATURE SURVEY

I. DESCRIPTION OF THE URANTUM-NTITROGEN SYSTEM
AND THE PROPERTIES OF URANTUM MONCNITRIDE

Three phase diagrams of the uranium-nitrogen system at varying
overpressures of nitrogen are shown in Figure 1. These phase diagrams
indicate a very narrow sclubility region at the UN phase boundary.
Inouye has used pressure measurements to study this region (7) and has
concluded that there exists a composition width of 0.5 to 1.0 atomic
per cent nitrogen. The relatively narrow width of this region plus a
difference of 10%° in vapor pressure between UN and Uol3 makes stoichio-
metric UN fairly easy to fabricate. Uranium mononitride melts congruently
at 2850 + 30°C., at 2.5 atmospheres (8).

Two properties of UN which make it interesting as a fuel are high
thermal conductivity and high uranium density. The thermal conductivity
of UN (&) is shown in Figure 2 along with that of UC, UO», and uranium
metal for compariscn. It is interesting that the thermal conductivity
of UN, as shown in Figure 3 (ref. 9), increases with temperature from
0.16 watts per centimeter per degree Centigrade at 200°C. to 0.26 watts
per centimeter per degree Centigrade at 1500°C. where it appears to
remain relatively constant as temperature increases.

The x-ray density of UN is 14.32 grams per cubic centimeter at

room temperature compared to 13.63 grams per cubic centimeter for UC,
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*
J. Bugl and D. L. Keller, "Uranium Mononitride — A New Reactor Fuel," Nucleonics 22(9),
66 (1964). T
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10.97 grams per cubic centimeter for U0y, and 19.12 grams per cubic
centimeter for uranium metal (8). Upon heating, the UN lattice expands
at a rate of about 1 per cent per 1000°C. as shown in Figure 4 (ref. &).
X-ray diffraction data show that the crystal structure of UN, is face-
centered cubic lattice with a room-temperature latiice constant of
a = 4.8889 angstroms (10). Also formed in the uranium-nitrogen system
are uranium sesquinitride, UpN3, and uranium dinitride, UNp. Uranium
sesquinitride is body-centered cubic with a lattice parameter of
a = 10.68 and an x-ray density of 11.25 grams per cubic centimeter (11).
The UN, forms a face-centered cubic lattice with a parameter
a = 5.339 angstroms. The dinitride phase is formed only at very high
pressures and is never seen in the routine fabrication process. The UoNs3,
however, is often seen associated with second-phase U0, in specimens
containing a high oxyegen content (2000 parts per million or greater).

Some mechanical properties, tested on 96 per cent theoretically
dense material by Bugl and Keller of Battelle Memorial Institute (8),

are shown below:

Modulus of elasticity: 31 x 10® pounds per square inch
Shearing modulus of elasticity: 14 x 10° pounds per square inch
Poisson's ratio: 0.1

Knoop hardness: 600 to 700

The compressive creep rate was measured by Fassler, Huegel, and
DeCrescente (12), and the results are illustrated graphically in

Figure 5.
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*J. Bugl and D. L. Keller, "Uranium Mononitride — A New Reactor
Fuel," Nucleonics 22(9), 66 (1964 ).
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*M. Fassler, F. J. Huegel, and M. A. DeCrescente, "Compressive
Creep of UC and UN," Part I, PWAC-482, Middletown, Connecticut, Pratt
and Whitney Aircraft-CANEL, Division of United Aircraft Corporsztion
(October 1965).
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The self-diffusion of nitrogen-15 in UN was studied by Sturiale
and DeCrescente (13). The results are illustrated graphically in Figure 6.
Over the temperature range 1500 to 1870°C., the diffusion coefficient is

given by
o (square centimeters per second) = 2.6 x 107* exp(—55,000/RT) .

The equilibrium vapor pressure of nitrogen over UN is plotted as
a function of temperature in Figures 7 and 8. In the high-temperature
region, shown in Figure 7, good agreement was found among different
experimenters. However, a discrepancy existed in the lower temperature
region which was subsequently studied by Inouye and Leitnaker, Figure 8.
These curves were taken from a report (14) by Inouye and Leitnaker.
Godfrey, Woolley, and Leitnaker also have made a critical evaluation of
the thermodynamics of the UN system (15). The evaluation was done on

the raw data collected by many experimenters at several laboratories.
II. GAS BUBBLE MIGRATION

Bubble migration occurs as the matrix atoms move from the leading
to the trailing surface of a bubble. Three modes of bubble migration
have been suggested: (1) surface diffusion, (2) evaporation-condensation,
and (3) bulk diffusion. Bubble movement effectively occurs each time a
vacancy enters or leaves a bubble. However, it is only when a driving
force is present (e.g., a temperature gradient) that the motion of the
gas bubbles becomes directionally oriented.

Experimental studies of gas bubble motion in a temperature

gradient have been reported on three materials: Cu, UC, and UOz. The
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in Uranium Mononitride," PWAC-482, Middletown, Connecticut, Pratt and
Whitney Airecraft-CANEL, Division of United Aircraft Corporation

(October 1965).



14

I
\
0 3
\\
y Q © BUGL AND BAUER
\ e OLSON AND MULFORD
"\
[ J
_ -2 ‘Y;%
E \.
= \
Q?f -3 o
5 BUGL AND BAUER
o
o
.._4 5N
-5
VOZZELLA AND DECRESCENTE
. (58 POINTS)—— x\
S \
\\\
-8
3.0 34 38 4.2 46 5.0 5.4 58
10,000/ (oK)

Figure 7. Pressure of nitrogen in equilibrium with uranium
nitride plus uranium (£, sat. N,) from 1450 to 2850°C. %

*H. Inouye and J. M. Leitnaker, "Equilibrium Nitrogen Pressures
and Thermodynamic Properties of UN," accepbted for publication in the

"Journal of the American Ceramic Society."



TEMPERATURE (°K)

15

l

2500 2200 2000 1800 1600
-2
! l
-3 N
AHSyg (FROM SLOPE): 68.2 kcal
-4 \
\
-5
E \°
5 \
ZN—G N
Q
o \
g -7 s
-8

—10

A BUGL AND BAUER

e VOZZELLA AND DECRESCENTE .

® ORNL

N

—14

Pressure of nitrogen in equilibrium.witg uranium

5
1 0
0,000/ ek

Figure 8. s
nitride plus uranium (4, sat. No) from 1300°C. to 2225°C.

*
H. Inouye and J. M. Leitnaker, "Equilibrium Nitrogen Pressures
and Thermodynamic Properties of UN," accepted for publication in the

"Journal of the American Ceramic Socciety.”




16

evidence presented indicated that bubbles in copper (16) and UC (17)
move by surface diffusion while bubbles in U0, (18) migrate by evaporation-
condensation. Some work by Gulden (19) suggests that very small UO;
bubbles may migrate by bulk diffusion.

