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Existing models for pressureless sintering and hot pressing are

reviewed to determine their usefulness in assessing the dominant sinter-

ing mechanisms in restructuring (U0.85Pu0.15)C sphere-pac fuel composed

of 40-80 pm and 800 pm diameter spheres. Only surface diffusion,

evaporation-condensation and volume diffusion mechanisms are appli-

cable to this mixed carbide fuel.

Models for pressureless sintering by surface diffusion, evaporation-

condensation and volume diffusion are derived paying particular attention

to their analytical and physical limitations. Use of these equations has

required a thorough assessment of vapor pressures and diffusion coef-

ficients for various carbide fuels with special attention to plutonium

content, stoichiometry and the effect of reactor operation.

Application of pressureless sintering models indicates that sinter-

ing results are increased by decreasing particle size and increasing

termperatures. Surface diffusion was not predicted but is expected to be

minimal due to high temperatures and large particle sizes. Evaporation-

condensation is significant only at presintered centerline temperatures.



The evaporation-condensation model is of qualitative value only since

it does not accurately predict sintering for the observed incongruent

vaporization of plutonium and uranium. Volume diffusion dominates at

all temperatures indicating that significant restructuring should occur

within 20,000 seconds (5.6 hours). The actual predictions by volume

diffusion are too low to account for the observed restructuring which

may be due to concurrent grain boundary diffusion or hot pressing.

Analysis of hot pressing models indicates two distinct and con-

current stages are possible in sphere-pac fuel. Initial stage densifi-

cation may result by fracture or diffusion. A diffusion model predicts

the domination of pressure over surface energy at only small contact

pressures. Final stage densification may occur within the sphere's

dense interiors by Nabarro dislocation climb depending on the pressures

and temperatures. However, the overall effect of final stage densifica-

tion is not significant in sphere-pac fuel compared with initial stage

hot pressing. Neither of these stages can be adequately predicted since

the radial variation in thermally induced pressures is not known.

The results of sintering and the effect of a range in particle

size suggest that acicular pores are formed in sphere-pac fuel. These

pores are idealized to form during sintering of three hexagonally packed

spheres with a smaller sphere above and below the center of the three

larger spheres. Axial sintering and shrinkage are faster due to the

smaller particle size. Acicular pores are composed of several concave

and convex surfaces and can migrate at lower temperatures and thermal

gradients than comparably sized lenticular pores. Qualitative analysis

of pore closure times and plutonium depletion at the fuel surfaces



during elevated heating indicate that sintering of spherical particles

is important to plutonium redistribution and congruent vaporization of

uranium and plutonium during pore migration.

The results of predicted sintering for sphere-pac fuel are rela-

tively good considering the lack of actual data for surface energy,

diffusion coefficients and vapor pressures of (U0.85Pu0.15)C. Further

improvements in these parameters will allow more accurate sintering pre-

dictions.
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THE APPLICABILITY OF SINTERING MECHANISMS IN THE

INITIAL STAGE RESTRUCTURING AND PREFERENTIAL PORE MIGRATION OF

IRRADIATED (U0.85Pu0.15)C SPHERE-PAC FUEL

I. INTRODUCTION

Development of several different advanced reactor fuels is being

pursued by many countries with the aim of improving operation, de-

creasing cost and reducing fuel demand for proposed commercial fast

breeder reactors. Although the role of fast breeder reactors in meeting

future energy demand is not yet determined, its potential is great.

A promising concept in advanced fuels is that of sphere-pac fuel. This

consists of two sizes of vibratorily compacted (U0.85Pu0.15)C spheres

contained in typical fuel cladding. Mixed carbides such as (U0.85

Pu
0.15

)C have the advantage of better thermal conductivity and higher

fissile density than mixed oxides. As part of their advanced fuels

programs, the Swiss Federal Institute for Reactor Research (EIR) has

developed an internal gelation process for sphere production which is

well suited to remote operation with attendant improvements in radio-

logical safety and reduced pyrophoric dust production. A series of

irradiations with (U
0.85

Pu
0.15

)C sphere-pac fuel made by this process

have indicated favorable performance.
1

The development of any new fuel requires the formulation of models

which will predict fuel performance under various steady state and

transient conditions. If more than a simple empiricism is to be used

in computer modeling, then an adequate understanding is required of the
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thermodynamics and in-reactor fuel restructuring. Furthermore,

characterization of restructuring kinetics is needed to guide irradiation

testing. It is with these goals in mind that this paper investigates

the importance of sintering mechanisms in the initial stage restructuring

of (U0.85Pu0.15)C sphere-pac fuel.

For the purposes of the following discussion initial stage restruc-

turing is that period of reactor operation in which the initially small

contact area between spherical particles increases to the point where

additional closed porosity is formed. The end of initial state restruc-

turing is that point at which the newly closed pores begin to move up

the temperature gradient. The initial stage of restructuring should not

be confused with the subsequent discussion of various stages of sintering

(pressureless sintering or hot pressing) which may all occur within the

period of time designated as initial stage restructuring.

II. SPHERE-PAC FUEL DESCRIPTION

Sphere-pac fuel is fabricated by EIR using a wet gelation process

which produces 800 pm and 60 pm diameter spheres.1 The large fraction

typically ranges from 600 to 800 pm while the small fraction is 40 to

80 pm in diameter. The distribution curve of the fine fraction is

strongly peaked about the median size.2 These spheres are composed of

highly dense, multigrained, mixed carbide fuel having three to seven

percent porosity. Other salient fuel data is given in Table I for samples

used in DIDO I
3
and DIDO 114 irradiation tests of sphere-pac fuel.

Information on (U
0.8

Pu
0
2)C pellet fuel irradiated at the Dounreay

Fast Reactor is also presented.
5

The isotopic analysis of DIDO II fuel

is shown in Table II.



TABLE I. COMPARISON OF DIDO I AND II SPHERE-PAC

FUEL WITH DOUNREAY PELLET FUEL

Carbide Content, w/o

Oxygen Content, w/o

Nitrogen Content, w/o

M
2
X
3
-type phase, v/o

Mean fuel porosity, v/o

% of TD

Average pore size, pm

Pore Fraction in grain
boundary, %

Avg. grain size, pm

Douneray DIDO I

Large

DIDO II

Small

4.65

0.20

0.03

1-4

12

88

1.2

50

7

Large Small Small

5.20

1.00

25

4.75

1.70

25

25

4.57

0.46

2Oppm

23

92.6

5.75

0.11

2Oppm

40

23

93.2

5.35

0.29

2Oppm

5

23

97.4

TABLE II. ISOTOPIC COMPOSITION OF

SPHERE-PAC FUEL IN DIDO II IRRADIATIONS

Element

Plutonium

Uranium

Isotope Percentage

9239
Pu

90.83

240
Pu

8.19

241
Pu

0.92

242
Pu

0.07

2350 0.435

238
U

99.565

3
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Some of the most obvious differences between these unirradiated fuels

include the lower smear density, higher stoichiometry and higher ses-

quicarbide content of the sphere-pac fuel. It should be noted that

subsequent to the DIDO II tests the maximum sesquicarbide content has

been limited to five percent for sphere-pac fuel. Not demonstrated in

Table I is the significant difference in grain and pore size between

pellet and sphere-pac fuel. While the porosity in the sphere-pac grains

is probably comparable to that in the pellet fuel, the open porosity

between spherical particles is 20 to 30 pm in width. This is several

times greater than the pore size in the pellets and has significant

effects on fuel restructuring. Of course the fuel-to-clad gap in pellets

also becomes part of the fuel porosity. Grain size in the sphere-pac

fuel is not explicitly reported but micrographs3'4 indicate grains are

greater in the large spheres than in the smaller ones. The large spheres

have grains from 20 to 60 pm in diameter. Grains in the small fraction

are 5 to 20

Reiterating, the unirradiated sphere-pac fuel is composed of dense,

multigrained, spherical particles with large open porosity between

spheres whereas the highly dense pellet fuel with small closed pores of

1 to 2 pm diameters has a ring of 100 percent porosity at the fuel-to-

clad gap. The relatively even distribution of large interconnected

porosity in sphere-pac fuel causes significant differences in the method

of restructuring in pellet and spherical particle fuel. The pellet

fuel must thermally expand before the porosity in the gap becomes part

of the fuel. The as-fabricated sphere-pac fuel is already in contact

with the clad but must sinter long enough to produce closed porosity in
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the restructured region where closed pores may then move up the temper-

ature gradient. It is this difference in fuel geometry and initial

porosity distribution which causes sphere-pac and pellet fuel to follow

different paths towards their final restructured state.

The final condition of the sintered region in a sphere-pac fuel

pin is comparable to that found in a pellet. A similar comparison has

been observed in (U
0.8

Pu
0.2

)0
2
between pellet, sphere-pac and vipac

fuels.
6-9 Irradiated pellet and sphere-pac fuel pins are both composed

of central restructured and outer unrestructured regions. These two

regions are further subdivided into four zones. Figure 1 shows the four

possible zones in a restructured mixed carbide pellet as reported by

Sari and Ronchi5 and Sari.10 Although there are some differences in the

homogeneity of the sintered zone of spherical particles,Strattonl has

indicated that thermal and epithermal tests have shown sphere-pac restruc-

turing similar to the pelleted carbide fuel.

The extent of the sintered zone depends on both the temperature and

temperature gradient. For the MFBS7 epithermal tests at Mol, Belgium

linear powers of 70 kw/m sintered 70 percent of the fuel radius while

85 kw/m caused sintering over approximately 85 percent of the fuel

radius.
11 For central fuel temperatures less than 1300 C and linear

powers less than 70 kw/m no sphere-pac restructuring was observed in the

FILOS thermal flux irradiation tests.
1

While the extent of sintering may vary according to the environmental

conditions, the four regions are generally all apparent. Region I

consists of a central porous zone with porosities as high as 30 percent

in pellets and 50 percent in sphere-pac fuel.5'1 Recent examination of a
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Figure 1

Restructured Zones in a (U0.8Pu0.2)C Fuel Pellet

Zone

U

I

Structure

Original grain structure

with as fabricated porosity.

Equiaxed grain growth with

interlinked grain boundary

porosity.

Radially oriented grains and

pores in a high thermal

gradient.

Large irregular pores in the

zone of highest porosity and

fuel temperature but low thermal

gradient.

NOTE: Widths of above zones are not to scale.
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single sphere-pac MFBS7 pin showed 65 percent porosity in this zone.11

The central zone's porosity is observed to be more irregular and larger

in the sphere-pac fuel than in pellets. High temperatures and low thermal

gradients typify this region of the fuel.

The next region from the center is composed of radially oriented

grains and elongated pores along the grain boundaries. Temperatures are

lower here than in zone I but the temperature gradient is higher causing

movement of sufficiently large and geometrically favorable closed pores.

Sari and Ronchi
5
report this as a region of densification in pellet

fuel.

Strattonl indicates zone III shows densification in sphere-pac fuel.

Pellets exhibit equiaxed grain growth.
5

'

10
Region III is the end of the

restructured fuel in both sphere-pac and pellet fuel pins and delineates

the end of sintering by fuel temperatures between 1000 and 1300 C.
1,5,12

Within all four of these fuel zones the porosity, plutonium con-

centration and temperature will vary. Figure 2 shows the trend typical

of pellet fuel porosity.
5

The sphere-pac porosity profile is similar

but will have a minimum closer to the clad in zone II and usually exceeds

the maximum porosity of pellets.1'4 The variation of plutonium concen-

tration in pellets is not available although it should follow the same

tendency as shown in Figure 3 for a MFBS7 sphere-pac fuel pin.
11

It is

interesting to note that, unlike the mixed oxide fuels, the plutonium

concentration peaks in the cooler region of the fuel rather than the

center. A closer look at this phonemenom will be taken later. Finally,

although most importantly with respect to sphere-pac sintering, the

fuel temperature varies with radial position and time. Figure 4 shows



Figure 2

Porosity Profile in Restructured Zones of (U0.8Pu02)C Pellets
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Figure 3

Plutonium Radial Variation in a (U0.85Pu0.15)C Sphere-Pac MFBS7

Fuel Pin
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the variation in temperature across a 102 kw/m DIDO II fuel pin.
4

The expected temperatures prior to sintering are also shown and indicate

a 500 degree drop in temperature could possibly result from sintering.

Present heat transfer models of sphere-pac fuel require important

assumptions in specifying the temperature profile in the restructured

region. A knowledge of in-reactor sintering and its effects on thermal

conductivity and fuel temperatures would be an important refinement in

fuel performance modeling. If sintering models could also predict the

geometry of newly formed closed porosity then a better understanding of

pore migration may also be obtained.

III. PRESSURELESS SINTERING

Sintering is a heat treatment by which adjacent particles coalesce

together with or without the application of an external force and is due

to nonequilibrium conditions in the material. Application of an

external stress such as restrained thermal expansion or a mechanical

load is termed hot pressing and is dealt with in depth later. Pressure-

less sintering results from the reduction in free energy of the particle

surface when there is a decrease in stress due to curvature, equalization

of vapor pressure and/or the elimination of vacancy concentration.
13,14

The main consequence of sintering is the decrease in surface area and

densification of the particle compact.

In the process of densifying, the sintering material experiences

several stages. The initial stage of sintering incorporates the first

increases in contact area. The region between the two particles is

called the neck and has a contact area of 1TX
2

, where x is the neck

radius shown in Figure 5. Coble
15

suggests that initial stage sintering
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Figure 5

Geometrical Relationships in Two Sintering Spheres
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takes place for neck-to-particle radius ratios (x/r) from zero to 0.2.

He also indicates only a few percent shrinkage occurs in typical compacts

of 50-60 percent initial porosity. This is not typical of sphere-pac

fuel which has a presintered smear density of 77 percent theoretical

density (T0).

The intermediate stage of sintering involves further densification

as well as grain growth. The individual particles become less dis-

tinguishable as the porosity forms interconnected channels. Grain

growth is seen in sphere-pac sintering but no quantitative data exists

on grain size or growth rates. Analysis of grain growth is further

complicated by the concurrent change in porosity profile due to evap-

oration and condensation in closed pores. Pask
16

has shown that grain

growth is an important factor in limiting the sintering results but

current information precludes an adequate modeling of grain growth in

sphere-pac fuel.

There is a final stage of sintering which is not entirely separable

from the intermediate stage. Porosity is usually less than 10 percent

and individual pores are produced during the reduction of interconnected

porosity.
15

This last stage of densification is important in commercial

sintering where high densities are desired but final stage pressureless

sintering is not observed in sphere-pac fuel. The visualization of

various sintering stages is masked by pore movement but analysis of

micrographs suggests that sintering persists to what may be considered

the intermediate stage.
3,4,17

While sphere-pac sintering is limited to initial and intermediate

stages there are several mechanisms which may occur separately or
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together in removing the presintered, nonequilibrium conditions. The

four mechanisms and their time dependence for coalescence were originally

discussed by Frenkel,
18

Kuczynski
19

and Kingery and Berg.
20

These

mechanisms are as follows:

1. Surface diffusion x = t
1/7

2. Volume diffusion x = t
1/5

3. Evaporation-condensation x = t
1/3

4. Viscous flow x = t
1/2

The first three mechanisms are shown in Figure 5 where the direction of

material movement is indicated by arrows. Material transfer takes place

by atomic movement from a source such as a convex surface to the con-

cave surface at the neck. Solid state diffusion is also described in

terms of vacancy concentrations. The direction of vacancy movement from

vacancy source to vacancy sink is opposite of that shown in Figure 5

for surface and volume diffusion. Not shown are the various alternate

paths available for volume diffusion. Vacancies may migrate from the

concave surface at the neck to the interparticle grain boundary or to the

grain boundaries and dislocations within the spheres.
14,15,19

These

different diffusion paths make it more difficult to analyze the results of

sintering experiments.

