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THE IRRADIATION BEHAVIOR OF U0 2-Pu0 2 FUELS IN PRTR 

M. D. Freshley and F. E. Panisko 

INTRODUCTION 
Both government and industry are 

investigating plutonium recycle in 

thermal reactors. (l) Indications are 

that during the period of several 

years needed to fully develop fast 

reactors, plutonium recycle in thermal 

reactors will find commercial use. 

The principal AEC program in this 

field is being conducted at Pacific 

Northwest Laboratory where one of the 

more important parts of the Plutonium 
Utilization Program is fuels develop­

ment. ( 2) Plutonium fuels development 

has been concentrated on design and 

evaluation of fuel elements that can 

be fabricated at minimum incremental 

costs beyond those of equivalent uranium 

fuels. One of the princ!pal objectives 

of the fuels program is to investigate 

the potential of plutonium enriched 

fuels at operating conditions higher 

than those currently used in power 
reactors and to determine if there 

are behavioral differences between 

plutonium enriched fuels and equiva­
lent uo2 fuel. 

More than 290 experimental fuel ele­
ments(3) have been irradiated in the 

Plutonium Recycle Test Reactor (PRTR)( 4) 

since startup in July 1961. Maximum 

burnups as high as 10,000 MWd/tonne 

have been attained. The program at 

Pacific Northwest Laboratory has empha­

sized both swaged and vibrationally 

compacted uo 2-Pu0 2 fuels. 

The testing program in PRTR was 

recently expanded to include an evalua-

tion of the irradiation performance of 

fuel elements containing vibrationally 

compacted, pneumatically impacted 

uo 2-Pu0t operating at high specific 
powers. 5• 6) Irradiation tests of 

vibrationally compacted uo 2-Pu0 2 High 

Power Density (HPD)* fuel elements 

(Figure 1) have been conducted in the 

PRTR to maximum burnups of 4950 MWd/tonne 

under the maximum conditions expected 

during the Batch Core Experiment, i.e., 

maximum rod power generations of 19 

to 20 kW/ft with fuel centerline 

temperatures near melting. Irradiation 

tests of both nondefected and inten­

tionally defected uo2-Pu0 2 fuel 

rods conducted in the Fuel Element 
Rupture Test Facility (FERTF) (lO) 

at maximum rod powers to 27 kW/ft with 

significant fuel melting produced 

significant data. 

SUMMARY AND CONCLUSIONS 
The irradiation behavior of full­

sized, mixed-oxide (U0 2-Pu0 2) fuel 
elements is being investigated under 
power reactor conditions in the 

Plutonium Recycle Test Reactor (PRTR) 

at Pacific Northwest Laboratory to 

obtain information related to plutonium 

utilization in thermal reactors. 

Vibrationally compacted uo 2-Pu0 2 fuel 

structures change significantly when 

* The High Power Density Program (HPD) 
includes the Batch Core Experiment 
in PRTR to evaluate the physics param­
eters of a plutonium enriched fuel 
loading as a function o; burnup under 
controlled conditions. ( -9) 



irradiated at rod powers of 20 kW/ft 

with centerline fuel temperatures near 

melting. These changes are similar 

to those occurring in other oxide fuels 
irradiated under these conditions. 

Changes in spatial position of the 

fuel within rods during irradiation 
have not created operating problem~ 

but do affect irradiation behavior. 

The major changes in fuel structure 

occur rapidly; whereas, time­

temperature depende.nt sintering 

effects cause the fuel sintering 

radius to increase with exposure. In­

reactor homogenization and solid­

solution formation by uo2 and Puo 2 
interdiffusion commences in pneumati­

cally impacted, physically mixed uo2-

Puo2 fuel at temperatures sufficient 

to cause sintering. 

Fuel melting, as evidenced by the 

formation of a well-defined region 

composed of a cellular appearing struc­

ture in the thermal center of the rod, 

commences in vibrationally compacted 

(86% TD) uo 2-2 wt% Pu0 2 fuel rods a~ 

20 to 21 kW/ft under PRTR operating 
conditions. The results show that 
the power to produce melting in 
vibrationally compacted fuel is ~20% 

less than for sintered pellet fuel. 

Chemical analysis and autoradio­
graphy confirm the existence of con­

vective mixing in molten uo 2-Puo2 
fuel. Such mixing tends to homogenize 

the molten fuel. 
Examination of fuel structures 

formed during irradiation in long 

continuous vibrationally compacted 

fuel rods suggests that radial and 

axial fuel relocation occurs under 

molten core conditions. Also, fuel 

structures that are developed vary 
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considerably, even in like rods 

exposed to nominally the same condi­

tions. Thus, an evaluation of irra­

diation behavior based upon a few 

specimens may be subject to consid­

erable error. Axial fuel relocation 
is not unique with vibrationally 

compacted fuel since similar behavior 

has been reported for pellet-containing 

fuel rods that have operated with 

fuel melting. 