The equation derived by Shewmon (20) for predicting the velocity

of gas bubble movement by surface diffusion is

ax _ 2P™ ara (1)
at KT? dx r °’
where
ad'XE = velocity of bubble,

= surface diffusion coefficient,

& = thickness of high diffusivity layer around the bubble,

Q = heat of transport, the energy carried with an atom as it
migrates down the temperature gradient,

k = Boltzmann's constant,

= average temperature,

%% = temperature gradient,
r = radius of a bubble.

The thickness of the high diffusivity layer, &, is assumed to be the
same as the lattice parameter for face-centered cubic materials because
cnly the surface atoms are diffusing. The quantity, Q, 1s not known
from experiment for such systems, but from theoretical considerations
Shewmon (20) has suggested that its value should be of the order of

magnitude of the activation energy for surface diffusion. From the
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above equation it is apparent that bubbles migrating by surface diffusion
move at a velocity inversely proportional to the radius. Thus bubbles
migrating from a single source would be expected to show a size distri-
bution such that smaller bubbles would migrate further than large bubbles.
Gruber (21) derived the same equation except that, instead of a constant
term of 2, he showed this to be 1.78 for face-centered cubic materials.
For bubble migration by evaporation-condensation, Speight (22)

derived

x .
A p— SKT)Z (E) <£ ar (2)
b (6ﬂ702) mm ps T/ dx °?
where

V., = velocity of bubble,

b
r = radius of bubble,
y = surface tension,
0 = diameter of vapor atom,
m = mass of vapor atom,
o
Ef = ratio of density of matrix atoms in vapor to their density
in the solid,
£ = latent heat per atom.

Thus, bubbles migrating by an evaporation-condensation mechanism are

expected to move at a velocity directly proportional to the bubble radius.
The third mechanism by which bubbles can move is volume diffusion.

This mechanism requires that vacancies leave the bubble at the trailing

surface, migrate through the bulk of the specimen to the leading surface,
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and be reabsorbed into the bubble at the leading surface. The equation
derived by Shewmon (20) for predicting the bubble velocity by this

mechanism is given below;

P (3)

where

D, = bulk diffusion coefficient,

O
[

heat of transport,

'—b
il

correlation coefficient.

Thus, bubbles move by bulk diffusion at a velocity independent of the
bubble size.

No work has ever conclusively proven or disproven Equations (1)
through (3). While the surface diffusion equation is thought to hold
for copper, the uncertainties in the experiment on copper by Barnes and
Mazey (16) were such that the average temperature and the temperature
gradient are only estimates, and no quantitative analysis was performed
on UC and UOp. In addition, a private communication with Shewmon (23)
revealed that he has observed helium bubbles in gold which migrated at
a rate s8ix orders of magnitude slower than these equations predict.
These experiments were performed by isothermally annealing thin films of
gold with coalescence occurring from random walk.

The only driving force for bubble movement considered in
Equations (1) and (2) is a temperature gradient. Three other possible
driving forces (3, 16) are dislocation movement, grain boundary

sweeping, and strain gradients. Dislocation movement is probably the
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most important of these three as Barnes has shown that dislocations
exhibit a large binding force with the bubbles. However, Barnes and
Mazey's work (16) on thin films of copper bombarded with helium atoms
shows that a temperature gradient is important if not the predominant
driving force. Also, Gruber's (2l1) calculations show that bubble
coalescence by random walk is of little significance.

Selleck and DeCrescente (17) showed that helium bubbles migrate
by surface diffusion in UC. Right-circular cylinder samples of UC were
bombarded with 100,000 electron volt alpha particles and then heat
treated on a tungsten bar for one minute. This provided a temperature
gradient of approximately 90°C. per millimeter with a temperature of
about 750°C. at the bombarded end. A plot of the distance the bubbles
moved as a function of average reciprocal bubble radius is shown in
Figure 9. The resulting straight line was interpreted by Selleck and

DeCrescente as indicative of a surface diffusion mechanism.
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Figure 9. Helium bubble migration distance in uranium carbide as a function of
average reciprocal bubble radius. The specimen was held at temperature for one minute.

*

E. G Selleck and M. A DeCrescente, "Fission-Gas Migration Studies in Uranium
Carbide, " €WAC-476, Middletown, Connecticut, Pratt and Whitney Aircraft-CANEL, Division
of United Aircraft Corporation {October 1965).
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CHAPTER IIT

MATERTALS AND EQUIPMENT

I. PREPARATION OF URANIUM NITRIDE SAMPLES

The UN samples used in this study were fabricated* by cold
pressing and sintering UN powder. The synthesis, fabrication, and
sintering steps are shown in Figures 10 through 12. A typical micro-
structure of an as-sintered UN specimen is shown in Figure 13. Some of
the characteristics of the UN samples produced by this procedure are
shown in Table TI.

In addition to the cold-pressed-and-sintered pellets fabricated
at ORNL, ten arc-melted samples were purchased from Battelle Memorial
Institute, Columbus, Ohio. These samples were fabricated by melting
uranium in 30 atmospheres of nitrogen and casting the resulting UN into
l-inch billets. The center of these castings contained quite large
grains from which single-crystal, two-, or three-crystal pellets were
cut. These crystals were used primarily to develop a thinning technique

for UN.

*The pellets were fabricated by R. A. Potter of the Metals and

Ceramics Division of the Oak Ridge National Iaboratory.

21
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ARC MELT U BUTTON

MACHINE BUTTON INTO CHIPS

HYDRIDE AT 250-500°C

DEHYDRIDE AT 550°C

REPEAT HYDRIDING AND DEHYDRIDING

FORM HIGH NITRIDES AT 950°C
UNDER STATIC NITROGEN

DECOMPOSE TO UN AT
1450 - 1500°C UNDER VACUUM

Figure 10. Synthesis of uranium nitride powder.
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PREPRESS UN POWDER USING BINDER

CRUSH PREPRESSED PELLETS

SCREEN THROUGH-40 MESH GRID

PRESS INTO PELLETS

SINTER IN NITROGEN ATMOSPHERE

Figure 11. Fabrication of uranium nitride pellets.



Figure 12.