Viscous flow is deliberately neglected in Figure 5 since it is

primarily important in amorphous substances. Glass21 has been shown to

sinter by viscous flow but uranium-plutonium carbides have definite

crystalline properties. The earliest stages of sintering silver with

small alumina markers exhibited plastic deformation, the counterpart of

viscous flow for crystalline materials.
22

Plastic flow occurred in
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99.999 percent fine nickel but nickel sintered by volume diffusion when

the impurities were increased to 0.1 percent. 23
Hausner

24
reviewed the

data regarding sintering and affirmed the contention that volume dif-

fusion is the predominant mechanism in nonvolatile metals at normal

sintering temperatures. More recently, Seigle and Brett25 concluded

that there is no overwhelming evidence to indicate a significant role

of plastic flow in the sintering of crystalline nonmetals.

Pressureless sintering in sphere-pac fuel has been narrowed down

to two stages and possibly three mechanisms. A survey of the literature

on mixed carbides has not provided any real insight into the actual

pressureless sintering mechanisms or equations which would apply. In

fact, Bannister
26

provided one of the few reports relating pressureless

sintering mechanisms and theoretical models for even UO2 fuel. Since

it is still desired to foresee the effects of in-reactor sintering, the

only approach available is to judiciously select models and compare the

predicted importance of sintering mechanisms with one another as well as

the observed restructuring in the sphere-pac fuel.

3.1 Models for Pressureless Sintering

Survey of existing pressureless sintering models reveals a vast

assortment of equations for several geometries and either one or more

mechanisms. Exner et al.27 indicated that most models are exactly

applicable only under ideal conditions since real sintering compacts

are not regularly stacked, are composed of various particle sizes, are

not spherical and are sometimes deformed during cold pressing. The

last two problems in applying analytical models are not typical of sphere-

pac fuel composed of vibratorily compacted spheres. The problems of
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irregular stacking and range of particle size also exists for sphere-pac

fuel but result in other benefits such as high packing fractions.

One of the prime criteria for choosing one model over another is that

the analytical expression must be derived for spherical particles and

portray the actual change in interparticle contact area. Some models,

primarily during later stages, express the structural changes in terms

of density or porosity rates for the entire sintering material.

Coble15
,28,29

assumed a cylindrical pore shape along a tetrakaidecahedral

grain for the intermediate stage and a spherical shape for final stage

pressureless sintering. Kuczynski30'31 developed statistical models for

spherical pores and cross-linked cylindrical pores. Such assumptions

would be unacceptable in determining the importance of curvature in pore

migration and the increase in thermal conductivity during sintering.

Considering the small amount of information concerning mixed

carbide sintering it is also important to limit the models to single

mechanisms with only one transport path. Models have been developed for

interparticle grain boundary and volume diffusion acting simultaneously

but there is no evidence to suggest the relative importance of mechanisms

in sphere-pac fuel.
32

'

33
Brennon and Johnson

33
have developed a partic-

ularly interesting model for nonisothermal initial stage sintering which

could prove useful when shrinkage, shrinkage rates, grain boundary widths

and the importance of individual mechanisms are further characterized.

3.1.1 Surface Diffusion. An equation for surface diffusion was

proposed by Kuczynski19 in one of the earliest papers on sintering

mechanisms. His analysis was based on the vacancy concentration gradient

existing between the concave surface at the neck and the convex surface
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of the sintering spheres. The neck region contains an excess of vacancies

which migrate along the particle surface towards the convex surface.

Equating the change in volume with respect to time (dV/dt) with the

appropriate form of Fick's equation, Kuczynski developed his equation

for surface diffusion.

The Kelvin equation is used in deriving the sintering equation and

is given as

AC xa3 (1 1
(1)

)

C
o

kT p

where

AC = vacancy difference between the maximum and minimum vacancy
concentrations.

C
o

= the equilibrium vacancy concentration

y = surface energy, ergs/cm
2

a = atomic diameter, cm

k = Boltzmann's constant, ergs/degree K

T = absolute temperature, K

p = radius of concave surface at neck

x = neck radius

The equilibrium concentration of vacancies and the surface diffusion

coefficient (D
s
) are given by

C
o
= exp(-E/RT) (2)

D
s
= D'exp(-E/RT) (3)

where

E = energy required to produce a vacancy in the lattice

R = gas constant, ergs/mole-K

D' = vacancy diffusion coefficient
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Several approximations must also be made to determine the volume (V)

accumulating in the neck, the concave surface area (A) at the neck and

p for the concave surface. If the angle A is small then the cos A is

approximately one and A is nearly equal to x/r. These approximations

lead to the following results

r (1 - cose)
cos

. x
2

2r

4

V 7x
2r

A 1 271-xa

If the vacancies diffuse over a distance p and x>>p, then use of

Kuczynski's continuity equation yields

AC
A--D' =

dV

p dt

1/24 n x
6

dx
kT 's r3 dt

(4)

( 5 )

( 6 )

(7)

(8)

Upon integrating equation (8) Kuczynski's results are obtained except

for the numerical constant shown in equation (9).

I

4 1/7
x 28ya

D r-4/7 t 1/7 (9)kT s

The value of the numerical constant should be 56 according to Kuczynski;

however, a review of the Kelvin equation indicates that the AC calculated

by Kuczynski is high by a factor of two.

The slight difference in numerical constant is minor compared with

the analysis by Cabrera34 which showed the neck ratio (x/r) varied with

the fifth root of time. This discrepancy in models apparently still
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stands although many authors continue to quote the seventh root dependency

for surface diffusion.

The end result of Kuczynski's investigation of 4 to 350 pm silver

spheres was that deviations occurred in the volume diffusion coefficients

calculated with sintering data for low temperatures and small particle

sizes. These deviations were attributed to the increased importance of

surface diffusion for particles less than 40 pm in diameter. The

separation in surface and volume diffusion coefficients for both silver and

the carbide fuels is about five orders of magnitude above a 0.5 homologous

temperature (i.e. actual temperature divided by the melting point

temperature). Due to the similar difference in surface and volume

diffusion coefficients for silver and the carbide nuclear fuels as well

as the high reactor temperatures and large particle sizes, the importance

of surface diffusion in sphere-pac sintering is expected to be minimal.

3.1.2 Evaporation-Condensation. A model for evaporation-condensation

was also derived by Kuczynski
19

but it incorporated an unknown variable to

account for the rate of gas evaporation. Kingery and Berg
20

avoided

this problem by approximating the mass transfer through the vapor phase

with the Langmuir equation. Prior to developing a continuity equation

for mass transfer the Kelvin equation was used to account for the change

in vapor pressure due to curvature. Since the Kelvin (Thomson-Freundlich)

equation is essential to the description of evaporation-condensation in

sintering and pore migration, a proper understanding of its use is

required.

The Kelvin equation was developed for a liquid-vapor system.

The difference in chemical potentials between curved and flat surfaces



may be used to obtain the change in vapor pressure shown in equation

(10).

RT1n Pc (1 1)

/-1-
2

where,

20

(10)

P
c
= vapor pressure over the curved surface

P
o
= vapor pressure over a flat surface

r
1
and r

2
= principal radii of the curved surface

V' = molar volume of the liquid

Notice that the molar volume is equal to the molecular weight (M) of

the vapor divided by the density (6) of the liquid.35'36

The Kelvin equation has found direct applicability in the determination

of vapor pressures over solid curved surfaces. For a solid the molar

volume becomes the molecular weight of the vapor divided by the density

of the solid. Use of vapor molar volumes of vapor densities will lead

to incorrect results. If partial pressures are to be determined then

partial molar volumes must be used.
35

The effect of curvature on pressure

for spherical solids is demonstrated in Table III where the results for

al umina and (U
0.85

Pu
0.15

)C are tabulated. The alumina data is from Kingery

et al.
14

and the mixed-carbide pressure ratio is calculated for

y = 0.728 J/m2 , M = 250 and 6 = 13.6 g/cc.

The next important equation used in the derivation of the evaporation-

condensation model is Langmuir's equation for vapor transport. This

equation is based on the kinetic theory of ideal gases. Assuming the vapor

density is related to the molecular weight and vapor pressure by the

ideal gas law, then a relation for the mass of atoms striking a unit
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TABLE III. EFFECT OF INCREASING PARTICLE DIAMETER

ON THE PRESSURE RATIO Pc /P0 FOR SPHERICAL Al2 0
3

AND

(U
0.85

Pu
0.15

)C AT 2123 K

Diameter, pm Pc/P0

Al2 0
3

(u
0.85

pu
0.15

)c

0.1 1.02 1.03

1.0 1.002 1.003

40.0 1.0000500 1.0000758

800.0 1.0000025 1.0000038
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area per second may be derived.
37

The mass transfer (m) between evap-

orating and condensing surfaces is given by

m AP
27RT

where

AP = vapor pressure differences between condensing and evaporating
surfaces

If thevapor pressure over the convex surface of the sintering sphere is

considered equal to the flat plate pressure, then the pressure decrease

at the concave surface may be used to determine the pressure difference

used in equation (11). The pressure difference between concave and convex

surfaces then becomes

AP = P
c

- P
o

(12)

The assumption of a flat plate pressure over the convex surface does not

produce an appreciable error in AP for sintering 40 um diameter or

larger spheres as shown in Table III.

A simplified version of the Kelvin equation may now be determined and

used in Kingery and Berg's relation between neck volume increase and vapor

transport. Since x>>p and the molar volume in equation (10) is V' =

the small pressure difference between concave and convex surfaces allows

approximating the In Po/Po by AP/Po. The change in pressure given by

the Kelvin equation then becomes

AP =
MyP

o

(SpRT

Since a mass balance gives

mA dV

5 dt

(13)

(14)



substitution of equations(4), (5), (11) and

A

2

"
2r

23

(15)

into equation (14) gives a differential equation which may be integrated

to give Kingery and Berg's
20

equation for the neck ratio as a function of

time.

x

r
y M3/

2
Po

1/3

1/4
Thr R3 /23/2 3/2

6
2

r
-2/3

t
1/3

(16)

The use of equation (16) is limited by the molecular weight,

material density and pressure. The molecular weight and density must

be that of the material depositing in the neck region as well as that of

the vapor species causing the pressure. If only one element or molecule

evaporates from a solid and only that element or molecule deposits in

the neck region, then good results should be obtainable with equation

(16). If there is incongruent vaporization from a solid, then equation

(16) may only show the relative importance of the species in sintering

by evaporation-condensation.

3.1.3 Volume Diffusion. The analysis of Kingery and Berg
20

provides

the most experimentally proven equation for sintering where volume

diffusion is the prime mechanism. Coble
38

has developed another

relation which shows the neck ratio varies as the fourth root of time

rather than the fifth root shown in Kingery and Berg's model. This

variance results from their different approach in obtaining the neck

volume. However, the bulk of experimental evidence reported
13

for

sintering by volume diffusion has shown x5 is proportional to time. For

this reason, the analysis of Kingery and Berg2° is used in the inves-

tigation of sphere-pac sintering.
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The derivation of the volume diffusion equation for sintering

assumes that the interparticle grain boundary acts as the vacancy sink

while the concave neck surface is the vacancy source. Vacancy diffusion

occurs through the lattice rather than along the grain boundary between

the spheres. Using the Kelvin equation relating the vacancy change

(equation (1)), Kingery and Berg again assumed x>>p and obtained a

simplified relation for AC.

AC y 0
Co kTp

where,

(17)

0 = atomic volume

= M/dN

N = Avogadro's number

Analytical solution of the vacancy flux (J) was not accomplished but a

graphical relation for the flux diffusing from the neck area per centi-

meter per second was given as

J = 4D'AC (18)

The vacancy diffusion coefficient may be related to the atomic volume

diffusion coefficient (Dv) by

D' =
D
v

2
(C

o

19)

Due to the difference in geometry between evaporation-condensation

and volume diffusion, the value of p is half of that in equation (4).

The new value of p is given in equation (20).

x
2

P 4r

Using the relationship between volume change and vacancy flux,

(20)



AY_
dt

= 2 IrxQJ
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(21)

equations (5), (18), (19) and (20) may be substituted into equation (21)

and integrated to yield the equation for volume diffusion sintering.

1/5

x r
-3/5

t
1/5

7'7 kT

(22)

The shrinkage that occurs during sintering by volume diffusion is

also important since it is the only mechanism which will cause densifi-

cation. Both evaporation-condensation and surface diffusion result in

only mass transfer which reduces the free energy but does not eliminate

porosity. The shrinkage between sphere centers is given in equation (23).

2/5
AL 20-0v

r
-6/5

t
2/5

L 2 kT
(23)

where,

AL = change in distance between sphere centers (cf. Figure 5)

L = original distance between sphere centers

The major limitation in equation (22) as well as equation (16)

for evaporation-condensation is that x/r should be less than 0.3 for the

approximations to be reasonable.
14,20,38

The approximated value of p

for evaporation-condensation is 20 percent low when x/r = 0.2 since

iterative techniques give e = 12.68 degrees. Several authors
39,40

have

made recommendations for avoiding this error but such improvements are

not currently as important as the proper evaluation of the parameters

used in the model equations.
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3.2 Determination of Sintering Parameters

The use of equations (16) and (22) for sintering by evaporation-

condensation and volume diffusion requires an assessment of the surface

energies, densities, vapor pressures and diffusion coefficients of the

carbide fuels and their elemental constituents. The values of x/r are

measured during sintering experiments and the diffusion coefficients or

vapor pressures are calculated based on known values for the remaining

variables. The importance of assumed values for these variables becomes

apparent in predicting the sintering of sphere-pac fuel. However, the

physical characteristics of (U0.85Pu0.15)C are not completely established

requiring approximations from other more characterized carbide fuels.

The most important parameter in evaporation-condensation is the

vapor pressure. This information is not known for (U0.85Pu0.15)C but

thermodynamic data used by Tetenbaum and Sheth
41,42

provides vapor

pressures for (U0.8Pu0.2)C. Their data also indicates that the Pu

vapor pressure of stoichiometric carbide fuel at 1800 K with 20 percent

Pu would be 58 percent higher than the sphere-pac fuel with 15 percent

Pu. The uranium vapor pressure is essentially the same in both cases.

Tetenbaum and Sheth determined the error of the calculated Pu vapor

pressures of (U0.8Pu0.2)C by comparison with experimental values. At

1800 K the experimental values were nine times higher and at 2500 K

they were seven times greater than the calculated Pu vapor pressures

over (U0.8Pu0.2)C. Combining this error with the error due to different

Pu concentrations, the actual vapor pressure of Pu over sphere-pac fuel

should be five to seven times greater than indicated by the Pu vapor

pressure equations for (U0.8Pu0.2)C.
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The vapor pressure of mixed carbide fuels also depends on stoichio-

metry. The trend for uranium carbide and plutonium carbide vapor pressure

is shown in Figure 6. The relative importance of stoichiometry in (U0.8

Pu
0.2

)C is exhibited in Figure 7. Actual vapor pressures for these plots

are given in the Appendix based on the equations of Table IV.