Generally, the defect behavior of 

packed-particle fuel rods has been 

excellent. At the lower power genera­

tions, there has been no appreciable 

fuel washout, significant fuel rod 

deformation, water-logging effects, 

or serious hydriding of the Zircaloy 

cladding. A significant difference 

did exist between the satisfactory 

behavior of an intentionally defected 

rod operating under molten core condi­

tions at 24 kW/ft and the rupture 

of a defected rod operating at 27 kW/ft. 

In the latter experiment, the uo 2-Puo 2 
fuel became oxidized and caused a 

reduction in the effective thermal 
conductivity and/or melting point. 

It is hypothesized that the expansion 

of the unexpected large amount of 

molten fuel was the underlying cause 

of rupture. Such behavior (i.e., fuel 
oxidation) is an inherent property of 

the fuel material and is not believed 

to be necessarily related to the 

fabrication process. The small pluto­

nium addition (4 wt%) probably has 

little effect on the oxidation behavior 

of uo 2 . It appears that the severity 

of failure for this fuel design is con­

siderably worse at 27 kW/ft than would 

be predicted from the defect havior 

at 24 kW/ft. 
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Alpha autoradiographs of uo2 -Puo2 
fuel specimens that operated with fuel 

melting suggest a difference in pluto­

nium segregation and migration charac­

teristics between defected and nonde­

fected fuel rods. Defected rods show 

evidence of possible plutonium migra­

tion; whereas, no such evidence is 

indicated in fuel specimens from non­

defected rods. Fission product migra­

tion during irradiation in vibration­

ally compacted uo2-Pu02 fuels is similar 

to that observed in irradiated uo2 fuels. 

Fission gas release results show a 

maximum of 92% Xe + Kr release from 

rods that operated with volumetric 

average fuel rod temperatures of 

~2200 °C, produced by a maximum rod 

power of 27 kW/ft in PRTR 

IRRADIATION ALTERATION OF 
VIBRATIONALLY COMPACTED U0 2 -Pu0 2~ 

Pacific Northwest Labora tory has 

concentrated on the development of 

vibrationally compacted fuel elements(ll) 

composed of Zircaloy clad rods contain­

ing pneumatically impacted uo2-Puo 2 
fuel material (Figure 1). In early 

particle fuel development work with 

uo 2 only, arc fusing was employed 

satisfactorily to produce the high 

density particles nee ded to enhance 
thermal conductivity, fission gas 

retention, and bulk fuel density in 

the finished swaged or vibrat ionally 

compacted f uel rods. Because arc 

fusing was not considered feasible 

for us e with plutonium, pneumatic 

impaction, a closed die, hot forging 

t echnique was developed. (l 2) In this 

process, the uo 2 and Puo 2 powders, 

(in appropriate proportions and par­

ticl e sizes) are mechanically blended 

OVERALL LENGT~ OF 
ELEMENT -19Z.4 em 
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UOz PELLET 

FUEL COLUMN r.:;t_']J;~~- VIIIRATIONALLY 
COMPACTED UOz-Zwt% 
PuOz IMPACTED FUEL 
(115-117"/oTD) 

LENGTH- 149.2 em 
FUEL ROD 0. D. -1.44 em 
WALL T~ICKNESS-0.76mm 

SIX CIRCUMFERENTIAL 
SANDS 

Neg. PN£0661684 - 2 

UOz PELLET 

FIGURE 1. PRTR High Powe r Density 
Nineteen-Rod Cluster Fuel Element 

prior to impaction . After impaction, 

the high density oxide (routinely 

greater than 99% TD) composed of the 

uo 2-Pu02 mixture is pulverized and 

mechanically sieved into different 

size fractions suitable for either 

swage or vibrational - compaction. 

Since pneumatically impacted mixed­

oxide fuels consist of discrete uo 2 
and Puo 2 part ic l es , the size and 

distribution of the partic les as 

related to their effect on Doppl e r 

response is an important considera­
tion.C1 3) Pneumatically impact ed 

uo 2- Pu0 2 meeting thermal or fast 

reactor partic l e s i ze criteria h as 

been prepa red by controlling the 

particle size of the sta rting 
materials. (l 4) 



The structure of mixed-oxide fuel 

changes significantly during irradia­

tion; the degree of alteration depends 

upon the irradiation conditions and 

exposure. The changes are similar 

to those occurring i n other ceramic 

fuel systems during irradiation. 