HOLD AT 4500°C IN
VACUUM FOR 1hr

INTRODUCE NITROGEN GAS

HOLD AT 2040°C FOR 2hr

HOLD AT 2300°C FOR 2hr

COOL TO 1500°C

PUMP OUT NITROGEN

COOL TO ROOM TEMPERATURE

Sintering cycle for uranium nitride pellets.
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Typical microstructure of as-sintered uranium mononitride.
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TABLE T

CHARACTERISTICS OF URANIUM NITRIDE SPECIMENS
USED FOR HELIUM INOCULATION

Chemical analysis

Nitrogen, weight per cent 5.3+ 0.2
Oxygen, weight per cent 0.1 + 0.02
Carbon, weight per cent 0.01 + 0.01
Uranium Balance
Dimensions
Length, inch 0.300
Diameter, inch 0.300
Density, per cent of %
theoretical

Number of pellets 40
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II. SAMPLE HOLDER FOR COCKCROFT-WALTON ACCELERATOR

A schematic drawing of the specimen holder used in the Cockeroft-
Walton accelerator is shown in Figure 14. The UN samples were placed
into the holder that is made to fit on the end of the beam tube of the
accelerator. The sample holder is constructed primarily of stainless
steel, containing Teflon as an electrical insulator; and a tantalum
shield placed in front of the specimen prevents the beam from hitting
and affecting the Teflon. The shield was made from 0.010-inch-thick
tantalum foil with a 2-millimeter aperture which allowed most of the
beam to strike the UN specimen. Before the tantalum shield was used,
the spread in the gas-~ion beam allowed the helium ions to strike the
Teflon, resulting in loss of vacuum and consequently a shutdown of the
accelerator. Electrical current was read from the copper cooling lines
and gave a measurement of the ion flux.

The bombardment of some uncooled stainless steel specimens showed
the necessity of water cooling during bombardment. The bombarded surface
of a stainless steel specimen was examined by replication after bombard-
ment in our initial setup which did not provide water cooling. The
replicated surface, Figure 15, showed a large number of impressions
(1.98 x 108 per square centimeter), indicating that the helium gas atoms
had agglomerated into bubbles and migrated back out the bombarded surface.
Immediately after bombardment, the stainless steel specimens were observed
to be quite hot, suggesting that the bubbles may have been sufficiently

mobile to cause the observed effect. Since one would expect the
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Figure 15. As-bombarded surface of type 304 stainless steel
sample showing impressions where helium bubbles have migrated out of the
bombarded surface. 12,500X. Reduced 16.5 per cent of the original.
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bombarded surface to be hotter than the remainder of the specimen, the
resulting temperature gradient would be expected to cause bubble

migration out of the bombarded surface as observed.

III. TEMPERATURE GRADIENT FURNACE

By far the most formidable task was the development of a high-
temperature furnace capable of producing a desired temperature gradient
across the sample. A schematic diagram of the final furnace design is
shown in Figure 16. The heating unit for this furnace, shown in Figure 17,
consists of 0.040-inch molybdenum wire wrapped around a cylindrical piece
of tungsten—2 per cent ThOs. A coating of Al503, flame sprayed on the
tungsten—~2 per cent ThO, element, provided electrical insulation between
the molybdenum wire and the element. A second overcoat of Al,Q3 was
flame sprayed over the wrapped element. With this heating unit we were
able to achieve 1500°C. on the cold end of specimens being heat treated.
Details of the experimental procedure associated with this furnace are

presented in Chapter IV.
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Figure 16. Temperature gradient furnace,
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CHAPTER IV
EXPERIMENTAL PROCEDURE
I. INJECTION OF HELIUM GAS

The UN specimens were bombarded on one end with helium ions from
a Cockeroft-Walton accelerator. The helium ions were accelerated to a
nominal energy of 250 kilo-electron volts. The calculations presented
below show that the ions should have come to rest in a monclayer about
5400 angstroms below the surface of the specimens. The ion bombardment
step is illustrated in Figure 18.

Because the alpha particle energies are low, the ratio of the
alpha-particle stopping cross section to proton stopping cross section
is less than 4.0. For 250 kilo-electron volt alpha particles this
ratio is 2.20 (24). The range of 250 kilo-electron volt alpha particles
in air, Rair’ is 0.21 milligram per square centimeter. TFor other absorbers

the range (25) is given by:

R, = Ry, [0.90 + 0.0275 Z + (0.06 — 0.0086 Z) log E/M , (4)

where
R_ = range of alpha particles in elemental materisl containing
z protons,
Z = number of protons in atoms of material being bombarded,
E = energy of bombarding alpha particles,

M = mass of alpha particles.

33
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Figure 18.

STAINLESS STEEL

Tllustration of ion bombardment step.
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From this equation one can calculate

"y
By

0.896 milligram per square centimeter ,

It

0.229 milligram per square centimeter ,

where
RU = range of alpha particles in uranium,

RN = range of alpha particles in nitrogen.

For homogeneous UN the effective range (25), RUN’ is given by

/Ry = Wy/Ry + Wi/Ry (5)

where

Il

range of alpha particles in UN,

Il

weight fraction of uranium,

Rom
"y

i1

W

N weight fraction of nitrogen.

Thus, the range of 250 kilo-electron volt alpha particles in UN is

RUN = 0,775 milligram per square centimeter .

Using a density of 14.32 grams per cubic centimeter, the penetration

distance, d, is

a = RUN/pUN = 5400 angstroms , (6)
where
d = depth of penetration,
Puy = density of UN.

For bombardment conditions of 100 microamperes for 5 minutes,

9 x 10%6 gas atoms will be deposited in a sample. This corresponds to
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3.25 helium atoms per 10%® uranium atoms. FHowever, in the deposition
zone, 2 millimeters in diameter by 5400 angstroms in length, the gas-
atom concentration is approximately one~half helium atom per uranium
atom.®

The actual number of helium ions deposited in a sample was
difficult to measure. As the ions gave up their energy and came to rest
in a sample, they acquired two electrons, resulting in a net flow of
electrons into the UN sample and a current which could be measured.
Because it was necessary to cool the sample, the copper cooling coil
was in direct contact with the UN and provided a socurce of electrons.
Both inlet and outlet copper water lines connected to the cooling coil
provided an equal number of electrons, and the rest of the specimen
holder was electrically insulated. Our current measurements were taken
from one of the two water lines near the point where the lines came
through the back of the stainless steel holder.

The number of ions sputtered from the surface during bombardment
is not significant. At 1 to 2 kilo-electron volts, the number of sput-~
tered ions should be less than 10 per cent of the impinging beam. Above
1 to 2 kilo~electron volts, the number of sputtered ions drops off

rapidly (26).

*These concentrations are equivalent to burnups of 0.0013 and
195 atom per cent uranium, respectively, assuming one gas atom is

produced every four fissions.
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II. HEAT TREATMENT

After the helium ion bombardment the samples were heat treated
in a high-temperature, temperature gradient. Temperatures were measured
by using an optical pyrometer and sighting directly on the sample through
a pyrex sight glass mounted in the water-cooled jacket of the furnace,
Figure 16, page 31. Two corrections to the observed temperatures were
required: first, for the pyrex sight glass, Table VI, Appendix A; and
second, for the lack of blackbody conditions, Figure 35, Appendix B.