Review of the thermodynamics of carbide fuels provide some insight

into the observed vapor pressure behavior.
43-51

Storms
44

has demonstrated

that the vapor pressure of uranium over uranium carbide increases rapidly

when the carbon-to-uranium ratio decreases from 1.1 to 0.9, probably

due to the creation of vacancies in the UC lattice. The vapor increase

with decreasing stoichiometry in UC is also exhibited in Figure 6.

The pressures for PuC0.88 are not expected to be lower than those of

PuC according to the binary Pu-C phase diagram presented by Holleck.5°

Since both the PuC
0.88

and PuC
1.5

lines of Figure 6 are calculated by

Tetenbaum and Sheth
41

and the PuC pressures are experimentally obtained

by Olson and Mulford,
43

the lower values of the hypostoichiometric

PuC
0.88

are not surprising. The calculated vapor pressure of the plu-

tonium carbide should be shifted an order of magnitude higher with the

PuC
1.5

pressures still below those of PuC. Stoichiometry does not

appear as significant in the mixed carbides in which uranium vapor pressures

are essentially the same for all carbon contents between MC and MC1.5 ("M"

is U08Pu0.2). This is shown in Figure 7. Plutonium vapor pressures

in MC are only three times higher than in MC1 at 1800 K. This causes

the calculated Pu vapor pressure to be one to two times higher than it

should be for (U0.85Pu0.15)C since the sphere-pac fuel is only slightly

hyperstoichiometric.
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Figure 6

VAPOR PRESSURE OF U AND PU OVER VARIOUS
CARBIDE FUELS

iH
Q

117

5
O
...1

-4.

-5.

-6.

-7.

-8.

-9.

-10.

4. 4.5 5. 5.5 6.

10000/T, 1/K

6.5 7.



29

Figure 7

VAPOR PRESSURE OF SELECTED SPECIES OVER
VARIOUS CARBIDE FUELS
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TABLE IV. VAPOR PRESSURES FOR VARIOUS CARBIDE FUELS

log Po= A - B x 104/T *

Fuel Vapor A B

Temperature
Range, Deg. K Reference

Pu Pu 4.913 1.742 1133-1792 51

PuC
0.88

Pu 3.64 1.73 1200-1800 41

CI 7.82 4.02

C2 9.17 4.87

C3 8.68 4.94

C
T

7.83 4.02

P
T

3.64 1.73

PuC
1.0

Pu 5.3 1.916 1366-1835 43

PuC
1.5

Pu 4.69 2.12 1200-1800 41

C1 8.9 4.00

C2 11.29 4.84

C3 11.9 4.86

CT 8.91 4.00

P
T

4.69 2.12

UC
0.995

6.769 3.121 2000-2350 44

UC
1.0

5.5 2.80 2000-2500 41

UC2 8.29 4.12

C1 8.36 4.01

C2 10.13 4.84

C3 10.15 4.87

UC
1.078

8.040 3.501 2000-2350 44
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TABLE IV. Continued

Fuel Vapor A B

Temperature
Range, Deg. K Reference

(U0.8Pu0.2)C

(U0.8Pu0.2)C1.5

Pu

U

UC2

C1

C2

C3

C4

Pu

U

UC2

C1

C2

C3

3.63

5.92

8.31

8.13

9.75

9.58

10.16

4.78

6.23

7.65

7.74

8.97

8.41

1.91

3.09

3.98

3.79

4.42

4.24

5.22

2.20

3.16

3.82

3.70

4.24

3.96

1500-2500

1500-2500

41

41

* Pois in atm.
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The net result of calculating the sphere-pac Pu vapor pressures

with the equation for (U0.8Pu02)C is underestimation by a factor of

five. Thus, predicted values of x/r for sintering by Pu evaporation-con-

densation should be 70 percent higher. Similarly, predicted neck ratios

for sintering by U evaporation-condensation should be as great as 100

percent higher if the uranium vapor pressure error is similar to that

between experimental and calculated values of Pu in (U08Pu02)C.

Aside from the effect of stoichiometry, the most important obser-

vation to be made regarding Figure 7 is the large separation between

the Pu and U vapor pressures. Incongruent vaporization with Pu dominance

is noted at all temperatures. At 2400 K the vapor is composed of

96 percent plutonium with the balance predominantly uranium. Matzki

and Lambert
52 investigated the evaporation behavior of (U0.85Pu0.15)Ci+y

reporting that Pu metal was the predominant vapor species at essentially

all compositions in the monocarbide phase and below 2500 K. They

performed annealing experiments where the Pu vapor pressure decreased

because vaporization was limited by solid state diffusion of Pu atoms.

Above 1600 C surface depletion of Pu was always observed and annealing

at 2230 C for one hour caused Pu removal to extend greater than 100 um

into the 83 percent TD pellets. This depletion will have significant

effects on the predictions of sintering by evaporation-condensation.

Volume diffusion coefficients are equally important with vapor

pressures in predicting sintering of sphere-pac fuel. Since equation

(22) is based on lattice diffusion other types of coefficients are not

needed; however, comparison of coefficients for volume diffusion, surface

diffusion (Ds), grain boundary diffusion (Db) and radiation enhanced
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volume diffusion (D
v
*) is beneficial. The actual mechanisms and transport

paths during sphere-pac sintering are not known and evaluation of

various diffusion rates provides insight into the effect of particle

size, grain size and fission.

Diffusion coefficients for U, Pu and C in UC of several stoichio-

metries are available but only a few have been reported for the mixed

carbides. Figure 8 compares several pertinent diffusion coefficients

for UC and one example of a mixed carbide. No equation is available

for the self diffusion of uranium in the mixed carbides although Matzke
53

indicates that U diffuses slower than Pu in (U
0.85

Pu
0.15

)C but faster

than U in UC. Table V gives the parameters used to calculate the curves

of Figure 8. The plot of curve 6 in Figure 8 is a sum of two exponen-

tials and requires all of the values of Do and Q shown in Table V.

The diffusion coefficient used in equation (22) is for the slowest

moving element in the material thereby producing a conservative pre-

diction of sintering. A selection must therefore be made between U,

Pu and C diffusion. Figure 8 is helpful in this respect. The diffusion

of carbon atoms is obviously faster than the actinides although the

actual mechanisms of carbon transport in UC is not entirely agreed

upon.
54-60

Grain boundary and surface diffusion of uranium are also

much faster than uranium volume diffusion.
61

'

62
Comparison of cation

volume diffusion coefficients indicates Pu migration is more rapid

than U and diffusion rates are faster for both Pu and U when stoichio-

metry is decreased or impurities are added.
63-65

Since uranium is the

slowest element in both UC and (U 0.85Pu0.15)C' the uranium volume

diffusion coefficient should be used in sintering calculations of

sphere-pac fuel.
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DIFFUSION COEFFICIENTS OF U, PU AND C
IN CARBIDE FUELS

-6.

-7.

-8.

-9.

-10.

-12.

- 14.

- 15.

-16.

34

5.

1. Dv, C in UC L07

2. Dv, C in UC
3. Db, U in UC0.93

4. Db, U in UC
5. Ds, U in UC
6. Dv, U in polycrystalline E

UC '-,130 ppm impurities :

7. Dv, U in single crystal
UC <30 ppm impurities

8. Dv, U in

UCL07, <125 ppm impuritiez
9. Dv, Pu in

UCLO7, <125 ppm impuritiel
10. Dv, Pu in

(U0.85Pu0.15) Co.980,06N.02

11. Dv*, U in arc cast UC
P=1.52 x 101 3 f/CM3 sec

5. 6. 7.

10000/T, 1/K

8. 9.



35

TABLE V. DIFFUSION COEFFICIENT EQUATIONS

OF U, Pu AND C IN CARBIDE FUELS

D = Do exp (-Q/RT)

Figure 8 Diffusion
Curve No. Species

Diffusion
Type Do,cm

2
/sec Q, Kcal

Temperature
Range
Deg. K Reference

1

2

3

4

5

6

7

8

9

10

C

C

U

U

U

U

U

U

Pu

Pu

D
v

D
v

D
b

D
b

0

D
v

D
v

D
v

D
v

D
v

2.95 x 10
-2

7.2 x 10
-2

3.58

0.18

6.73 x 10
-3

6.9

3.6 x 10
-5

11.7

3.9 x 10
-4

9.0 x 10
2

4.8 x 10
-4
3

2.9 x 10

1.26 x 10
-2

54.0

66.0

68.7

74.9

70.0

141.0
84.5

141.9

105.8
173.6

100.9
173.1

96.0

1473-1873

1338-2203

1473-2473

1473-2473

=2300

1753-2823

1773-2398

1973-2323
2323-2573

1973-2323
2323-2573

1450-2500

55

55

61

61

62

63

63

64

64

65
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The diffusion coefficient values for U in (U
0.85

Pu
0.15

)C should be

between curves 8 and 10 in Figure 8. Curve 10 is an upper limit on U .

diffusion since Pu migrates faster than U in mixed carbides. The effect

of lower oxygen and nitrogen content in sphere-pac fuel should not be

excessive since the overall stoichiometry of (U0.85Pu0.15)C.980.00.02 is

similar.
66

Curve 8 is a lower limit for uranium diffusion in sphere-pac

fuel because migration of even uranium is faster in (U0.85Pu0.15)C than

in uranium carbide. Based on these limits and the similar impurity

levels in the sphere-pac (U0.85 Puo.15)C and polycrystalline UC, the

values of D
v
calculated for curve 6 are chosen as the most appropriate

estimates for sphere-pac fuel. These values of Dv are expected to

underestimate U volume diffusion in sphere-pac fuel.

The remaining factor which can alter the diffusion of uranium in

sphere-pac fuel is radiation. Hoh and Matzke
67

showed that diffusion

of U was enhanced 1,000 to 10,000 times the thermal value. Based on

their analysis at 900 C, D
v
* = 1.45 x 10

-30
F for UC were F is the

fission rate. A value of D
v
* at 900 C and 1.52 x 10

13
fissions/cm

3
sec

is shown in Figure 8 as point 11. Matzke and Routbort
66

also indicated

that D
v
* was dominant over thermal diffusion in UC for temperatures

below 1100-1200 C. The temperature, Tk, at which radiation enhanced

diffusion became dominant depended on the impurity level as well as

stoichiometry. The effect of Dv*, although important, is not included in

the sphere-pac sintering predictions but should not create large errors

in the actual diffusion rate except at lower temperatures where exten-

sive restructuring is not observed.
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Both diffusion coefficients and vapor pressures have been discussed

in depth since they can appreciably alter the sintering predictions, but

molecular weights, densities, the vacancy volume and surface energies are

also required. A molecular weight of 250.15 is calculated based on Table II

data. The densities of U, Pu and (U0.85Pu0.15)C are taken as 18.33, 17.14

and 13.6 g/cc, respectively.
68,4

The vacancy volume may be calculated using

M = 250.15 and 6 = 13.6 g/cc giving Q = 3.203 x 10
-23

cm
3

. The

surface energy is the only remaining parameter which produces any

significant error. Hodkin et al.69 investigated the surface energy of

UC and showed that y = 0.728 J/m2 for essentially all temperatures between

1325 and 1720 C. Recently, Matzke and Ronchi7° indicated that the

surface energy of the mixed carbides might be > 1.500 J/m
2

. The lower

surface energy value is assumed in sintering calculations. Should the

higher surface energy prove appropriate then the calculated neck ratios

for evaporation-condensation and volume diffusion will require a 27

percent and 15 percent increase, respectively.

The parameters used in predicting sphere-pac fuel sintering have

proven complex. Values for vapor pressures, volume diffusion coeffi-

cients and surface energies are available but due consideration for their

dependence on time, temperature, stoichiometry and radiation must be

incorporated to preclude false conclusions in the analysis of predicted

sintering.

3.3 Predicted Sphere-Pac Sintering

Sintering in (110.85Pu0.15)C sphere-pac fuel has been predicted

for various sphere diameters and fuel temperatures. Equation (16) for
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evaporation-condensation and equation (22) for volume diffusion were

used incorporating the previously described values of vapor pressures,

diffusion coefficients, fuel densities and surface energy.

Predicted sintering by evaporation-condensation with either Pu or U

vaporization is shown in Figure 9 and 10. The selection of 1500 K and

2500 K approximates the minimum and maximum temperatures experienced

in restructured fuel. Sintering at 1500 K is negligible for even Pu

vaporization of 40 pm diameter spheres which have only a 0.0088 neck

ratio after 140,000 seconds. The uranium x/r values are not plotted

since they are so low. The predicted results of sintering by evaporation-

condensation at 1500 K are negligible as may be expected from observed

restructuring in sphere-pac fuel.

Increasing the fuel temperature to 2500 K causes a significant

difference in sintering results. Neck ratios after 140,000 seconds for

uranium and plutonium vaporization of 40 pm diameter spheres are 0.052

and 0.34, respectively. This significant increase is actually larger by

85 percent for Pu and 127 percent for U according to the error in vapor

pressures and surface energies. These results initially suggest that

uranium and especially plutonium play a large role in restructuring at

presintered centerline fuel temperatures. This conclusion is premature

for two reasons. First, the large neck growth due to Pu vaporization

assumes constant vapor pressures. It has been mentioned that Pu

approaches congruent vaporization with uranium in one hour at a constant

temperature of 2500 K. Thus, after 3600 seconds the curve for a 40 pm

diameter sphere should have a slope similar to that of the 40 pm uranium

curve. The initial growth rate may be rapid for Pu vaporization but it
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Figure 9

PREDICTED SPHERE-PAC FUEL SINTERING AT
1500 K FROM PU EVAPORATION-CONDENSATION
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Figure 10

PREDICTED SPHERE-PAC FUEL SINTERING AT
2500 K DUE TO EVAPORATION-CONDENSATION
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will level off quickly. The second reason for the false conclusion

regarding evaporation-condensation sintering is the assumption of constant

temperature. As sintering occurs, the contact area increases allowing

better heat transfer through the fuel. Faster sintering results in

faster neck growth and more rapid temperature reductions.

A qualitative prediction of sintering by evaporation-condensation

indicates significance only at high temperatures. Since only Pu and U

metal are transferred in significant amounts by evaporation, carbon

transfer must result from solid state diffusion. The lack of free metal

accumulation in the neck region of sintered fuel supports this contention.

Due to the decreasing Pu vapor pressures and temperatures it is difficult

to predict an actual value of x/r. Total x/r values probably would not

exceed a few percent, but iterative techniques in conjunction with fuel

temperature calculations are required for better predictions of neck

growth by evaporation-condensation.

Predicted sintering of sphere-pac fuel by volume diffusion is

similar to evaporation-condensation sintering in several ways. Comparison

of Figure 9, 10 and 11 indicates that both mechanisms exhibit significant

increases in x/r values when the particle radius is decreased or tempera-

ture is increased. The effect of particle size may be attributed to the

increase in vacancy concentration gradient or the larger pressure dif-

ference due to smaller p values. Higher temperatures increase sintering

by enhancing intrinsic solid state diffusion and providing additional

energy for solid to vapor transformations. The effect of size and

temperature are well known in the ceramics industry and is of special

interest for sphere-pac sintering containing spheres ranging from 40 to

80 um in diameter.
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Figure 11

PREDICTED SPHERE-PAC SINTERING AT
1500, 2000 AND 2500 K BY VOLUME DIFFUSION
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The curves plotted in Figure 11 also assume that sintering occurs

under isothermal conditions. As in sintering by evaporation-condensation,

this assumption overestimates the actual neck growth. A lower limit for

neck growth in the center of the fuel pin may be established by using

the 2000 K curves. Figure 4 showed that central fuel temperatures

ranged between approximately 2000 and 2500 K during sintering. Thus,

40 pm diameter particles sintering in the fuel center should have neck

ratios of at least 0.076 after 140,000 seconds. The center-to-center

distance between these same spheres decreases by two percent after

140,000 seconds as shown in Figure 12. At 1500 K the neck ratio for 40 pm

diameter spheres should be greater than 0.015 during 140,000 seconds of

sintering. The higher restructuring at 2000 K and minimal sintering at

or below 1500 K is in agreement with observed trends in sphere-pac

restructuring.