Irradiation alteration affects the 

behavior of the fuel by changing its 

spatial position within the rod, its 

effective thermal conductivity, its 

fission product distribution, and its 

failure behavior. 

Under the maximum operating condi­

tions expected during the Batch Core 

Experiment, in-re actor sintering and 

densification of the fuel caus e a 
central void in the therma l center 

of the rods (Figure 2). A wide band 

of radially oriented columna r grains 

surrounds the central void which, in 

tu rn, is s urrounde d by a narrow region 

of equ iaxed grain growth. The co lumnar 

grain growth extends to 65% of the 

radius in the vibrationa lly compacted 

uo 2-2 wt % Puo 2 PRTR fuel rod (Figure 

2) which was irradiated to a burnup 
of 1350 MWd/tonne at a maximum rod 

power of 20 kW/ f t. Es timated maximum 

fuel temp e ratures were in the range 

of 2600 to 2700 °C. The equiaxed 

gr a in growth region is surrounded by 

an annulus of structurally unaffected 

fue l extending to the cladding. 

The major changes i n f uel structure 

occur relatively rapidly. Time ­

temperature dependent sintering effects 

caus e the radius of the sintering 

boundary to inc r ease with increas ing 

expos u re (Figure 3). The columnar 

grain growth region extends to 85% 

of the r ad ius in the vibrat ionally 
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Photomacrograph 

{:3--y Autoradiogr aph 

Neg . PNL0661684- 3A 

3 . 8X 

FIGURE 2 . Transverse Section Through 
a Vibrationally Compacted U02- 2 wt% 
Puo 2 PRTR Fuel Rod which Operated at 
a Power Generation of 20 kW/ft to a 
Burnup of 13 50 MWd/t onne with Esti ­
ma ted Maximum Fuel Temp eratures of 
2600 to 270 0 °C . Colum nar Grain 
Growth Extends to 65% of the Radius . 
This Rep r esen ts Maximum Batch Core 
Experimen t Co nditio ns . 



6-y Autoradiograph 

Neg. 876 

Photomacrograph 

Neg. D-5653 

a-Autoradiograph 

Neg. 877 

3 . 8X 

FIGURE 3 . Transverse Section Through 
th e Axial Mi dpoint of a Vibrationa l ly 
Compacted UO - 2 wt% Puo 2 PRTR Fuel 
Rod . The Roa Op e rated at a Maximum 
Power Gene rati on of 20 kW/ft to a 
Burnup of 4950 MWd/tonne with Esti ­
mated Maximum Fuel Tempera t ures of 
2600 to 270 0 °C . Col umna r Grain 
Growth Extends to 85% o f th e Radi us . 

comp act ed uo 2-2 wt % Puo 2 PRTR fuel 

rod (Figure 3) which was irradiated 

to a burnup of 4950 MWd/tonne at a 

maximum rod power of 20 kW/ f t. In 

another ins t ance, du ring the irradia ­

tion of a capsul e cont aining uo2-

1.5 wt % Pu0 2 , the once -molten f u e l 

s tructure , formed dur i ng an initially 

high but steadily decreas i ng rod 
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power generation, waserased by time­

temperature dependent solid state 
diffusion during long in-reactor 
exposure. (l 5) 

In-reactor homogenization and 

solid-solution formation by uo 2 and 

Pu0 2 interdiffusion starts in pneumat­

ically impacted fuel at temperatures 

sufficient to cause sintering or 

equiaxed grain growth, and it occurs 

rapidly a t the higher irradiation 

t emperatures (Figure 4). The high 

degree of consolidation of the pneu-

\) matically impacted uo 2 and the small 

. (-325 mesh) Puo 2 particles enhances 

the homogenizing process. Homogeniza­

/ tion of the uo 2-Puo2 f uel is apparent, 

on bet a-gamma autoradiographs ,* by 

* The beta- gamma autoradiographs 
described in this p aper we r e made 
by e xposing i rradi ated specimen s 
to high resolu tion film plate s 
which , aft er develo ping, indicate 
fission products . The alpha ­
autoradiographs(16) were made by 
exposing irradiate d specimens to 
c ellulo s e acetate , which , aft er 
etching in sodium hydroxide , indi­
c ate plutonium or alpha emitting 
isotopes a ssociated with plutonium . 
Dark a r eas on both types of auto­
radiograph s correspond to regions 
of high activity . Alpha energy 
a n a ly sis of microdrilled samp les 
shows that ~32% of t he total 
acti vi ty indicated by the alpha­
autoradiograph is cause d by alpha ­
energies normally associated with 
cm242 . Th e remainder of the alpha 
a c tivity is p rincipally from plu­
tonium isotopes and Am241 , altho ugh 
there wa s no significant amoun t of 
Am2 41 i n the sample s . Curium24 2 
is associated with p lutonium--origi ­
nally included as e n r ichm e nt mat e rial , 
plus tha t f o rmed fro m u23B--because 
urani um decay chains modifi ed by 
neutron r eactions do no t r esult in the 