The specimens were usually held at maximum temperature for about 2 hours,
although in many cases it was less than this because of heating element
failures. The bombarded ends were placed on the cooler end of the tem-
perature gradient so that the bubbles would migrate into the bulk of

the specimen.

A limitation of our experimental technique was the inability to
heat the specimens to temperature rapidly. Heatup times were on the
order of 30 minutes to 2 hours which represented an asppreciable fraction
of the total test time. The test times used in the calculations of the
surface diffusion coefficients, DS, were the times that the samples
remained at the ultimate temperature plus 15 minutes to allow some cor-
rection for the diffusion occurring during the heatup period. In order
to estimate the magnitude of the error introduced in the values of D
by this approach, a detailed calculation of the bubble diffusion distance
for the single crystal was made, taking into account diffusion during

the 2-hour heatup period. This value of diffusion distance was about
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25 per cent greater than obtained from the approximate treatment
discussed above. SBince the heatup time was long for this sample, this
would represent approximately the maximum error introduced by the slow
heatup rates.
The sample temperatures reported were those corresponding to the
mean value of temperature over the region in which migration occurred

in each sample.

III. SAMPLE PREPARATTON AND EXAMINATION

After heat treatment the samples were sectioned longitudinally
parallel to the temperature gradient. The samples were first examined
by light microscopy and then by replication electron microscopy. A
double~replication technique was used with parlodian for the primary
replica, The parlodian was stripped from the sample, shadowed with
platinum, and then coated with carbon, which served as the secondary
replica. In the first replicas examined, there was no coordination of
the replica orientation with respect to the sample even though the
general region of the sample was known. Eventually a technique was
developed to maintain the orientation with respect to the bombarded edge.
Later sarmples were shadowed in the direction of bubble movement, which
also provided a guide to the correct orientation.

Replication electron microscopy was used for the bulk of this
research in preference to thin~film transmission for several reasons.
First and most important, the effects observed by studying the migra-

tion in bulk specimens should more nearly simulate the effects one
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would observe in an irradiation enviromment. Second, temperature and
temperature gradient control will be much more accurate in bulk speci-
mens heated in a furnace than in thin films heated on an electron
microscope hot stage. Third, an acceptable technique of thinning
sintered UN has not heen worked out. Finally, since the hot stage in
the electron microscope can only attain a maximum temperature of approx-
imately 1000°C., preliminary calculations for surface diffusion and
evaporation-condensation indicated that bubble coalescence and migration
might not be effected. 1In bulk specimens, however, the temperature is
only limited by the quality of the heating equipment, which can be
improved if necessary.

Thin films of the single-crystal specimen and replicas of frac-
tured surfaces were used to support the results obtained on the polished
surfaces, but they could not be used for quantitative measurements. An
electrolytic solution of orthophosphoric acid and alcohol proved the

most successful for the thinning process.



CHAPTER V

RESULTS AND DISCUSSION

A total of 43 samples were bombarded in the Cockeroft-Walton
accelerator, and 25 of these samples were successfully subjected to
various heat treatments. The heat treatments spanned the range of 2983
to 1585°C. and temperature gradients from 75 to 880°C. per centimeter.
The heat treatments (with the qualifications discussed in Chapter IV,
page 33) and conditions of helium ion injection for the specimens
examined are summarized in Table TI. A more detailed illustration of
the individual heat treatments for some of the samples discussed herein

is shown in Appendix C.

I. CONTROL SAMPIES

For purposes of comparison, some UN control samples were first
examined in the unbombarded condition. Figure 19 shows replicas taken
from unbombarded UN samples in both the polished and as~fractured condi-
tions., The matrix in all cases appears to be very smooth with the
exception of sintering porosity. The sintering porosity shows crystal-
lographic surfaces indicating that some planes in UN have lower energies
than others, but no attempt was made to determine the relative planar
energies

Samples of arc-cast and cold-pressed-and-sintered UN were also
examined by thin-film electron microscopy. Thin films of cold-pressed-
and~-sintered UN were hard to produce since the etching solution

40
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TABLE IT

HEAT TREATMENTS AND CONDITIONS OF HELIUM ION
INJECTION® FOR SPECIMENS EXAMINED

Cumulative

Specimen Helium Dose Tempfrature Teﬁﬁ;gizﬁie Teigziaisre
Number (Number (°c.) (°C. fom) (minutes )
of atoms) ./em minutes
x 10+6

336-3 3.6 1700 0 120
3326-4 3.6 1400 0 120
336-6 18.0 1070 400 65
336-8 4,32 1190 230 20
336-9 6.48 1135 230 70
336-10 6.48 /1110 170 100
336-14 7.92 1225 g0 70
336-15 14.4 1700 0 120
336-14 14.4 1400 0 120
336-19 3.24 1245 500 85
353-1 9.00 1100 75 ; 85
353-7 23,40 1200 500 100
353-10 18.00 1190 430 30
353-12 18.00 1255 ' 200 75
353-16 18.00 985 200 95
353-19 18.00 1490 160 60
353-4A 18.00 1430 250 60
353-B 18.00 1435 : 880 90
353-C 18.00 1430 200 10
353-D 14.00 - 1430 800 10
353-H 18.00 1500 560 60
353-F 1330 640 60
353-G 18.00 1455 880 45
C-T~51 19.80 1300 235 3
¢-1-50 1108.80 1010 175 20
Single 18.00 1320 580 75

crystal

aEnergy of alphe particles was 250 * 10 kilo-electron volts.

bTemperature given is that on the cooler end of the sample.



Figure 19. Representative photomicrographs from unbombarded
control samples. (a) Replica of as-sintered uranium nitride showing a
smooth matrix and associated sintering porosity. 25,000x. (D) Sintering
porosity showing definite crystallographic surfaces. 58,000x. (c) Frac-
ture surface of as-sintered uranium nitride showing sintering porosity
in a grain boundary. 33,750x. (d4) Fractured surface of as-sintered
uranium nitride showing & three-grain intersection. 50,000%, Reduced
16 per cent of the original.
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Figure 19 (continued).




by

Figure 19 (continued).
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Figure 19 (continued).
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preferentially attacked the edges of the pores. However, a few areas
were observed and photographed, Figure 20a. Arc-cast UN proved to be
much better to work with, and large thin areas were observed. The arc-
cast material, however, was hypostoichiometric and a dispersion of large
precipitates (600 to 60,000 angstroms in diameter) was present as shown
in Figure 20b. These precipitates were identified by an electron micro-
probe analysis to be free uranium. Selected area diffraction patterns
indicated that a surface film, probably UpNs3, was present on both the
arc-cast and the sintered thin films. The surface film probably gives
the matrix its rough textured appearance as observed in the high magnifi-

cation (50,000 times) photographs.