Although sintering by volume diffusion is predicted to be more

important than evaporation-condensation, the lower limits for neck

growth and shrinkage are too small to account for the extensive sphere-pac

restructuring in the central portion of the fuel pin and the relatively

low change in Pu concentration. Coble38 has suggested that a four percent

shrinkage for hexagonal packed and ten percent shrinkage for cubic

packed spheres will result in coalescence of adjacent neck regions and

elimination of the pore between the spheres. The packing of small

spheres in sphere-pac fuel ranges between hexagonal and cubic but is

closer to hexagonal packing. The only shrinkage value near the four

percent level is for a 20 pm diameter particle sintering at 2500 K.

This result is not of major consequence since relatively few such particles
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Figure 12

PREDICTED SPHERE-PAC FUEL SHRINKAGE DUE
TO VOLUME DIFFUSION AT 2000 AND 2500 K
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exist in sphere-pac fuel. Also, the x/r value for this sphere size is

greater than 0.3 indicating that the model assumptions are producing

errors. The conclusion to be drawn on the predicted values of neck

growth is that either another mechanism is operative or thethe dominant

parameter in this mode of sintering, is incorrectly evaluated.

Based on the results of sintering by evaporation-condensation it is

doubtful that vaporization will add very much to the total neck growth

except at presintered centerline fuel temperatures. It has been suggested

that D
v
for polycrystalline UC (curve 6 in Figure 8) is slightly low.

Ades
91

has determined that D
v
should be at least two orders of magnitude

higher to account for the expected increase in thermal conductivity. Such

an assumption would increase shrinkage significantly as shown in Figure 12.

Ades' model for thermal conductivity incorporates the effect of sintering

and shrinkage. Using equations (22) and (23) and the same Dv as in Figure

11, he obtained low thermal conductivity values in restructured 40 pm

diameter spheres. Upon assuming a grain boundary diffusion coefficient

(curve 4 in Figure 8), the thermal conductivity of restructured 40 pm

spheres asymptotically approached the pellet thermal conductivity in 20

hours at 2000 C. The thermal conductivity of sphere-pac fuel sintered

at 1000 C never reaches the pellet's higher thermal conductivity. These

thermal conductivity changes are reasonable since Sari
10

found that

major restructuring in mixed carbide pellets occurs in less than 40 hours.

Predicted sintering in Figure 11 suggests that a major portion of the neck

growth occurs within 5.6 hours (20,000 seconds). The assumption of a

grain boundary diffusion coefficient would reduce this time significantly.

Using Db instead of Dv in equation (22) is not correct based on the
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derivation of the model; however, the spheres are composed of many small

grains which may indeed enhance the diffusion and sintering of sphere-pac

fuel.

IV. HOT PRESSING

Sintering enhanced by compressive stress on sphere contact areas

may also account for the low predictions made using a pressureless

volume diffusion model. Hot pressing is often used on ceramics to

obtain results not possible by pressureless sintering. The largest

effort on hot pressing theories has been in final stage of densification.

where remnant porosity is less than five percent. This interest is

largely due to the prime reason for commercial hot pressing: high den-

sity materials with controlled microstructures and enhanced material

properties. The rate of change in the density of the compact has been the

prime variable predicted while the geometrical changes occurring at the

particle contacts are of greatest interest for reactor fuel. Existing

models are useful, however, in shedding light on the importance of hot

pressing in sphere-pac-fuel.

4.1 Stages and Mechanisms in Hot Pressing

Both hot pressing and pressureless sintering are divided into

intitial, intermediate and final stages, but the addition of pressure

increases the complexity and number of possible simultaneous mechanisms.

Each stage in a particular material must be assessed individually and the

relative importance of each driving force determined for an adequate

understanding of the structural changes.
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The three stages of hot pressing are related to the amount of open

and closed porosity. The initial stage of hot pressing includes the

density increase up to about 60 percent where particle rearrangement

reaches a level equivalent to that of cold pressing.
71

This stage

includes the initial increase in particle contact area, porosity decrease

and overall compact shrinkage. The initial stage of pressure sintering

typically starts from fracture although diffusion and plastic flow may

be responsible in some materials. The intermediate stage is not easily

distinguished from the first stage but includes that period of time when

the interconnected porosity is shrinking. Final stage densification

includes the shrinkage of closed porosity and results from a plastic

flow or diffusional mechanism. Coble and Ellis72 suggested that final

stage hot pressing may be expected to follow the mechanism observed in

the creep of fully dense material. This last stage is also difficult

to distinguish from the intermediate stage due to the lack of experi-

mental techniques for observing pore closure.

All of the above stages have been treated as occurring during

essentially separate time spans; however, sphere-pac fuel may experience

two entirely different concurrent stages. This results from the fuel

composition of highly dense, large particles surrounded by large voids.

The large 800 um diameter spheres are composed of grains which vary in

size but are generally around 20 to 40 um. The sphere porosity of three to

seven percent (depending on designed density) is entrained almost

equally within the grain interiors and grain boundaries of both the

large and small diameter spheres. If a thermally induced radial pressure

is exerted on a series of touching spheres then the contact points will
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undergo initial stage hot pressing while the highly dense sphere interiors

will densify by final stage pressure sintering. This final stage

process will depend on the level of applied pressure, the internal

pressure of the closed porosity and the differences between radial and

hoop stresses which would result in nonisostatic pressure within the

grains.

Within each stage of hot pressing there may be several contributing

mechanisms depending on temperature, pressure, grain size and the material

of interest. Table VI shows the mechanisms which Coble71 lists as most

probable under different environmental conditions. For low temperatures,

high pressure and large particle sizes the mechanisms will be either

fracture or plastic flow. Fracture, where there is grain boundary

sliding and fragmentation, is considered important in hard materials such

as UC, HfC and ZrC.73'74 Plastic flow has been proposed for Be0 by

McClelland
75

and for the initial stage hot pressing of Al2 0
3
by Coble

and Ellis.
72

Based on results that showed enhanced densification with

decreasing particle size and an effect by pressure on the rate of initial

stage hot pressing, Felten76 believed that early stage densification of

Al2 0
3
was by either boundary sliding or diffusional processes rather

than plastic flow.

Several other authors have provided information suggesting that

plastic flow is not the main mechanism in hot pressing. Vasilos and

Spriggs77 indicated that plastic flow has been shown predominant only

at very high pressures or high homologous temperatures. Three major

reasons were given for this conclusion. First, there is no true end

point density for many materials. Alumina and magnesia78 and nickel



TABLE VI. DOMINANT HOT PRESSING

MECHANISMS UNDER DIFFERENT VARIABLES

Mechanism

Fracture

Plastic Flow

Boundary Diffusion

Lattice Diffusion

Variable

{Low Temperature
High Pressure
Large Particle Size

{Low Pressure
High Temperature
Small Particle Size

49
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oxide
79

have been shown to densify to full density at a particular temper-

ature within finite time. Entrapped gases, such as from adsorbed water,

have been suggested as the reason for decreases in the densification

rate at porosities less than five percent. The second reason for not

supporting a plastic flow mechanism is the absence of preferred orientation.

Magnesia pressure sintered at 89.6 MPa (13,000 psi) reached near theoretical

density without displaying preferred grain growth or elongation according

to X-ray diffraction analysis. Work done by Hunt et al.8° did show the

expected preferred orientation during plastic deformation of UO2 which was

fabricated by coextrusion of UO2 at 1875 C and stainless steel at 760 C

under 110.3 MPa (160,000 psi) pressure. The third reason for not sup-

porting a plastic flow mechanism in hot pressing is the enhanced sin-

tering obtained using smaller particles, a result contrary to plastic

flow predictions.

In general, Vasilos and Spriggs
77

suggested that most hot pressing

is diffusion controlled for temperatures up to 2500 C and pressures from

6.89 to 68.9 MPa (1,000 to 10,000 psi). Hot pressing beyond the initial

stages of most ceramic oxides is essentially controlled by a Nabarro-

Herring diffusional creep.
81

Coble
82

has indicated that particle

rearrangement by fracture or grain boundary sliding as well as plastic

flow will play a minor role in the total densification compared with

diffusional mechanisms. He treated diffusion as the predominant den-

sification mode since the other mechanisms are probably completed within

seconds or minutes while normal pressure sintering requires minutes to

hours for completion.
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4.2 Driving Forces in Hot Pressing

Considering the preponderance of evidence refuting plastic flow's

predominance in hot pressing, it is not surprising that efforts have been

largely on diffusional mechanisms. In developing models for hot pressing,

Coble
71

has shown that both surface energy and pressure may be important

in sintering. An a priori dismissal of the importance of surface energy

may lead to erroneous results. Coble's analysis considered the transport

of material due to both surface energy and pressure induced changes in the

vacancy gradient. For high pressures and large particles the transport

rate may be considered proportional to the applied pressure but at small

particle sizes and low pressures the influence of surface energy can be

significant.

During the initial stage of densification there is an increase in

the vacancy concentration at the neck surface due to surface energy and

curvature and a decrease in the vacancy concentration at the grain

boundary contact due to applied pressure. According to Coble
71

, the

initial stage increase in vacancy concentration (AC) is given by the

following

Co y S2 4r
AC

kT
x
2

(24)

The decrease in vacancies due to pressure at the interconnecting grain

boundary is given by

AC Cnac SZ
kT

where,

Go = applied stress at neck area

4acl r
2

rrx2=-.

(25)

(26)



52

a
a
= applied isostatic pressure

Subsequent densification stages require different relations for the

vacancy changes and are more complicated in that they depend on density

and closed pore geometry. Coble
71 ,82,15

has assumed the intermediate

stage involves interconnected porosity which can be approximated as

cylinders. The circumference of the cylinder gives a pore radius, rp,

and is used in the relations for intermediate and final stage changes in

vacancy concentrations. For the intermediate stage the vacancy increase

resulting from surface energy is

AC= C° Y
r kT

The vancancy decrease at the interconnecting grain boundary during

intermediate stage hot pressing is

LC C°aa
SZ

DkT

where,

D = smear density of material

G Ca

(27)

(28)

(29)

During the final stage, where the pores are assumed spherical, the surface

energy induced increase in vacancies is

- 2C0 y
r kT

and the pressure enhanced decrease in vacancies is given as

pc - c4112.
DkT

(30)

(31)

Dividing the vacancy change due to pressure by the change due to surface

energy, the relative importance of each driving force may be determined.

Designating the pressure to surface changes in LC for initial, intermediate



and final stages as Ri , Rm and R
f
they are determined to be

Ri
Y 71.

R
m Y D

R = r
f -11-P-

2yD
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(32)

(33)

(34)

The determination of R
m

and R
f
is complicated by the required density

and pore radius but the value of Ri is easily determined for a given

surface energy and particle size. Table VII shows the pressure required

for R. = 1 in initial stage hot pressing of UC and (U
0.8

Pu02 )C. The

pressure required for equal importance of the two driving forces is very

low in the 800 um diameter spheres and only slightly higher in the 40 urn

diameter particles. Pressures higher than those listed will cause

pressure to predominate over surface energy.

Since the major source of compressive stress during the first few

hours is from thermal expansion, it is of interest to consider the possible

magnitude of this stress. An upper limit may be determined by assuming

total restraint by the fuel cladding and an average fuel temperature. If

the compressive stress is then calculated assuming operation in the

elastic region,a value of Ri only slightly greater than one will infer

the importance of surface energy during the initial stage. If the

compressive stress is much greater than in Table VII, then the pressure

driving force will be of prime importance. From a review by Ades et al.
83

the modulus of elasticity (E) is given for (U0.8Pu0.2)C as

E = 2.04 x 10
5
(1 - 1.54P) 1 - 0.227

T - 298
Tm

where,

P = porosity

(35)
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TABLE VII. APPLIED PRESSURE REQUIRED DURING INITIAL

STAGE SINTERING FOR EQUAL IMPORTANCE OF PRESSURE

AND SURFACE ENERGY DRIVING FORCES

Surface Energy, Y

J/m
2

Particle Radius, r

1-IM

Pressure for aar/ y Tr= 1

N/m2 (psi)

0.728 400 5,720 ( 0.829)

(for UC) 40 57,200 ( 8.290)

20 114,350 (16.590)

1.5 400 11,780 ( 1.710)

(for (U0.8Pu0.2)C) 40 117,810 (17.100)

20 235,620 (34.200)



T
m
= melting point of (U0.8Pu0.2)C

= 2758 K

For temperatures from 25 to 900 C, the linear thermal expansion of

(U
0.87

Pu
0.13

)C is given by Ogard et al.
84

as

a = -3.8 x 10
-4

+ 8.7 x 10
-6
T + 3.0 x 10

-9
T
2
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(36)

Equations (36) and (35) for thermal expansion and Young's modulus may

be used to determine the maximum compressive stress possible. Since

a = eE, a porosity of five percent and a fuel temperature of 1000 K give

a modulus of 177,400 MPa (25.7 million psi) and a compressive strain of

0.00753. Thus the predicted maximum thermal stress is 1340 MPa (194,000

psi). This is very high, probably beyond the elastic region of the mixed

carbide fuel, and would not actually occur due to fuel particle rearrange-

ment and thermal expansion of the fuel cladding. It is conceivable,

however, that a significant stress will develop at particle contacts.

The temperatures are greater than 1000 K in most of the fuel and the

particles are restricted in their ability to rearrange under this stress.

Also, the thermal expansion of the clad, although comparable to the fuel

at the same temperature, will be less since the clad experiences the

coolest fuel pin temperatures. Furthermore, the pressures developed

will not reach their maximum values immediately but will follow the

power increases in the reactor. This in itself makes the determination

of pressures and the application of models even more difficult.

4.3 Not Pressing Models

Models have been developed for plastic flow and diffusion controlled

pressure sintering primarily with pressure as the driving force although

one model postulated for initial stage hot pressing includes both pressure

and surface energy. Plastic flow models have arisen from a phenomenological
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approach while most of the current work in diffusion models utilizes

creep equations. Fracture has been shown important in early stage

pressure sintering of hard materials but due to its small role in the

total densification no models have been presented which explicitly

account for this phenomenom. The earlier models were directed towards

single mechanisms while it is generally agreed that several mechanisms

may occur during hot pressing. Some of the most recent work has been

in showing the relative importance of simultaneous mechanisms under

different stress and temperature conditions.

4.3.1 Plastic Flow Models. Using Mackenzie and Shuttleworth's

plastic flow model for sintering, Murray et al.85 and McClelland75

have derived equations for plastic flow during hot pressing. Felten
76

has disputed results which indicate plastic flow occurs in A1203.

He showed that an appropriate selection of hot pressing temperature can

reduce deviations from plastic flow predictions. While his effort was

toward disproving plastic flow in alumina it can prove useful for

other materials which may hot press by plastic flow.