IT. EFFECTS OF HELIUM ION BCMBARDMENT

In order to investigate the effects of the helium ion bombardment
on the surface of the UN specimens, we examined replicas of bombarded
surfaces. The results show that, despite water cooling of the UN speci-
mens during bombardment, the heat absorbed was not dissipated fast enocugh
to prevent some bubble agglomeration and migration during bombardment.
Figures 21(a) through (c) show various areas on a bombarded surface which
suggest that helium bubbles have burst through the surface. Figure 21(a)
is a low-magnification photomicrograph showing a rather large portion of
the surface. The region toward the bottom of this photograph appears to
have a large number of defects on the surface. Figures 21(b) and (c)
suggest that the bubbles may migrate more rapidly down grain boundaries

and defects.
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Figure 20. Transmission photomicrographs of unbombarded control
sample. (a) As-sintered uranium nitride. 50,000X. No reduction.
(b) Arc-cast uranium nitride containing precipitates of free uranium.
25,000X. Reduced 15 per cent of the original.
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Figure 20 (continued).
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Figure 21. Replicas of as-bombarded surface prior to heat treat-
ment. (a) A low-magnification photograph illustrating the general
features of the surface. 5,500%X. (b) A region in the bombarded surface
in which bubbles appear to have migrated preferentially down grain bound-
aries back out of the surface during bombardment; the matrix appears

relatively clean compared with the grain boundaries. 37,500X. Reduced
16 per cent of the original.
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Figure 21 (continued).



51

Figure 21 (continued).
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Turning our attention now to the heat treated and longitudinally
sectioned samples, several replicas were taken near the bombarded surface
of specimen 353-12 showing the appearance of the matrix near the helium
ion source. Photomicrographs of this region, for example, Figure 22,
show a very disturbed region observed to be about two microns in from
from the bombarded surface. The disturbed effect on the matrix was

probably caused by the large quantity of helium gas in this region.

ITI. RESULTS OF BUBBLE MIGRATION IN A TEMPERATURE GRADIENT

Observations made on samples heat treated in a temperature
gradient showed that helium bubbles were found, and that they migrated
up the temperature gradient as expected. Lxawmples of helium bubbles
which have migrated in heat-treated samples are shown in Figures 23(a)
through 23(d). These photographs typify the appearance of the bubbles
seen in all of the experiments.

Several unexpected results occurred in this set of experiments
which are important to note;

(1) DNo systematic bubble size variation as a function of migra-
tion distance was apparent. Bubble sizes appeared to cluster randomly
about an average size which varied with the temperature of the specimen.

(2) While bubbles were observed to be present at grain boundaries,
they also were observed to pile up behind them or occur occasionally as
"pands" of bubbles in the longitudinal sections of the specimens.

(3) Bubbles appeared as projections instead of holes.
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Plastic Metallography Mount Bombarded Surface
< i / Uranium Nitride

Figure 22. Disturbed region of the matrix observed to be two
microns from the bombarded surface of specimen 353-12 after heat
treatment. 57, 500%.
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Figure 23. Examples of helium bubbles which have migrated into
the uranium nitride samples. (a) Specimen 353-E heat treated at 1585°C.
in a temperature gradient of 560°C. per centimeter. 16,250X. (b) Speci-
men 336-6 heat treated at 1075°C. in a temperature gradient of 400°C.
per centimeter. 17,000X. (c) Fractured surface of specimen 353-10 heat
treated at 1190°C. in a temperature gradient of 170°C. per centimeter.
60,000%X. (d) Low-magnification photomicrograph of specimen 353-A heat
treated at 1445°C. in a temperature gradient of 250°C. per centimeter.
5,000X. Reduced 16.5 per cent of the original.
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(continued).
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Figure 23 (continued).”
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Sintering Porosity

Figure 23 (continued).
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(4) Bubble migration rates were much greater than expected. The
apparent migration rates ranged from 300 angstroms per second at 98550.
to greater than 11,000 angstroms per second at 1585°C.

In the remainder of this section some reasons for these results
will be suggested, and some of the detailed experimental observations
which illustrate these results will be presented.

We believe that all of these observations can be explained by the
nonequilibrium nature of the bubbles in these experiments. The theoret-
ical equations and predicted bubble migration behavior assume a gas
pressure within the bubbles which is in equilibrium with the surface
tension forces. In these experiments, however, the bubbles were formed
within a matrix where no readily available source of vacancies was
present. The bubbles, once formed, probably migrated in the presence
of a temperature gradient from the helium source without having attained,
by the acquisition of vacancies, equilibrium. To contain the helium gas,
the matrix had to provide the necessary additional restraint not provided
by the surface tension of the material. This caused a stress in the
surrounding matrix, and the total gas pressure, p, within these bubbles

was given by the equation
p:"'“U"f"""", (7)

where

0 = gtress in matrix.

The resultant stress in the matrix was composed of a radial com-
pressive stress Tield and a circumferential tensile stress field with

corresponding elastic strain fields. The stress field around the bubbles
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probably caused the bubbles to repel each other, preventing coalescence
and resulting in the unchanging size distribution as a funcﬁion of the
migration distance.
The stress, o, on’a point midway between two bubbleg with egual

stress fields can be described by the equation

16(s - 2)(23)

g = d3 <8>
where
p = pressure within a bubble,
¥ = surface tension of matrix UN,
r = equilibrium radius of the bubble,

i

distance between the bubble centers.

Thus, as two bubbles come together the stress at the midpoint is raised;
hence the bubbles will tend to repel each other, preventing coalescence.
The existencé of large strain fields in samples cocled to room
temperature after heat treatment was established by observations of
bubbles in thin films of the single crystal, Figure 24(a) and (b). The
bubbles appear dark because the strain fields in the region around the
bubbles cause the beam to be diffracted. These dark areas were observed
to remain stationary and did not fade in and out as the sample was tilted
and rotated in the electron beam, thus eliminating the possibility that
the dark regions were dislocation lcoops. The white regions in the centers
of the bubbles resulted from the besam passing through a region where the

electrons were not diffracted by the strain field; in this sample, this
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Figure 24. Transmission electron photomicrographs of the single
crystal specimen. (a) Helium bubbles with peripheral dark areas
indicating strain fields. 100,000X. (b) Very thin region of sample
with large light areas which may have resulted from bubbles bursting
through the surface of the film or from preferential etching of the
region near the bubble. 100,000X. Reduced 18 per cent of the original.
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Figure 24 (continued).
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represents the region where the displacements of the atoms are nearly
at right angles and parallel to the beam. These dark areas (bubbles)
were not observed in the thinner portions of the thin films, probably
because the thicknesses of the very thin sections are nearly equal to
the bubble diameters. In the thinner sections, however, holes which were
slightly larger than the bubbles in the thicker sections were observed
without the associated strain fields. These holes may have been caused
by the bubbles bursting through the surfaces in these thinner regions,
releasing the helium gas and thereby eliminating the matrix strain.

One should not conclude that a radial compressive stress field
existed around the bubbles at the migration temperature based on the
observation of strain fields at room temperature, because cooling the
sample to room temperature would be expected to reduce the internal
pressure in the bubbles by a factor of the order of 5. This reduction
in pressure would result in a residual tensile stress field in the
matrix if the pressure in the bubbles was in equilibrium with the surface
tension forces at temperature. For reasons to be discussed later, it
is believed that the stress fields observed in Figure 24(a) are compres-
sive., Assuming this to be true, the stress field at temperature had to
be even more compressive.

After the bubbles left the helium source or bombarded region,
they migrated up the temperature gradient until they reached a grain
boundary, where the first bubbles were probably trapped. The grain-

boundary binding energy, B.E., presented to the bubbles is

o . 2
B.E. = 5%y om0 (9)
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where

]

r bubble radius,

i

Y NN grain-boundary surface energy.

After several bubbles became trapped at a grain boundary, the
stress field around each of these bubbles acting together presented a
barrier to the bubbleg coming behind., An example of the resulting pileup
of bubbles is shown in Figure 25. This series of photomlicrographs was
taken from specimen 336-6 which was heat treated at 1075°C. (on the cooler
or bombarded end) with a temperature gradient of 400°C. per centimeter.
The bubbles are piled up at an interface {grain boundary) near the far
left-hand side of Figure 25. The bubbles were migrating from right to
left with the bombarded surface being some place to the right. No
bubvles are present to the left of the grain boundary. A plot of the
apparent bubble size as a function of distance from the interface is
shown in Figure 26, indicating that the average diameter varied randomly
about a value of 400 angstroms. This is further evidence that stress
fields have prevented coalescence of the bubbles. A plot of bubble
density as a function of distance from the interface, Figure 27, showed
a definite indication that bubbles were piled up behind the interface.
The second-phase material present in these replicas was not identified.
There does not appear to be any significant coalescence of the bubbles
in this region nor any trapping of bubbles at the second-phase interfaces.
Bubbles were observed to have migrated to a depth of 350 microns from

the bombarded end. BRBeyond this depth a clean matrix was observed.



Interface <————— Direction of Bubble Motion
( (Grain Boundary) . |

Figure 25. Bubble distribution in specimen 336-6 heat treated at 1075°C. for one hour with
temperature gradient of 400°C. per centimeter. The bombarded surface was to the right of the
photograph and the bubbles appear to pile up in the left hand region probably at a grain boundary.
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As bubbles continued to pile up vehind the bubbles at grain
boundaries, additional forces were probably exerted on the grain-
boundary bubbles to overcome the grain-boundary binding energy. Since
each bubble is subjected to a driving force (temperature gradient), the
force on the grain-boundary bubbles will be the sum of the forces on each
of the bubbles piled up at the grain boundary. When the sum of these
forces becomes large enough, a bubble can break away from the grain
boundary and migrate through the metrix until it reaches thé next boundary.
Some equilibrium number of bubbles should eventually be piled up at the
grain boundaries, and a steady-sfate condition should be reached and
maintained as long as the bubble source exists.

Additional evidence that gas bubbles are trapped at grain bounda-
ries is seen in Figﬁre 28 which shows the fractured surfaces of
specimen 353-10 after heat treatment. The specimen was fractured in the
transverse direction (perpendicular to the temperature gradient); thus,
guantitative measurements of bubble migration distances were not possible.

As the temperature was increased, the number of piled-up bubbles
near grain boundariés decreased.  In specimen 336-6, where the tempera~
ture gradient was relatively large (400°C per centimeter) but the
absolute temperature was only 1075°C., the bubbles appeared very dense
near the boundary. But in specimen 353-E, for example, which had an
absolute temperature of 1585°C. and a temperature gradient of 560°C. per
centimeter (Figure 29), fewer bubbles were piled up at a single grain
boundary. However, the bubbles had penetrated further into the sample

and the pileups at successive boundaries gave the appearance of bands.
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Figure 28.
with associated helium bubbles.
bubbles is a three-grain intersection which appears to be an unusually

stable trapping site for the bubbles. 15,000X. Reduced 17 per cent of
the original.

Surface of specimen 353-10 intergranular fractured
The line showing a preponderance of gas
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DIRECTION OF
BUBBLE MIGRATION

GRAIN BOUNDARY

Figure 29. Bubbles in specimen 353-E which have apparently been
trapped at a grain boundary. This specimen was heat treated at 1585°C.
in a temperature gradient of 560°C. per centimeter. 35,000X. Reduced
17 per cent of the original.
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The piling up of bubbles observed at the grain boundaries ih poly-
crystalline samples was not observed in the single crystal. The bubbles
in the single crystal appeared to be distributed randomly with respect to
size and as a function of distance, probably because no grain boundaries
were present to impede the moving bubbles. In polycrystalline samples
the bubbles were not distributed randomly, but were generally seen to
interact with grain boundaries producing the "“banded" appearance referred
to above.

Bubbles were observed to line up at grain boundaries both parallel
to and perpendicular to the temperature gradient, Figure 20. Bubbles
should be expected to collide with and be trapped at isothermal grain
boundaries (grain boundaries perpendicular to a temperature gradient);
however, most grain boundaries will be at some angle to the gradient
(and therefore to the direction of bubble movement). The bubbles will
then move along these boundaries if the temperature gradient vector is
large enough. If bubbles moving along a grain boundary encounter
another boundary parallel to the temperature gradient, this will prove
to be the path of least resistance. Thus, bubbles might be expected to
be seen at both lypes of boundaries, although a preponderance of bubbles
should exist at isothermal boundaries and pileups should be observed
only behind nearly isothermal boundaries.

A very interesting feature of this work was the appearance of the
bubbles as projections instead of holes. The bubbles were always
shadowed opposite the sintering porosity. Two possible explanations for

this are:
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GRAIN BOUNDARY

DIRECTION OF =
BUBBLE MIGRATION

Figure 30. Bubbles lined up at grain boundaries both parallel and
perpendicular to the temperature gradient. The bubbles were shadowed in
the direction parallel to the temperature gradient. 42,000X. Reduced
17 per cent of the original.
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(1) The large pressures within the bubbles may cause a blistering
effect on the polished surface as a result of plastic deformation of the
matrix surrounding a bubble.

(2) The stress in the matrix may change the nature of the
polishing in the localized area around the bubble. In this case the
stress may make the area around the bubbles harder so that it is
polished more slowly. The method of formation of these projections on
the surface is illustrated in Figure 31. Figure 28, page 68, clearly
shows that the bubbles appeared as projections instead of holes even in
replicas of fractured surfaces, This observation alsoc appears to indi-
cate that strain fields arcund the bubbles have a strengthening effect
on the matrix.