The work by Murray et al.
85

was based on the following equation

dD 3 a
(1 - D) (37)

dt 4

where,

= viscosity (poises)

Good results have been obtained using this equation for fused silica.86

Felten
76

showed that the preceeding equation may be rearranged, inte-

grated and simplified to yield

-3
In (1 - D) = 471 at + In (1 - Di) (38)
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where,

D. = compact density at t = 0

If the differential equation from which this is derived is applicable,

then a plot of ln (1 - D) versus time should give a straight line. Since

this did not occur during the first few minutes of hot pressing alumina,

Felten suggested that another mechanism was initially operative.

Another plastic flow equation was developed by McClelland75 for BeO.

He also used the approach of Mackenzie and Shuttleworth but assumed

that the pressure effective in pore closure is a function of the applied

pressure and the density. This resulted in a new equation with the

applied stress altered by changes in compact density. The resulting

equation is

dD 3 1 1/2- T

dt
= -47 (1 - D) ln (1 - D) (39)

afl 1- (1 - D)
2/3

a

where,

T = yield point

This equation predicts reasonably well for beryllia but is not proven

generally applicable to other materials. In fact, application of most

plastic flow equations has been disputed and diffusional theories have

been suggested instead.

4.3.2 Diffusional Models. Since much of the work in intermediate

and final stage hot pressing indicates a diffusional mechanism, the pre-

ponderance of models have incorporated the use of Nabarro-Herring and

Coble creep as well as dislocation climb and glide. Coble and Ellis72

and Coble
82

have treated hot pressing in terms of the applied load and

its effect on the particle contact geometry.
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The work of Coble and Ellis72 is of particular interest since it is

similar to the approach taken by Kingery and Berg
20

for pressureless

sintering and could be useful in predicting pore geometry. Unfortunately,

the load (L) is not readily available in sphere-pac fuel due to thermal

variations across the fuel. The work by Coble and Ellis used the change

in vacancy concentration as follows

DC= C L0
Trx

2
kT

From this point onward the approach was different from Kingery and

Berg's since another rate equation was used for the change in neck

volume. From Coble and Ellis

dV 7 x
3

dx
dt 2r dt

which gives

(

5
80 Dv L S-2

F) . 3
7 r

(40)

(41)

(42)

Kingery and Berg used the change in volume as

dV 2 7 x
3

dx
(43)

dt r dt

This slight difference causes the equation for (x/r)5 to be one-fourth

of equation (42). Comparing the change with a load, (x/r)1, to that

without pressure, (x/r)
5

gives

(x/r)
L

5

(x/r)
5

4 7 r y
(44)

Calculated values of this ratio did not agree with experimental data for

hot pressing of alumina and it was concluded that initial stage hot

pressing was by plastic flow. The general validity of this ratio has

not been demonstrated and no attempt has been made to apply it to sphere-

pac fuel.
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Subsequent work by Coble
82

presented analytical equations for

intial, intermediate and final stage hot pressing. Since the inter-

mediate and final stage equations were developed based on pore geometries

not representative of sphere-pac fuel, these two stages are not treated

here. For the initial stage Coble developed the following equation

_4 32 Dv 2 r
(45)

r
.

Tr
r
3

k T

The only difference between equation (45) and Coble's own pressureless

sintering equation is the aar/n term. This term is the added driving

force due to pressure. Kingery and Berg's equation would result in a

higher order equation with different constants due to differences in the

vacancy flux. Alteration of the pressure driving force Garin must be

made if other than cubic packing exists. Coble showed that the pressure

driving force should be aar/CN where CN is the coordination number of the

equal sized spheres in the compact.

In the event diffusion is by way of the grain boundary instead

of through the lattice, then a similar analysis presented by Coble
82

yields

6 96Db 2

r
Y+ t

r
4

k T

From the standpoint of pore closure and radial redistribution

in the fuel pin, the initial stage of hot pressing is most impor-

tant. There is some possibility of final stage pressure sintering

in sphere-pac fuel because of the high density, multigrained

spheres. A review by Spriggs and Dutta
81

showed the large num-

ber of diffusional creep mechanisms possible. Notis et al.
87

(46)
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have used Nabarro-Herring, Coble and dislocation creep as the major

creep mechanisms of final stage hot pressing. Designating the respective

strain rates of these mechanisms as eNH, e
C

and e
d'

the equations for

creep by each of the modes are given as

13.3 Dv aa

where,

e
NH

k T (GS)
2

47.5 W D
d

0
as

e
C

_

k T (GS)3

K D
d

11 b 'o
'a

n

e
d k T p

W = grain boundary width

K = Dorn parameter (material constant)

D
d
= diffusion coefficient for dislocation creep

p = shear modulus

n = stress exponent

(47)

(48)

(49)

Utilizing an analysis by Wolfe
88

which assumes a homogeneous

material composed of randomly dispersed equal sized pores, Notis et al.

developed an equation which they could use to make hot pressing densi-

ficationmaps. Assuming that the total densification rate is equal to

the sum of the individual effects of Nabarro-Herring, Coble and dislo-

cation creep, a densification map was developed for cobalt oxide. Their

results agreed well with experimental data. The strain rate (e) used was

where,

e = Aan
a

A = temperature dependent material constant

(50)



The effective stress was given as

a
e

= ga
a
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(51)

where g is a porosity correction factor assumed to be unity by Notis et al.

Other authors have assumed various relationships for this variable but

it was pointed out that the value for each relation of g becomes diffi-

cult to distinguish and approaches unity during final stage hot pressing.

For UO
2
hot pressed at 1850 C, Hart

89
reports that Wolfe's equation for

the rate of change in porosity worked well for g = - p
2/3

)
-1

and n as

4.50. Notis et al. also used this equation.

dP
-A

(3) n+1 (a )n P (1 - P)

dt 2 n pl/n) n
(52)

Wolfe also mentioned that the most complete assessment of the effective

stress is given by

_
we wa r

where,

r = pore radius

a = internal pore pressure

(53)

Notis et al. did not use this refinement in effective stress but pro-

ceeded to substitute for A, ae and changed the porosity to density. This

gave the following equation for the time rate of change of the compact

density

dD 3

dt 2

n+1 n
D (1 - D)

[1 (1 - D)
1/n n

(54)

Substituting for eNH, ec and ed,three equations for density changes were

obtained. It was assumed that the total densification rate (D T
) is

given by



D
T

= D
NH

+ DC + Dd
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(55)

Some insight into the actual sphere-pac mechanism may be derived

from work done by Singh
90

on the creep of (U
0 8

Pu
0 2

)C with seven per-

cent porosity. He indicated that the primary creep of this fuel

followed a power law creep and that steady state creep was given by

e = Banexp(-Q/RT)

where,

B = 1.03 x 10
-19

s
-1

(Nm
-2

)

-3

n = 3.0 ± 0.5

Q = 29,600 J/mole

R = 83,140 J/K-kg mole

T = degrees K

(56)

Singh suggested that the steady state creep process may be controlled

by Nabarro dislocation climb over the pressure range 6.89-68.9 N/m
2

(1,000 - 10,000 psi) and temperatures 1573-1873 K. This conclusion

may be of use in an analysis of simultaneous mechanisms during final

stage hot pressing but parameters required for sphere-pac fuel are not

generally available particularly under the dynamic operating conditions

in a nuclear reactor.

4.4 Hot Pressing in Sphere-Pac Fuel

Any hot pressing predictions in sphere-pac fuel require former

knowledge of compressive stresses at contact areas or within the spheres.

Since the fuel temperature, thermal conductivity and thermal expansion

are interdependent, prediction of compressive stresses in randomly

packed fuel is difficult at best. Thus, only qualitative results can

currently be made for initial and final stage hot pressing.
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The importance of pressure in initial stage neck growth suggests

that pressureless sintering results in Figure 11 should be increased.

If the pressure term in equation (45) can be added to Kingery and Berg's

equation (22), then the x/r values of Figure 11 should be 15 percent

higher for 0.00572 MPa (0.83 psi) on the largest spheres and 0.114 MPa

(16.6 psi) on the 40 pm diameter spheres. For a 68.9 MPa (10,000 psi)

stress on 40 pm spheres the x/r value would be 260 percent higher

according to this analysis. The significance of relatively small contact

pressures on sintering predictions is readily apparent.

Final stage hot pressing should also result from thermal expansion

but densification approximations are not useful in predicting extensive

fuel restructuring. Significant final stage hot pressing is expected

only in the cooler regions of the fuel pin where compressive stresses

should maximize. Although final stage hot pressing in restructured

fuel near the clad may partly explain the sometimes observed ring of

densified fuel, models for this stage do not describe the rapid

coalescence of small spheres and the geometrical shapes of newly

formed pores.

V. PREFERENTIAL PORE MIGRATION

Initial stage restructuring does not include the actual movement

of newly formed porosity but sintering does govern shape changes.

Sintering mechanisms not only determine the rate of pore closure but

also affect pore migration and plutonium redistribution. Pore migra-

tion of both spherical and lenticular pores has been discussed within

the literature but fuel containing small spheres also develops acicular

pores which are atypical of other fuel forms.
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From a two dimensional view, acicular pores are formed by three

hexagonally packed spheres which form a needlelike structure, hence the

name acicular. Comparison between a lenticular and two dimensional

acicular pore is made in Figure 13c and d. Acicular pores result from

the sintering changes in asfabricated open porosity whereas lenticular

pores result from closed porosity. Both lenticular and acicular pores

are important since their curvatures affect pore migration rates.

Ronchi and Sari
5
showed that lenticular pores can not be assumed

equal to flat plates separated by a small distance. If the concave

surface of a lenticular pore is hotter than the flat side, reduction in

vapor pressure at the concave surface may be sufficient to offset the

vapor increase due to thermal gradients. Large lenticular pores are

required if vapor pressure differences are to cause pore movement. It

was concluded that lenticular pores in the lower thermal gradients of

(U
0.8

Pu
0.2

)C pellets would not appreciably contribute to pore movement.

Sari
10

verified that lenticular pores did not move appreciably in out-

of-pile thermal gradient tests. This same type of analysis could be made

for two dimensional acicular pores. If the pore is radially oriented

as shown in Figure 13c where the convex surface is hotter than the

concave neck, then both surfaces will act to increase the pressure

differences across the pore. This will result in more evaporation at

the hot surface and more condensation at the cold surface. It is true

that all convex surfaces in the pore will cause higher vapor pressures

and all concave surfaces will reduce the vapor pressure, but the overall

vapor transport should drive pores up the thermal gradient. This move-

ment will depend on the temperature and temperature gradient. For the



Figure 13

Presintered Geometry of Acicular Pores

Compared with Lenticular Pores

65

a. Presintered geometry of atoms b. Three dimensional view of a

forming an acicular pore.

HOT COLD

c. Two dimensional view of an

acicular pore taken at sec-

tion AA.

presintered acicular pore.

d. Two dimensional view of a

lenticular pore.
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orientation shown in Figure 13c and comparable thermal conditions, aci-

cular pores should move faster than lenticular pores of the same size.

If the acicular pore is rotated 180 degrees, then its migration rate

would be less than a comparably sized lenticular pore.

There is a major flaw in analyzing acicular pores in two dimensions.

Three hexagonally packed spheres of equal size may appear to form a

closed pore in two dimensions but the pore is not closed in three

dimensions. The lenticular pore is closed in both two and three

dimensions since it is treated as a hemisphere. The pore between the

three spheres could be closed during sintering if an additional sphere is

placed above and below the plane of the large spheres shown in Figure 13a.

The open acicular pore would then look like Figure 13b. Note that this

pore is still not closed. There are three openings above and below

the hexagonally packed spheres. The acicular pore must be closed before

it can migrate by evaporation-condensation. The size of the new spheres

could be equal in size but sintering rates would be the same. In order

to form an acicular pore which has an open pore at its center (section

AA in Figure 13b) but is closed everwhere else, the additional spheres

must be smaller. Review of the sintering of spheres suggests that the

arrangement of three large and two smaller spheres would result in

the axial sintering rate being greater than radial sintering. Herring
92

has also shown that particle size produces significantly different

sintering results. For a volume diffusion mechanism, lowering the

particle size from 60 to 40 um decreases the time required for comparable

sintering by 70 percent. During this process, a faster axial sintering

rate and shrinkage would cause the presintered acicular pore of Figure

13b to shorten. Final closure of the original six upper and lower
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openings would result from sintering involving five convex surfaces and

nine concave neck regions. Each of these surfaces would have radial

temperature gradients. The newly formed, flattened pore would then

move up the temperature gradient through the large sphere. Migration

would be limited by open porosity on the far side of the larger sphere

but concurrent sintering and migration could provide a continuous path

for pore movement.

The acicular pore is an idealization since many other pore shapes

result during sphere-pac restructuring. Micrographs3'4 do show two

dimensional shapes such as Figure 13c but other more complex forms are

also seen. However, the acicular shape is expected due to the high

packing fraction and range of particle size in sphere-pac fuel.

Properly oriented acicular pores could migrate at lower temperatures or

thermal gradients than comparably sized lenticular pores. The exact

migration rate for a particular temperature and temperature gradient can

not be predicted since two particle sizes are involved and the geometry

is very complex.

The formation of acicular pores suggests two additional important

results of sintering in sphere-pac fuel. Since acicular as well as

other pore shapes are formed during finite sintering times, plutonium

vaporization will result in depletion of plutonium at the surfaces in

newly formed pores. Thus, these new pores will have plutonium and uranium

vapor pressures which are more nearly congruent than in asfabricated

porosity found in pelleted carbide fuels. If depletion of plutonium is

high enough, then migration of pores formed by sintering spheres will

be by congruent uranium and plutonium evaporation-condensation and solid
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state diffusion of carbon. Also, since a range of particle sizes results

in faster pore closure, it is possible that plutonium vapor migration

towards the clad will be reduced by faster removal of evaporating

surface areas. This effect may be offset by surface area increases from

the addition of smaller spheres.

Acicular pore formation and migration are significantly different

compared with lenticular pores in pelleted carbide fuels. The effect of

curvature enhanced migration and more nearly congruent vaporization

require that acicular pores in sphere-pac fuel be treated as uniquely as

either spherical or lenticular pores. The actual importance of acicular

pores in plutonium redistribution and pore movement will require addi-

tional experimental evidence.

VI. CONCLUSIONS AND SUGGESTED FUTURE WORK

Review of the literature on sintering in ceramic materials indicates

that the observed initial stage restructuring in (U0.op ,Pu
0,15

)C sphere-

pac fuel is indeed caused by the sintering of spheres but none of the

existing information on mixed carbides has quantitatively distinguished

between the importance or magnitude of different sintering mechanisms.

Prediction of the relative magnitude of some individual mechanisms may

be made using existing models for two sintering spheres with an appro-

priate selection of parameter values and due consideration for differences

between assumed and actual environmental conditions.

Viscous flow was eliminated as a sintering mechanism in (U0.85

Pu
0.15 )C because of the crystalline nature of the mixed carbides; however,

hot pressing resulting from constrained thermal expansion may increase the

initial neck growth even in regions with only minor compressive stresses.
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Both initial and final stage hot pressing in sphere-pac fuel are en-

visioned with the initial stage resulting by fracture or diffusion. The

operation of either fracture or diffusion will depend on both temperature

and pressure. Rapid thermal expansion may cause fracture during hot

pressing while slower and more easily accomodated pressures will promote

enhanced diffusion. Final stage densification by hot pressing is also

possible in the large, dense, multigrained spheres but nonisostatic

pressures resulting from expected differences in radial and hoop stresses

will alter expected hot pressing results. Final stage pressure sintering

may proceed by Nabarro dislocation climb but it will be of minor impor-

tance in overall restructuring of sphere-pac fuel compared with initial

stage pressure sintering.