Further evidence of the interaction of stress fields was observed
in sample 353-12 which was subjected to three temperature cycles. In
this sample (see Figure 32) large bubbles (approximately 1000 angstroms
in diameter) were observed to have smaller satellite bubbles (approxi-
mately 200 angstroms in diameter) associated with them. Coalescence of
some of the smaller bubbles with the larger bubbles appeared to be
occurring. The larger bubbles had grown to a size such that faceted or
planar surfaces could be observed, while the smaller bubbles appeared
spherical, presumably because of the higher pressures. The satellite
bubbles indicate that an attractive force existed between the larger

and smaller bubbles; this is contrasted to the results in the rest of

>

the experiments.
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SURFACE OF UN\

O~ HELIUM GAS BUBBLESO

BEFORE POLISHING

/POLISHED SURFACE OF UN

/T N
HELIUM GAS BUBBLESO

AFTER POLISHING

Figure 31. Illustration of how bubbles may form projections on
the surface after polishing.
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Figure 32. Photomicrographs of specimen 353-12 after multiple heat
treatments. Large bubbles (1000 angstroms in diameter) which exhibit
planar interfaces are surrounded by smaller satellite bubbles
(200 angstroms in diameter) which are nearly spherical. 115,000x.
Reduced 16 per cent of the original.
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The anomalous results discussed above might be attributed to the
multiple heat treatments (Figure 33) given this specimen. The presence
of the crystallographic planar surfaces of the larger bubbles suggests
that they may have been close to equilibrium at temperature. No clear
explanation is apparent, however, to explain why the gas pressure within
the large bubbles in this specimen reached equilibrium with the surface
tension of the bubble but did not do so in other specimens, some of
which were taken to higher temperatures. Nevertheless, in this sample
(and only in this sample) the bubbles were observed to be shadowed in
the same direction as the sintering porosity — a fact which indicated
that we were observing holes. Since samples which were believed to have
compressive stress fields in the matrix around the bubbles were shadowed
as projections, we attribute the appearance of the bubbles as holes to
the absence of these compressive stress fields. Further, if the bubbles
were nearly at equilibrium at the heat treatment temperature, residual
radial tensile stresses would be expected after cooling to room
temperature.

The single crystal which showed the room temperature stress field
in transmission electron microscopy showed projections instead of holes
in the replicas of the polished surface. If the above explanation for
the observation of holes is correct, the stress fields arcund the bubbles
in the transmission samples must be compressive. These stress fields
must also have been compressive at temperature, since an increase in
temperature would always be expected to increase the gas pressure in

the bubbles.
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As mentioned previously, the migration rates of the helium bubbles
were much greater than expected. A calculation of the migration rates
predicted by an evaporation~condensation mechanism shows that the bubbles
observed in specimen 336-6 would move at a rate of 2 X 10"% angstroms per
second. They were experimentally observed to migrate at a rate of
approximately 900 angstroms per second. This example is typical, showing
that the evaporation-condensation model predicts migration rates a
factor of 100 too slow. We expect, intuitively, that bulk diffusion
should be even slower than evaporation-condensation since it requires
that vacancies be removed from the bubbles at the leading surface and
migrate through the matrix to be reabsorbed on the trailing surface.
In the only experiments to date which proposed bulk diffusion as a model
of migration, Gulden (19) calculated an activation energy of
130,000 calories per mole. The existence of a shortage of vacancies in
the bubbles in UN makes volume diffusion even less likely. Thus we con-
cluded that the mechanism by which the bubbles move is surface diffusion.

From the observed migration distances, an approximate surface
diffusion coefficient was calculated for some of the samples by using
the equation derived by Gruber (21). The calculations were made on the
bubbles which had migrated furtherest into the specimens assuming that
these bubbles were the first to form. The following equation was used

to meke the calculation:

rkT? MAx 1
D o e o e o, 10
s 1.78 8q At gqp (30)

ax
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Equation (10) is a slightly modified form of Gruber's equation. The
equation was modified by breaking the velocity down into the experimen-
tally measured components of migration distance, /Ax, and the heat
treating time, At. A value of @ = 10,000 calories per mole and
& = 4.89 x 1078 centimeter was assumed for these calculations. The rest
of the variables were measured in the experiments. The results of these
calculations are shown in Table IIT and are plotted in Figure 34. The
value of DO computed from the curve is 1.92 x 10° square centimeters
per second. The activation energy for surface diffusion, QS, was
calculated to be 42,200 calories per mole.

The results of these calculations are only approximate because
of five principal sources of error;

(1) The observed bubble radii are artificially large because we
were looking at the matrix projections caused by the stress fields
instead of the actual bubbles. The thin~-film transmission photomicro-
graphs of the single crystal suggest that the radii measured on replicas
are about a factor of 2 too large. This error produces an apparent
diffusion coefficient about a factor of 2 too large.

(2) The heat of transport for UN surface diffusion in a tempera-
ture gradient is not known. We assumed 10,000 calories per mole to
obtain order of magnitude cslculations of the surface diffusion coef-
ficient. This is the value assumed by Gruber (27) in his calculations
for the migration of helium bubbles in copper. Shewmon (20) states

that the heat of transport should be equal to or less than the activation



TABLE ITT

RESULTS OF CALCULATIONS OF DIFFUSION COEFFICIENTS

Time at Average Calculated
. Migration  Temperabture Maximur . & Surface
Specimen . . Maximum Bubble . .
Distance Gradient Temperature . X Diffusion
Number . ° o Temperature Radius . .
(microns) (°c./cm) (°c.) (min) (angstroms) Coefficient
" g (em?®/sec)
353-1 1650 75 1105 85 500 9.6 x 1077
353-16 175 200 985 95 200 1.2 x 1074
353-19 > 3000 160 1515 60 1000 > 3.8 x 107%
353-A > 1300 250 1445 60 1250 > 1.3 x 1072
353-% > 3000 560 1585 60 1400 > 8.2 x 10°°
353-G > 3000 880 1585 45 1000 > 1.0 x 107%
Single 5000 580 1465 75 730 9.8 x 103
crystal
336-6 350 400 1075 65 200 1.9 x 10-%

6L
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D, , SURFACE DIFFUSION COEFFICIENT (cm®/sec)

Figure 34. Surface diffusion coefficient as a function of
reciprocal temperature.
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energy. If we used the activation energy calculated from the curve in
Figure 34, the diffusion coefficients would be raised by a factor of
4.22.

(3) The slow heatup to temperature discussed earlier causes the
diffusion coefficients to he in error by as much as 25 per cent.

(4) BSome error was introduced by using the mean temperature in
the region of migration as the temperature to be substituted into
Equation (10).

(5) All of the observed migration rates should be artificially
small except in the single crystal because of the interactions of the
bubbles with grain boundaries. The effect of the interactions of bubbles
and grain boundaries is probably more important at low temperatures;
this is illustrated by the large pileups at grain boundaries in samples

heat treated at low temperatures.

IV. FURTHER DISCUSSION AND COMPARISON OF THE RESULTS
WITH THOSE FOR PREVIOUS INVESTIGATIONS

The experimental results on UN are compared in Tables IV and V
with helium bubble migration rates computed for UC and copper from the
results of previous investigators. The bubbles are thought to migrate
in all three materials by the surface diffusion mechanism. For purposes
of calculation the "heat of transport" was assumed to be 10,000 calories
per mole in all three materials. Table IV is a general comparison of
the bubble velocities observed experimentally under the various experi-
mental conditions plus a specific comparison at 750°C. for bubbles of

350 angstroms radius., The temperatures in the experiments on copper
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TABLE TV

COMPARISON OF MIGRATION RATES OF HELIUM BUBBLES SUBJECTED
TO A TEMPERATURE GRADIENT IN UN, UC, AND COPPER

Temperature Bubble Temperature Velocity of
Material %°C ) Radius Gradient Bubbles
) (angstroms) (°C./ecm) (angstroms/sec)

Experimental Results

UN 085 200 200 300
1585 1000 560 > 11,000

uc 750 2500 900 200
300 900 5,800

Copper 800(2 ) 350 2 x 10°(7) 1,000

Comparison of 350 angstroms bubbles at 750°C.

UN 750 350 900 19
uc 750 350 900 5,200
Copper 800(7 ) 350 2 x 10°(2) 1,000

fcaleulated.
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TABLE V

COMPARISON OF SURFACE DIFFUSION COEFFICIENTS
OF UN, UC, AND COPPER

Temperature D

Material | (°c.) (cmz/:ec)
At 750°C.
UN 750 1.8 x 1076
1§[¢ 750 4ode % 107%
Copper 750& 7.5 x 1077

At T/ = 0.376"

UN 900 2.5 x 1077
uc 750 bode X 107%
Copper 231 1.6 x 1072%

aDetermined from grain-boundary grooving
experiments. J. Choi and P. Shewmon, "Effect of
Orientation on the Surface Self-Diffusion of Copper,"

Trans. Met. Soc. AIME 224, 589 (1962).

bAssuming melting points: 2450°C. for UC,

2850°C. for UN, and 1083°C. for copper.
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are only guesses so the validity of the comparison is unknown. Table V
is a comparison of the surface diffusion coefficients at 750°C. and at
temperatures which correspond to 0.376 of the melting point. The value
listed for copper was determined from grain-boundary grooving experi-
ments. These tabulated values show that the surface diffusion coefficient
in UN is lower than in UC or copper at any given temperature. The surface
diffusion coefficient in UN is lower than in UC by a factor of 17 at a
fraction of the melting temperature, Tm’ equal to C.376. The surface
diffusion coefficient at 0.376 Tm in copper is significantly less than
either UN or UC.

The temperature gradient for the bubble migration experiments in
copper was estimated by Gruber by substituting the surface diffusion
coefficient determined from the grain-boundary grooving experiments
into Equation (10). However, the temperature was not accurately known.
Since the surface diffusion coefficient is an exponential function of
temperature, an inaccurate estimate of the temperature would result in
an erronecus choice of surface diffusion coefficient and substantial
inaccuracies in the calculated temperature gradient.

A second explanation for the large differences of bubble migration
rates in UN and copper (at a given fraction of the melting point) might
e that the stress field around the bubbles in UN and UC enhanced the
migration rates. Barnes and Mazey showed that their bubbles in copper
reached equilibrium rapidly, thus eliminating any matrix stress field.

In heating thin films of copper, a vacancy source (the surface) is

available to the bubbles which is probably less than 500 angstroms away
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and which allows the bubbles to come to equilibrium rather quickly at
temperature. In the bulk UN samples, on the other hand, no source of

vacancies was available to the bubbles except thermal vacancies.



CHAPTER VI
CONCLUSIONS AND RECOMMENDATTONS

The conclusions derived from the experimental results are
summarized below:

(1) Helium bubbles in UN move up a temperature gradient by
surface diffusion.

(2) From the observed migration distances a surface diffusion
coefficient was calculated to be 1.92 x 103 exp(~42,200/RT).

(3) Large stress fields probably existed around the bubbles
preventing their coalescence.

(4) Helium bubbles became trapped at grain boundaries during
the heat treatment of the samples, and subsequent pileups of bubbles at
grain boundaries were observed due to the interaction of the stress
fields around the bubbles.

(5) Bubbles appeared as projections instead of holes on polished
or fractured UN surfaces. It was suggested that this phenomenon resulted
from an effect of the room temperature stress fields on the polishing and
fracture characteristics.

(6) The presence of stress fields around the bubbles may affect
the migration rates. If this is the case, the results would not be
directly applicable Yo irradiation behavior because the excess vacancies
from fission spikes would probably allow the bubbles to come +to

equilibrium quite rapidly.

86
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The results from these experiments provided many ideas which
would be of interest to pursue in subsequent investigations. Some of
these ideas are listed below:

(1) The stress fields associated with the bubbles apparently
hardened and strengthened the matrix in the Immediate vicinity of the
bubbles. This effect was quite unexpected and no satisfactory explana-
tion 1s apparent.

(2) The interaction of the bubbles with grain boundaries
undoubtedly influenced the observed migration distances and the subse-
quent calculation of surface diffusion coefficients. More single-crystal
experiments should be run to determine a more accurate diffusion
coefficient.

(3) Since grain boundaries and other microstructural details
were more readily observed in replicas of fractured surfaces than in
replicas of polished surfaces, more definitive results might be obtained
by developing a technique to longitudinally section the samples by
fracturing.

(4) Additional short-time experiments should be run using
equipment capable of attaining test temperatures rapidly.

(5) An attempt should be made to determine the effect of the
stress fields on the diffusion coefficient. This might be done by
annealing the sample, after an initial heat treatment in a temperature
gradient, to allow the bubbles to come to equilibrium with the matrix.

(6) The interaction of helium atoms with precipitates should be
studied to determine the effectiveness of precipitates as pinning sites

for bubbles.
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APPENDIX A

TABLE VI

SIGHT GLASS CALIBRATION FOR TEMPERATURE GRADIENT FURNACE

Temperature, °C. 2 1/8- by 5/32-in. Window
True Observed Correction to be Added, °C.
200 894 6
1000 992 8
1200 1190 10
1500 1485 15
1700 1681 19
1900 1878 22
2100 2074 26
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APPENDIX C

SPECIMEN 353-1
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