The surface diffusion mechanism is not considered important in

sphere-pac restructuring since previous experimental results with silver

indicated that large particles and high homologous temperatures result in

minimal contributions to sintering. Surface diffusion equations are also

in dispute and values of the surface diffusion coefficient are calculated

only over high temperatures.

The remaining two sintering mechanisms have definite importance

during initial stage restructuring. Evaporation-condensation was shown

to haveminor significance at 1500 K but high, presintered fuel tempera-

tures cause evaporation-condensation to increase neck growth. Incongruent

vaporization of plutonium and uranium metal necessitates carbon and

possibly uranium solid state diffusion to maintain the homogeneous fuel

composition observed in restructured fuel. Volume diffusion is the most

important sintering mechanism for (U0.85Pu0.15)C sphere-pac restructuring
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based on the predicted isothermal changes in x/r and shrinkage. However,

predicted sintering by volume diffusion did not account for the extensive

restructuring observed in the central fuel region. Predictions for even

the smallest particles at the highest temperatures do not exhibit

expected results. The discrepancy between calculated and observed

sintering may result from concurrent grain boundary diffusion and

thermally induced pressure at interparticle grain boundaries.

Quantitative predictions of neck growth by evaporation-condensation

or volume diffusion are hindered by lack of the surface energy, diffusion

coefficients and vapor pressure data for (U0.85Pu0.15)C. All of these

parameters have been based on other carbide fuels. Incongruent vapori-

zation and decreasing plutonium vapor pressures have also made the current

evaporization-condensation equation of qualitative value only. Incor-

poration of incongruent vaporization and decreasing plutonium vapor

pressure is needed to make accurate predictions of neck growth even during

isothermal sintering of sphere-pac fuel. However, the qualitative anal-

ysis of evaporation-condensation in (U0.85Pu0.15)C sphere-pac fuel

indicates only a minor role for this mechanism. Thus, the predicted

results for sintering by volume diffusion are the most valuable in asses-

sing restructuring in sphere-pac fuel.

The rate of neck growth, the effect of particle size and micro-

graphs of restructured (U0.85Pu0.15)C fuel suggest that sphere-pac fuel

has acicular pores which are not found in pelleted carbide fuels.

The number of acicular pores may be limited by random particle arrange-

ment but properly oriented acicular pores should migrate at lower temper-

ture gradients than comparably sized lenticular pores. Analysis of
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acicular pore formation also indicates that the time required for pore

closure is important. If pore closure time is long, migration of

newly formed pores will be by congruent evaporation-condensation of

uranium and plutonium and solid state carbon diffusion. Lengthy pore

closure times will allow more evaporation of plutonium from the hot

fuel region and condensation in cooler fuel nearer the clad.

The overall results of this investigation indicate that volume

diffusion is responsible for the majority of initial stage restructuring

although the contribution by various diffusion paths is uncertain.

Decreases in particle size and increases in fuel temperature are very

important to the rate of sintering and final restructured condition. For

all temperatures and particle sizes expected in (U0.85Pu0.15)C fuel, a

majority of the sintering takes place within 20,000 seconds (5.6 hours).

Thus, an approximation for the period of pore migration is between 6 and

40 hours for typical mixed carbide fuel temperatures and thermal

gradients. This time frame for pore migration as well as the effect of

sintering on pore closure and plutonium migration are valuable in

developing fuel performance codes and planning future irradiation tests.

Improvements in the predictions of (U0.85Pu0.15)C sphere-pac

sintering can be made. The most significant refinement would be verifi-

cation of the time dependence for neck growth in equation (22). Out-of-

pile isothermal tests should be conducted with single size spheres to

verify the time dependency. If relatively good agreement results, then

Kingery and Berg's equation could be used to calculate an apparent

diffusion coefficient to replace the approximate one currently used. If

agreement is not found, then some of the other single or multimechanism
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models should be investigated further. Other areas for analysis include

the following: 1) determination of the surface energy for (U0.85Pu0.15)C,

2) experimental verification of the importance of hot pressing at low

pressures under at least isothermal conditions, 3) determination of

uranium and plutonium vapor pressures over (U0.85Pu0.15)C for the appro-

priate stoichiometry and 4) measurement of pore migration rates in the

restructured zone of pelleted and sphere-pac fuel to ascertain any dif-

ferences due to original geometry. All of these areas of investigation

would provide valuable information for predicting sphere-pac sintering

and developing fuel performance models which incorporate sintering and

shrinkage of spherical fuel particles.



73

REFERENCES

1. R.W. Stratton and L. Smith, The Irradiation Behaviour of Sphere-
Pac Carbide Fuel," Proceedings, International Topical Meeting on
Advanced LMFBR Fuels, Tucson, Arizona (1977) p. 348.

2. Personal communications with R.W. Stratton, Swiss Federal Institute
for Reactor Research, EIR, Wuerenlingen, Switzerland.

3. L. Smith, K.L. Peddicord, P. Buetzer, P. Rickenbacher and B. Buergisser,
"The Post Irradiation Examination of Four (U, Pu)C Sphere-Pac
Fuel Pins Irradiated in the DIDO Reactor at Harwell," Swiss
Federal Institute for Reactor Research, EIR-Bericht Nr. 265
(1974).

4. L. Smith, B. Buergisser, R. Hofer, U. Flueckiger, E. Aerne, and F.
Petrik, "DIDO-II, the Post Irradiation Examination of Four (U,
Pu)C Sphere-Pac Fuel Pins, Swiss Federal Institute for Reactor
Research, EIR-Bericht Nr. 317 (1977).

5. C. Ronchi and C. Sari, "Swelling Analysis of Highly Rated Mx-Type
LMFBR Fuels, I. Restructuring and Porosity Behaviour," J.
Nucl. Mater., 58, 140 (1975).

6. R.B. Fitts, F.L. Miller, "A Comparison of Sphere-Pac and Pellet
(U, Pu)02 Fuel Pins in Low-Burnup Instrumented Irradiation
Tests," Nucl. Tech., 21, 26 (1974).

7. C. Lepscky, P.O. Rotoloni, G. Testa and G. Trezza, "Uranium-
Plutonium Mixed Oxide Sol-Gel Irradiation Experiments,"
Nucl. Appl. and Tech., 9, 536 (1970).

8. W.J. Lackey, F.J. Homan and A.R. Olsen, "Porosity and Actinide
Redistribution During Irradiation of (U, Pu)02," Nucl. Tech.,
16, 120 (1972).

9. M.D. Freshley, "A Comparison of Pellet and Vipac Nuclear Fuels,"
Nucl. Engr. and Design, 21, 264 (1972).

10. C. Sari, "Simulation Study of the Restructuring of Advanced Fuel
Heated in a Radial Temperature Gradient," Nucl. Tech., 35,
145 (1977).

11. U. Flueckiger and L. Smith, "MFBS7, Examination of a Sphere-Pac
(U, Pu)C Fuel Pin Irradiated in the BRZ Reactor," a paper pre-
sented at the specialist meeting on G.C.F.R. fuel and materials
held in CEN Mol, Belgium on 18-19 April 1978 courtesy of EIR,
Wuerenlingen, Switzerland.

12. R. Paris, "Some Observations on the Microstructures of Mixed
Carbide Fuel Irradiated up to 10% Burn up of Heavy Atoms,"
Microstruc. Sci., 3B, 835 (1975).



References Continued... 74

13. F. Thummler and W. Thomma, "The Sintering Process," Met. Rev.,
Rev. 115, 69 (1967).

14. W.D. Kingery, H.K. Bowen and D.R. Uhlmann, Introduction to Ceramics,
2nd Ed. (John Wiley and Sons, Inc., New York, 1976), Ch. 10,
pp. 448-515.

15. R.L. Coble, "Sintering Crystalline Solids. I. Intermediate and Final
State Diffusion Models," J. Appl. Phys., 32, 787 (1961).

16. J.A. Pask and C.E. Hoge, "Thermodynamic Aspects of Solid State
Sintering," from Materials Science Research, Vol. 10, Sintering
and Catalysis, Proceedings of the Fourth International Con-
ference on Sintering and Related Phenomena, head at the University
of Notre Dame, May 26-28, 1975, (Plenum Press, New York, 1975)
p. 493.

17. R.J. Guenther and K.L. Peddicord, "Sintering Mechanisms in (U0.85
Pu

0.15
)C Sphere-Pac Fuel," OSU-EIR-28 (Jan., 1978).

18. J. Frenkel, J. Phys. USSR, 9, 385 (1945).

19. G.C. Kuczynski, "Self-Diffusion in Sintering of Metallic Particles,"
Trans. AIME, 185, 169 (1949).

20. W.D. Kingery and M. Berg, "Study of the Initial Stages of Sintering
Solids by Viscous Flow, Evaporation-Condensation, and Self-
Diffusion," J. Appl. Phys., 26, 1205 (1955).

21. G.C. Kuczynski, "Study of the Sintering of Glass," J. Appl. Phys.,
20, 1160 (1949).

22. R.L. Coble, "Progress in Sintering Theory," from Materials Science
Research, Vol. 6, Sintering and Related Phenomena, Proceedings
of the Third International Conference on Sintering and Related
Phenomena, held at the University of Notre Dame, June 5-7,
1972, Ed. by G.C. Kuczynski (Plenum Press, New York, 1973)
p. 177.

23. A. Doi, B.R. Seidel and D.L. Johnson, "Simultaneous Plastic Flow and
Diffusion During Sintering," from Materials Science Research,
Vol. 6, p. 247. (see ref. 22).

24. H. Hausner, Powder Metallurgy in Nuclear Engineering, (American
Society for Metals, Cleveland, 1958) p. 10.

25. L.L. Seigle and J. Brett, "Plastic Flow Versus Diffusion in the
Sintering of Crystalline Solids," from Sintering and Related
Phenomena, Proceedings of the International Conference held in
June 1965 at the University of Notre Dame, Ed. by G.C. Kuczynski
et al. (Gordon and Breach, Science Publishers, New York, 1965),
pp. 273-295.



References Continued... 75

26. M.J. Bannister, "The Sintering Mechanisms in UO2+x," J. Nucl.
Mater., 64, 57 (1977).

27. H.E. Exner, G. Petzow and P. Wellner, "Problems in the Extension
of Sintering Theories to Real Systems," from Materials
Science Research, Vol. 6, p. 351 (see ref. 22).

28. R.L. Coble, "Sintering Crystalline Solids II. Experimental Test of
Diffusion Models in Powder Compacts," J. Appl. Phys., 32,
793 (1961).

29. R.L. Coble and T.K. Gupta, "Intermediate Stage Sintering," from
Sintering and Related Phenomena, p. 369 (see ref. 25).

30. G.C. Kuczynski, "Pore Shrinkage and Ostwald Ripening," from
Materials Science Research, Vol. 6, p. 217 (see ref. 22).

31. G.C. Kuczynski, "Statistical Approach to the Theory of Sintering,"
from Materials Science Research, Vol. 10, p. 325 (see ref. 16).

32. R.L. Eadie and G.C. Weatherly, "Contributions of Grain Boundary and
Volume Diffusion to Shrinkage Rates During Sintering," Materials
Science Research, Vol. 10, p. 239 (see ref. 16).

33. S. Brennon and L. Johnson, "Non-Isothermal Initial Stage Sintering of
Silver," from Materials Science Research, Vol. 6, p. 351 (see
ref. 22).

34. N. Cabrera, "Note on Surface Diffusion in Sintering of Metallic
Particles," Trans. AIME., 188, 667 (1949).

35. Encyclopaedic Dictionary of Physics, Vol. 1, Ed. By J. Thewlis
(Pergamon Press, New York, 1961), p. 562.

36. N. K. Adams, The Physics and Chemistry of Surfaces, (Oxford University
Press, London, 1941), p. 13.

37. I. Langmuir, "The Vapor Pressure of Metallic Tungsten," from
The Collected Works of Irving Langmuir, Vol. 9, Surface
Phenomena, Ed. By G. Suits, (Pergamon Press Ltd., New York,
1961), p. 3; also in Phys. Rev., II, (1913).

38. R.L. Coble, "Initial Sintering of Alumina and Hematite," J. Am.
Ceram. Soc., 41, 55 (1958).

39. L. Berrin and D.L. Johnson, "Precise Diffusion Sintering Models for
Initial Shrinkage and Neck Growth," from Sintering and
Related Phenomena, p. 369 (see ref. 25).

40. M.J. Bannister, "Shape Sensitivity of Initial Sintering Equations,"
J. Am. Ceram. Soc., 51, 548 (1968).



References Continued... 76

41. M. Tetenbaum and A. Sheth, "A Review of the Thermodynamics of the U-C,
Pu-C, and U-Pu-C Systems," ANL-AFP-8, (Argonne National
Laboratory, Argonne, Illinois, 1975), p. 1-27.

42. A. Sheth, M. Tetenbaum and L. Leibowitz, "Vapor Pressures of UC and
(U0.8Pu2 2)C at Extremely High Temperatures," Trans. Am. Nucl.
Soc., 2Z; 233 (1975).

43. W.M. Olson and R.N.R. Mulford, "Thermodynamics of the Plutonium
Carbides," From Thermodynamics of Nuclear Materials, 1967,
Proceedings of a Symposium on the Thermodynamics of Nuclear
Materials with Emphasis on Solution Systems, held at the IAEA
in Vienna, Sept. 4-8, 1967, (IAEA, Vienna, 1968), p. 467.

44. E.K. Storms, "A Mass Spectrometric Study of the Vapor Pressure of
U(g) and UC2(g) Over Various Compositions in the Uranium-
Carbon System," Thermodynamics, Vol. 1, Proceedings of the
Symposium on Thermodynamics with Emphasis on Nuclear Materials
and Atomic Transport in Solids, organized in the IAEA in co-oper-
ation with the Commission on Thermodynamics and Thermochemistry
of the International Union of Pure and Applied Chemistry,
held in Vienna, Jul. 22-27, 1965, (IAEA, Vienna, 1966),
p. 309.

45. H.R. Haines and P.E. Potter, "Constitution Studies on U-Pu-C
Fission Product Systems with Application to the Prediction of
the Chemical State of Irradiated Carbide Nuclear Fuels," from
Thermodynamics of Nuclear Materials, 1974, Vol. 2, Proceedings
of a Symposium on the Thermodynamics of Nuclear Materials, held
by the IAEA in Vienna, Oct. 21-25, 1974. (IAEA, Vienna, 1975),
p. 145.

46. H. Holleck and H. Kleykamp, "Thermodynamics of Multi-Component
Systems Containing UC and PuC, A Review," J. Nucl. Mater.,
32, 1 (1969).

47. E.J. Huber Jr. and C.E. Holley Jr., "The Thermodynamic Properties of
the Actinide Carbides Including New Measurements of the Heats
of Formation of Some Thorium, Uranium and Plutonium Carbides,"
from Thermodynamics of Nuclear Materials, Proceedings of the
Symposium on Thermodynamics of Nuclear Materials, held by the
IAEA in Vienna, May 21-25, 1962, (IAEA, Vienna, 1962), p. 581.

48. L.E. Russell, "Structure and Properties of UC and (UPu)C Alloys,"
from New Nuclear Materials Including Non-Metallic Fuels,
Vol. 1, Proceedings of the Conference on New Nuclear Materials
Technology Including Non-Metallic Fuel Elements, held by the
IAEA at Prague, July 1-5, 1963, (IAEA, Vienna, 1963), p. 410.



References Continued... 77

49. P.G. Mardon and P.E. Potter, "On the Uranium-Plutonium-Carbon
Phase Diagram, Part II, The Freezing of the Alloys and Calcu-
lation of Some Equilibria," Proceedings of the 4th International
Conference on Plutonium and Other Actinides, Santa Fe, New
Mexico, 2 (1970) p. 842.

50. H. Holleck, "Ternary Phase Equilibria in the Systems Actinide-
Transition Metal-Carbon and Actinide-Transition Metal-Nitro-
gen," from Thermodynamics of Nuclear Materials, 1974, Vol. 2,
p. 213 (see ref. 45).

51. R.N.R. Mulford, "The Vapor Pressure of Plutonium," from Thermo-
dynamics of Nuclear Materials, 1967, p. 231 (see ref. 43).

52. Hj. Matzke and R.A. Lambert, "The Evaporation Behavior and Metal
Self-Diffusion Processes in (U, Pu)C and (U, Pu)0, " J.

L.
Nucl. Mater., 49, 325 (1973/74).

53. Hj. Matzke, "On Mass Transport in Nuclear Carbides by Evaporation-
Condensation," J. Nucl. Mater., 57, 1980 (1975).

54. Y. Makino, P. Son, M. Miyake and T. Sano, "Self-Diffusion of Carbon
in Hyperstoichiometric Uranium Monocarbide," J. Nucl. Mater.,
49, 225 (1973/74).

55. S. Sarian, "Kinetics and Mechanisms of Carbon Self-Diffusion in
Uranium Carbides," J. Nucl. Mater., 49, 291 (1973/74).

56. S. Sarian, "Further Comments on the Mechanism of Carbon Self-
Diffusion in Hyperstoichiometric Uranium Carbides," J. Nucl.
Mater., 51, 354 (1974).

57. G.E. Murch, "Comments on the Mechanism of Self-Diffusion of Carbon
in Hyperstoichiometric Uranium Carbide," J. Nucl. Mater., 55,
237 (1975).

58. S. Sarian, "Reply to Murch's 'Comments on the Mechanism of the Self-
Diffusion of Carbon in Hyperstoichiometric Uranium Carbide,'"
J. Nucl. Mater., 57, 237 (1975).

59. G.E. Murch, "Calculation of the Correlation Factor for a Carbon-
Diffusion Mechanism in Hyperstoichiometric Uranium Carbide,"
J. Nucl. Mater., 57, 239 (1975).

60. W. Schuele and P. Spindler, "Properties of Vacancies in Uranium
Carbide," J. Nucl. Mater., 32, 20 (1969),

61. J.L. Routbort and Hj. Matzke, "Grain-Boundary Diffusion of U in
Pure and Doped Uranium Carbides with Different C/U Ratios,"
J. Am. Ceram. Soc., 58, 81 (1975).



References Continued... 78

62. P.S. Maiya and J.L. Routbort, "Diffusion in Uranium Carbide by the
Mass Transfer Method," J.,Nucl. Mater., 34, 111 (1970).

63. Hj. Matzke, J.L. Routbort and H.A. Tasman, "Uranium Self-Diffusion
in Stoichiometric Uranium Monocarbide," J. Appl. Phys.,
45, 5187 (1974).

64. H.J. Hirsh and H.L. Scherff, "Actinide Diffusion in Uranium
Monocarbide," J. Nucl. Mater., 45, 123 (1972/73).

65. V. Nitzki und Hj. Matzke, "Metallselbstdiffusion und damit ver-
bundene Prozesse in technischen Uran-Plotonium Karbiden,"
Reaktortagung Nuernberg, Deutches Atomforum (1975), p. 399.

66. Hj. Matzke and J.L. Routbort, "Uranium Self-Diffusion in Uranium
Monocarbide," from Thermodynamics of Nuclear Materials, 1974,
Vol. 1, p. 397 (see ref. 45).

67. A. Hoh and Hj. Matzke, "Fission-Enhanced Self-Diffusion of Uranium
in UO

2
and UC," J. Nucl. Mater., 48, 157 (1973).

68. M.M. El-Wakil, Nuclear Heat Transport, (International Textbook
Company, New York, 1971), p. 78.

69. E.N. Hodkin, D.A. Mortimer, M.G. Nicholas and D.M. Poole, "The
Surface and Interfacial Energies of the Uranium-Uranium Carbide
System," J. Nucl. Mater., 39, 59 (1971).

70. Hj. Matzke and C. Ronchi, "Fuel Properties of Advanced Fuels
(U, Pu)CN Important for Out-of-Pile and In-Pile Kinetics,"
Proceedings, International Topical Meeting on Advanced LMFBR
Fuels, Tucson, Arizona (1977), p. 218.

71. R.L. Coble, "Mechanisms of Densification During Hot Pressing,"
from Sintering and Related Phenomena, Proceedings of the Inter-
national Conference held in June 1965 at the University of
Notre Dame, Ed. by G.C. Kuczynski et al. (Gordon and Breach,
Science Publishers, New York, 1965), p. 369.

72. R.L. Coble and J.S. Ellis, "Hot-Pressing Alumina-Mechanisms of
Material Transport," J. Am. Ceram. Soc., 46, 438 (1963).

73. R. Chang and C.G. Rhodes, "High-Pressure Hot-Pressing of Uranium
Carbide Powders and Mechanisms of Sintering of Refractory
Bodies," J. Am. Ceram. Soc., 45, 379 (1962).

74. J.J. Fischer, "Hot Pressing Mixed Carbides of Ta, Hf and Zr,"
Am. Ceram. Soc. Bull., 43, 183 (1964).

75. J.D. McClelland, "A Plastic Flow Model of Hot Pressing," J. Am.
Ceram. Soc., 44, 526 (1963).



References Continued... 79

76. E.J. Felten, "Hot-Pressing of Alumina Powders at Low Temperatures,"
J. Am. Ceram. Soc., 44, 381 (1961).

77. T. Vasilos and R.M. Spriggs, "Pressure Sintering of Ceramics,"
from Progress in Ceramic Science, Vol. 4, Ch. 2, Ed. by J.E.
Burke (Pergamon Press, Inc., New York, 1966) p. 95.

78. T. Vasilos and R.M. Spriggs, "Pressure Sintering: Mechanisms and
Microstructures for Alumina and Magnesia," J. Am. Ceram. Soc.,
46, 493 (1963).

79. R.M. Spriggs, L.A. Brissette and T. Vasilos, "Pressure-Sintered
Nickel Oxide," Am. Ceram. Soc. Bull., 43, 572 (1964).

80. J. Hunt and P. Loewenstein, "Hot Extrusion of UO2 Fuel Elements,"
Am. Ceram. Soc. Bull., 43, 562 (1964).

81. R.M. Spriggs and S.M. Dutta, "Mechanisms of Sintering During Hot
Pressing and Recent Technological Advances," Materials Science
Research, Vol. 6, Sintering and Related Phenomena, Proceedings
of the Third International Conference on Sintering and Related
Phenomena, held at the University of Notre Dame, June 5-7,
1972, Ed. by G.C. Kuczynski (Plenum Press, New York, 1973) p. 177.

82. R.L. Coble, "Diffusion Models for Hot Pressing with Surface Energy
and Pressure Effects as Driving Forces," J. Appl. Phys., 41,
4798 (1970).

83. M. Ades and K.L. Peddicord, "Modeling of the Thermal and Mechanical
Behavior of LMFBR Fuel Elements, Part II. Carbide Fuels,"
OSU-EIR-33 (March 1978).

84. A.E. Ogard, C.C. Land and J.A. Leary, "The Thermal Expansion of
PuC and UC-PuC Solid Solutions," J. Nucl. Mater., 15, 43 (1965).

85. P. Murray, D.T. Livey and J. Williams, "Hot Pressing of Ceramics,"
from Ceramic Fabrication Processes, Ed. by W.D. Kingery,
(Technology Press of M.I.T. and John Wiley and Sons, Inc.,
New York, 1958), p. 147.

86. T. Vasilos, "Hot Pressing of Fused Silica," J. Am. Ceram. Soc.,
43, 517 (1960).

87. M.R. Notis, R.H. Smoak and V. Krishamachari, "Interpretation of Hot
Pressing Kinetics by Densification Mapping Techniques," from
Materials Science Research, Vol. 10, Sintering and Catalysis,
Proceedings of the Fourth International Conference on Sintering
and Related Phenomena, held at the University of Notre Dame,
May 26-28, 1975, (Plenum Press, New York, 1975) p. 493.

88. R.A. Wolfe, Bull Am. Ceram. Soc., 46, 469 (1967).



References Continued...
80

89. P.E. Hart, "Fabrication of High-Density UO2 and (U.75Pu0.25)02
by Hot Pressing," J. Nucl. Mater., 51, 199 ' (1974).

90. R.N. Singh, "Creep Behavior of Mixed-Carbide Advanced Nuclear Fuel,"
Proceedings, International Topical Meeting on Advanced LMFBR
Fuels, Tucson, Arizona (1977).

91. M. Ades, To be published, Department of Nuclear Engineering, Oregon
State University, Corvallis, Oregon.

92. C. Herring, "Effect of Change of Scale on Sintering Phenomena,"
J. Appl. Phys., 21, 301 (1950).



APPENDIX



VAPOR PRESSURE OF U, UC2, C, C2, C3, C4, AND PU OVER (U,PU)C

OFGREES,K 10,000/1 TOTAL PRESSORE,ATM

U UC2

VAPOR PRESSURE,ATM

C C2 C3 C4 PU
1500. 6.67 .82280E-09 .20893E-14 .59795E-18 .73002E-17 .19201E-19 .20575E -I8 .22909E-24 .78825E-09
1525. 6.56 .13292E-08 .45468E-14 .16279E-17 .18947E-16 .58397E-19 .59803E-18 .85210E-24 .12747E-00
1550. 6.45 .21143E-08 .96498E-14 .42912E-17 .47686E-16 .17134E-18 .16794E-17 .30300E-23 .20296E-08
1575. 6.35 .33141E-08 .19996E-13 .10969E-16 .11655E-15 .48586E-18 .45642E-17 .10403E-22 .31843E-08
1600. 6.25 .51227E-08 .40504E-13 .27227E-16 .27701E-15 .13335E-17 .12023E-16 .34277E-22 .49261E-08
1625. 6.15 .78130E-08 .80281E-13 .65719E-16 .64110E-15 .35481E-17 .30739E-16 .10887E-21 .75189E-08
1650. 6.06 .11765E-07 .15586E-12 .15445E-15 .14464E-14 .91648E-17 .76389E-16 .33392E-21 .11330E-07
1675. 5.97 .17503E-07 .29665E-12 .35384E-15 .31852E-14 .23011E-16 .18474E-15 .99042E-21 .16866E-07
1700. 5.88 .25736E-07 .55403E-12 .79111E-15 .68530E-14 .56234E-16 .43533E-15 .28452E-20 .24815E-07
1725. 5.80 .37424E-07 .10161E-11 .17280E-14 .14421E-13 .13391E-15 .10007E-14 .79274E-20 .36102E-07
1750. 5.71 .53843E-07 .18317E-11 .36910E-14 .29707E-13 .31107E-15 .22461E-14 .21450E-19 .51965E-0/
1775. 5.63 .76678E-07 .32475E-11 .77173E-14 .59964E-13 .70565E-15 .49281E-14 .56435E-19 .74035E-07
1800. 5.56 .10813E-06 .56667E-11 .15808E-13 .11870E-12 .15647E-14 .10579E-13 .14454E-18 .10445E-06
1825. 5.48 .15107E-06 .97385E-11 .31753E-13 .23061E-12 .33949E-14 .22239E-13 .36079E-10 .14596E-06
1850. 5.41 .20916E-06 .16493E-10 .62587E-13 .44006E-12 .72129E-14 .45823E-13 .87858E-18 .202151-06
1875. 5.33 .28710E-06 .27542E-10 .12115E-12 .82540E-12 .15020E-13 .92612E-13 .20893E-17 .27754E-06
1900. 5.26 .39082E-06 .45378E-10 .23048E-12 .15228E-11 .30679E-13 .18374E-12 .48564E-17 .37789E-06
1925. 5.19 .52778E-06 .73799E-10 .43120E-12 .27650E-11 .61512E-13 .35812E-12 .11044E-16 .51041E-06
1950. 5.13 .70730E-06 .11853E-09 .79386E-12 .49443E-11 .12115E-12 .68614E-12 .24591E-16 .68411E-06
1975. 5.06 .94090E-06 .18812E-09 .14391E-11 .87122E-11 .23456E-12 .12931E-11 .53656E-16 .91015E-06
2000. 5.00 .12428E-05 .29512E-09 .25704E-11 .15136E-10 .44668E-12 .23988E-11 .11482E-15 .12023E-05
2025. 4.94 .16304E-05 .45787E-09 .45256E-11 .25939E-10 .83722E-12 .43826E-11 .24111E-15 .15773E-05
2050. 4.88 .21247E-05 .70280E-09 .78590E-11 .43873E-10 .15453E-11 .78899E-11 .49726E-15 .20555E-05
2075. 4.82 .27514E-05 .10677E-08 .13467E-10 .73272E-10 .28106E-11 .14004E-10 .10078E-14 .26618E-05
2100. 4.76 .35412E-05 .16059E-00 .22783E-10 .12089E-09 .50394E-11 .24520E-10 .20084E-14 .34258E-05
2125. 4.71 .45309E-05 .23923E-08 .38070E-10 .19711E-09 .89125E-11 .42370E-10 .39382E-14 .43029E-05
2150. 4.65 .57642E-05 .35311E-08 .62860E-10 .31776E-09 .15555E-10 .72289E-10 .76020E-14 .55754E-05
2175. 4.60 .72928E-05 .51654E-08 .10260E-09 .50666E-09 .26802E-10 .12183E-09 .14454E-13 .70533E-05
2200. 4.55 .91779E-05 .74911E-08 .16561E-09 .77933E-09 .45613E-10 .20290E-09 .27085E-13 .88753E-05
2225. 4.49 .11491E-04 .10774E-07 .26446E-09 .12482E-08 .76706E-10 .33406E-09 .50041E-13 .11110E-04
2250. 4.44 .14316E-04 .15370E-07 .41794E-09 .19300E-08 .12751E-09 .54395E-09 .91201E-13 .13839E-04
2275. 4.40 .17749E-04 .21756E-07 .65387E-09 .29557E-08 .20962E-09 .87627E-09 .16404E-12 .17155E-04
2300. 4.35 .21904E-04 .30565E-07 .10131E-08 .44848E-08 .34089E-09 .13971E-08 .29130E-12 .21167E-04
2325. 4.30 .26910E-04 .42626E-07 .15550E-08 .67441E-08 .54859E-09 .22052E-08 .51096E-12 .25990E-04
2350. 4.26 .32916E-04 .59029E-07 .23650E-08 .10054E-07 .87396E-09 .34470E-08 .88559E-12 .31794E-04
2375. 4.21 .40093E-04 .81185E-07 .35654E-08 .14863E-07 .13787E-08 .53379E-08 .15172E-11 .38716E-04
2400. 4.17 .48635E-04 .11092E-06 .53293E-08 .21794E-07 .21544E-08 .81909E-08 .25704E-11 .46953E-04



VAPOR PRESSURE OF U, UC2, C, C2, 13, AND PU OVER (U,PU)C.1.5

DEGREES,K I0,000/T VAPOR PRESSURE,ATM

U UC2 C C2 C3 PU

1500. 6.67 .14566E-14 .15252E-17 .11839E-16 .50505E -I9 .10233E-17 .12982E-09
1525. 6.56 .32262E-14 .39886E-17 .30040E-16 .14680E-18 .27720E-17 .22582E-09

1550. 6.45 .69647E-14 .10112E-16 .73966E-16 .41225E-18 .72713E-17 .38580E-09

1575. 6.35 .14673E-13 .24890E-16 .17699E-15 .11204E-17 .18499E-16 .64826E-09

1600. 6.25 .30200E-13 .59566E-16 .41210E-15 .29512E-17 .45709E-16 .10715E-08

1625. 6.15 .60792E-13 .13877E-15 .93491E-I5 .75456E-17 .10984E-15 .17440E-08

1650. 6.06 .11981E-12 .31513E-15 .20690E-14 .18751E-16 .25704E-15 .27968E-0E1

1675. 5.97 .23138E-12 .69828E-15 .44714E-14 .45349E-16 .58642E-15 .44225E-00

1700. 5.88 .43829E-12 .15115E-14 .94470E-14 .10686E-15 .13058E-14 .68996E-00

1725. 5.80 .81500E-12 .31994E-14 .19531E-13 .24563E-15 .28410E-14 .10626E-07
1750. 5.71 .14889E-11 .66287E-14 .39550E-13 .55135E-15 .60454E-14 .16165E-07
1775. 5.63 .26741E-11 .13455E-13 .78511E-13 .12097E-14 .12593E-13 .24302E-07

1800. 5.56 .47255E-11 .26778E-13 .15291E-12 .25968E-14 .25704E-13 .36122E-07

1825. 5.48 .82211E-11 .52299E-13 .29243E-12 .54591E-14 .51448E-13 .53114E-07

1850. 5.41 .14090E-10 .10031E-12 .54954E-12 .11248E-13 .10106E-12 .77287E-07

1875. 5.33 .23805E-10 .18909E-12 .10155E-11 .22734E-13 .19490E-12 .11134E-06

1900. 5.26 .39666E-10 .35054E-12 .18464E-11 .45104E-13 .36974E-12 .15087E-06

1925. 5.19 .65225E-10 .63951E-12 .33054E-11 .87908E-13 .68956E-12 .22461E-06

1950. 5.13 .10589E-09 .11488E-11 .58296E-11 .16843E-12 .12656E-11 .31474E-06

1975. 5.06 .16982E-09 .20334E-11 .10135E-10 .31743E-12 .22075E-11 .43720E-06

2000. 5.00 .26915E-09 .35481E-11 .17378E-10 .58884E-12 .40730E-11 .60256E-06

2025. 4.94 .42176E-09 .61066E-11 .29403E-10 .10758E-11 .71523E-11 .82376E-06

2050. 4.88 .65368E-09 .10372E-10 .49116E-10 .19367E-11 .12306E-10 .11176E-05

2075. 4.82 .10025E-08 .17392E-10 .81035E-10 .34377E-11 .21167E-10 .15052E-05

2100. 4.76 .15219E-08 .28809E-10 .13212E-09 .60190E-11 .35/16E-10 .20128E-05

2125. 4.71 .22878E-08 .47155E-10 .21293E-09 .10401E-10 .59526E-10 .26734E-05

2150. 4.65 .34066E-08 .76306E-10 .33939E-09 .17745E-10 .98038E-10 .35273E-05

2175. 4.60 .50265E-08 .12212E-09 .53519E-09 .29905E-10 .15963E-09 .46244E-05

2200. 4.55 .73513E-08 .19336E-09 .83525E-09 .49805E-10 .25704E-09 .60256E-05

2225. 4.49 .10660E-07 .30301E-09 .12906E-08 .82001E-10 .40949E-09 .70048E-05
2250. 4.44 .15330E-07 .47013E-09 .19749E-08 .13352E-09 .64565E-09 .10051E-04
2275. 4.40 .21872E-07 .72242E-09 .29941E-08 .21510E-09 .10079E-00 .12873E-04
2300. 4.35 .30965E-07 .10998E-08 .44902E-08 .34294E-09 .15581E-00 .163901-04

2325. 4.30 .43511E-07 .16592E-08 .66992E-08 .54130E-09 .23064E-00 .20779E-04

2350. 4.26 .60700E-07 .24813E-08 .90928E-08 .84615E-09 .362191-00 .26200E-04

2375. 4.21 .84089E-07 .36795E-08 .14489E-07 .13103E-08 .54490E-08 .32873E-04

2400. 4.17 .11570E-06 .54117E-08 .21054E-07 .20106E-08 .812031-08 .41052E-04



DEGREES,K I0,000/T

VAPOR PRESSURE OF PU OVER

PU VAPOR PRESSURE,ATM

1150. 0.70 .58234E-10
1175. 8.51 .12231E-09
1200. 8.33 .24908E-09
1225. 8,16 .49271E-09
1250. 8.00 .94842E-09
1275. 7.84 .17793E-08
1300. 7.69 .32584E-08
1325. 7.55 .50322E-08
1350. 7.41 .10216E-07
1375. 7.27 .17535E-07
1400. 7.14 .29522E-07
1425. 7.02 .40802E-07
1450. 6.90 .79288E-07
1475. 6.78 .12672E-06
1500. 6.67 .14937E-06
1525. 6.56 .30906E-06
1550. 6.45 .47238E-06
1575. 6.35 .71233E -06
1600. 6.25 .10605E-05
1625. 6.15 .15596E-05
1650. 6.06 .22669E-05
1675. 5.97 .32584E-05
1700. 5.88 .46338E-05
1725. 5.80 .65230E-05
1750. 5.71 .90931E-05
1775. 5.63 .12550E-04

PU



VAPOR PRESSURE OF C, C2, C3 AND PO OVER PUC0.88

DEGREES,K 10,000/T VAPOR PRESSURE,ATM

C C2 C3 PU

1200. 8.33 .20893E-25 .38607E-31 .32609E-32 .16724E-10

1225. 8.16 .10085E-24 .25995E-30 .22567E-31 .32927E-10

1250. 8.00 .45709E-24 .16218E-29 .14454E-30 .63096E-10

1275. 7.84 .19525E-23 .94172E-29 .86080E-30 .11706E-09

1300. 7.69 .78872E-23 .51105E-28 .47863E-29 .21494E-09

1325. 7.55 .30226E-22 .26019E-27 .24945E-28 .38317E-09

1350. 7.41 .11021E-21 .12472E-26 .12229E-27 .66863E-09

1375. 7.27 .38339E-21 .56470E-26 .56588E-27 .11434E-08

1400. 7.14 .12756E-20 .24226E-25 .24791E-26 .19180E-08

1425. 7.02 .40689E-20 .98756E-25 .10312E-25 .31597E-08

1450. 6.90 .12470E-19 .38352E-24 .40835E-25 .51164E-08
1475. 6.78 .36793E-19 .14225E-23 .15434E-24 .81505E-08
1500. 6.67 .10471E-18 .50505E-23 .55804E-24 .12784E-07
1525. 6.56 .28797E-18 .17202E-22 .19344E-23 .19758E-07
1550. 6.45 .76651E-18 .56318E-22 .64422E-23 .30110E-07
1575. 6.35 .19778E-17 .17757E-21 .20650E-22 .45277E-07
1600. 6.25 .49545E-17 .54013E-21 .63826E-22 .67220E-07

1625. 6.15 .12065E-16 .15877E-20 .19055E-21 .98593E-07

1650. 6.06 .28600E-16 .45170E-20 .55031E-21 .14294E-06

1675. 5.97 .66069E-16 .12456E-19 .15398E-20 .20495E-06

1700. 5.88 .14892E-15 .33338E-19 .41800E-20 .29076E-06

1725. 5.80 .32783E-15 .86719E-19 .11023E-19 .40833E-06

1750. 5.71 .70562E-15 .21950E-18 .28277E-19 .56792E-06

1775. 5.63 .14863E-14 .54123E-18 .70634E-19 .78257E-06

1800. 5.56 .30667E-14 .13015E-17 .17201E-18 .10689E-05



DEGREES,K I0,000/T

VAPOR PRESSURE OF P11 OVER POC1.0

PU VAPOR PRESSURE,ATM

1375. 7.27 .23198E-08
1400. 7.14 .41142E-08
1425. 7.02 .71513E-08
1450. 6.90 .12196E-07
1475. 6.78 .20425E-07
1500. 6.67 .33625E-07
1525. 6.56 .54458E-07
1550. 6.45 .86838E-07
1575. 6.35 .13643E-06
1600. 6.25 .21135E-06
1625. 6.15 .32302E-06
1650. 6.06 .48739E-06
1675. 5.97 .72643E-06
1700. 5.88 .10701E-05
1725. 5.80 .15587E-05
1750. 5.71 .22461E-05
1775. 5.63 .32036E-05
1800. 5.56 .45243E-05
1825. 5.48 .63295E-05



DEGREES,R I0,000/T

VAPOR PRESSURE OF C, C2, C3 AND PU OVER PLIC1.50

VAPOR PRESSURE,ATM

C C2 C3 PU
1200. 0.33 .36869E-24 .90504E-29 .25119E-28 .10552E-12
1225. 8.16 .17658E-23 .60228E-28 .16847E-27 .24203E-12
1250. 8.00 .79433E-23 .37154E-27 .10471E-26 .53703E-12
1275. 7.84 .33686E-22 .21341E-26 .60583E-26 .11549E-11
1300. 7.69 .13514E-21 .11461E-25 .32763E-25 .24116E-11
1325. 7.55 .51442E-21 .57769E-25 .16625E-24 .48978E-11
1350. 7.41 .18637E-20 .27425E-24 .79433E-24 .96894E-11
1375. 7.27 .64430E-20 .12303E-23 .35855E-23 .10699E-10
1400. 7.14 .21309E-19 .52308E-23 .15336E-22 .35249E-10
1425. 7.02 .67581E-19 .21139E-22 .62336E-22 .64984E-10
1450. 6.90 .20596E-18 .81412E-22 .24141E-21 .11730E-09
1475. 6.78 .60444E-18 .29953E-21 .89299E-21 .20755E-09
1500. 6.67 .17113E-17 .10552E-20 .31623E-20 .36030E-09
1525. 6.56 .46827E-17 .35669E-20 .10744E-19 .61427E-09
1550. 6.45 .12404E-16 .11593E-19 .35088E-19 .10294E-08
1575. 6.35 .31855E-16 .36295E-19 .11037E-18 .16970E-00
1600. 6.25 .79433E-16 .10965E-10 .33497E-18 .27542E-08
1625. 6.15 .19258E-15 .32017E-18 .98244E-18 .44040E-08
1650. 6.06 .45454E-15 .90504E-18 .27890E-17 .69425E-08
1675. 5.97 .10457E-14 .24801E-17 .76749E-17 .10797E-07
1700. 5.88 .23474E-14 .65980E-17 .20501E-16 .16573E-07
1725. 5.80 .51475E-14 .17062E-16 .53221E-16 .25127E-07
1750. 5.71 .11037E-13 .42940E-16 .13445E-15 .37646E-07
1775. 5.63 .23163E-13 .10529E-15 .33092E-15 .55762E-07
1800. 5.56 .47619E-13 .25183E-15 .79433E-15 .81700E-07



VAPOR PRESSURE OF U OVER UC0.995

DEGREES,K I0,000/T U VAPOR FRESSURE,ATO

2000. 5.00 .14588E-08
2025. 4.94 .22733E-08
2050. 4.88 .35044E-08
2075. 4.82 .53461E-09
2100. 4.76 .80741E-08
2125. 4.71 .12077E-07
2150. 4.65 .17895E-07
2175. 4.60 .26277E-07
2200. 4.55 .38250E-07
2225. 4.49 .55212E-07
2250. 4.44 .79048E-07
2275. 4.40 .11228E-06
2300. 4.35 .15828E-06
2325. 4.30 .22148E-06
2350. 4.26 .30772E-06



VAPOR PRESSURE OF U, UC2, C, C2, AND C3 OVER OC

DEGREES,K 10,000/T

U UC2

VAPOR PRESSURE,ATM

C C2 C3

2000. 5.00 .31623E-08 .48978E-12 .20417E-11 .85114E-14 .63096E-14

2025. 4.94 .47080E-08 .87967E-12 .36102E-11 .16934E-13 .12607E-13

2050. 4.88 .69417E-08 .15575E-11 .62954E-11 .33132E-13 .24769E-13

2075. 4.82 .10140E-07 .27201E-11 .10832E-10 .63782E-13 .47876F-13

2100. 4.76 .14678E-07 .46876E-11 .18398E-10 .12089E-12 .71101E-13

2125. 4.71 .21063E-07 .77756E-11 .30861E-10 .22570E-12 .17075E-12

2150. 4.65 .29474E-07 .13403E-10 .51149E-10 .41531E-12 .31538E-12

2175. 4.60 .42309E-07 .22257E-10 .83795E-10 .75357E-12 .57437E-12

2200. 4.55 .59255E-07 .36537E-10 .13575E-09 .13490E-11 .10319E-11

2225. 4.49 .82363E-07 .59312E-10 .21753E-09 .23834E-11 .18296E-11

2250. 4.44 .11365E-06 .95255E-10 .34497E-09 .41580E-11 .32030E-11

2275. 4.40 .15571E-06 .15139E-09 .54153E-09 .71660E-11 .55307E-11

2300. 4.35 .21188E-06 .23821E-09 .84182E-09 .12205E-10 .94643E-11

2325. 4.30 .28641E-06 .37117E-09 .12962E-08 .20549E-10 .15987E-10

2350. 4.26 .38469E-06 .57291E-09 .19777E-08 .34218E-10 .26705E-10

2325. 4.21 .51348E-06 .87626E-09 .29908E-08 .56371E-10 .44130E -t0

2400. 4.17 .68129E-06 .13284E-08 .44840E-08 .91904E-10 .72166E-10

2425. 4.12 .89869E-06 .19967E-08 .66668E-08 .14833E-09 .11682E-09

2450. 4.08 .11788E-05 .29763E-08 .98323E-08 .23708E-07 .18726E-09

2475. 4.04 .15377E-05 .44008E -08 .14387E-07 .37536E-07 .27733E-09

2500. 4.00 .19953E-05 .64565E-08 .20893E-07 .58884E-09 .46774E-07



VAPOR PRESSURE OF U OVER UC1.078

BEGREES,K I0,000/T U VAPOR PRESSURE,AIM

2000. 5.00 .34277E-09

2025. 4.94 .56378E-09

2050. 4.88 .91612E-09

2075. 4.82 .14713E-08

2100. 4.76 .23365E-08

2125. 4.71 .36703E-08
2150. 4.65 .57053E-08
2175. 4.60 .87791E-08

2200. 4.55 .13377E-07
2225. 4.49 .20191E-07

2250. 4.44 .30200E-07
2275. 4.40 .44770E-07
2300. 4.35 .65805E-07
2325. 4.30 .95926E-07
2350. 4.26 .13872E-06