f ormation o f significan t amounts 
o f Cu r ium . Curium 42 1s forme d by 
the beta decay of Am 24 which is 
formed by n eut ro n capture in Am2 4 1, 
a daughte r product v ia beta decay 
of Pu 2 4 1. 



the lack of resolution of localized 

concentrations of fission products 

associated with discrete Puo 2 particles. 

Homogenization is indicated on the 

alpha-autoradiographs by the lack of 

resolution of the alpha emitters 

associated with discrete Puo 2 particles. 

Melting in irradiated mixed-oxide 

fuel rods is evidenced by the forma­

tion of a well-defined region in the 

thermal center of the fuel-a region 

composed of a cellular or some t imes 

porous appearing subgrain structure. 

A band of pore-free high density 

grains, often characterized by a 

circumferential laminar appearing 

6 BNWL-366 

structure, is outside the well­

defined porous fuel region. The 

remaining structure is similar to 

that described for the nonmolten 

condition. 

MOLTEN FUEL OPERATION 
Experience has shown that fuel melt­

ing occurs in 86 % TD vibrationally 

compacted, pneumatically impacted uo 2-

2 wt% Pu0 2 at a linear rod power of 

20 to 21 kW/ft under PRTR conditions . 

(The power generation required to 

produce the onset of melting is sub­

ject to refinement as more data are 

acquired . ) This is equivalent(l 7) 

Thermal Cente r of Specimen 

Metallic Appearing 
Inclusions at the 

Outer Edge of the 
Columnar Grain 
Growth Region 

Neg . PNL066 1684- 4 

Pu02 - Rich Zone 
Interdiffusion has 

Commenced 

.. 
-· J. . ' • 

uo2 
Particles 

Pu02 Particles in 
Pneumatically 

Impacted 
uo2 - 4 wto/o Pu02 

Fuel Material 

FIG URE 4 . Photomi crogra ph of a 
Tra nsve rse Secti on fr om an Irradiated 
PRTR Fuel Rod Co ntai ning Vib ra tionally 
Compacted Pn e uma ti cal ly I mpacted 
U02- 4 wt% Pu02 Fue l . 

256X 



Trn 
to an J Kde of 52 to 55 W/crn for uo 2-

Ts 

2 wt% Pu0 2 ; or when compensating for 

the difference in self-shielding, it 

T 
is comparable to an JTrnKde of 45 to 

s 

48 W/crn for similarly vibrationally 

compacted natural uo 2 where: 

T Temperature of fuel surface s 
530 °C 

T Temperature of fuel melting rn 
2800 °C 

K Thermal conductivity of fuel 

a Temperature. 

This value is in good agreement with 

the value of 49 W/crn published by 

Lyons, et al. (l 8) The results show 

that the power to produce melting 

in vibrationally compacted fuels is 

~zo% less than for sintered pellet 

fuel. 

To minimize flux peaking in the end 

regions, prototype vibrationally com­

pacted HPD fuel elements irradiated 

in PRTR were loaded with graded enrich­

ment in the ends of the rods to prevent 

excessive fuel temperatures near the 

end caps. The graded enrichment in 

the bottom end regions consisted of 

a 1 ern thick depleted uo 2 pellet 

separating the end cap from a 3 ern 
~ 

length of uo 2-l wt% Pu0 2 fuel material 

adjacent to the uo 2-4 wt% Puo 2 fuel 
column. 

Beta-gamma and alpha autoradiographs 

of a longitudinal section of the uo 2-

l wt% Puo 2 fuel region in the bottom 
end of a rod that had operated with 
fuel melting (maximum of 27 kW/ft) 
at the midplane indicated higher 

activities in the once-molten fuel 

region than in the surrounding non­

molten fuel (Figure 5). Analyses of 

7 BNWL-366 

five rnicrodrilled samples (Figure 5) 

show that the once-molten fuel contains 

4 wt% Puo 2 , while the surrounding non­
molten fuel has 1 wt% Puo 2 . The 

results of these analyses confirm the 

convective mixing of molten mixed­

oxide in long fuel rods. This mixing 

tends to homogenize the molten fuel 

and average axial and radial burnup 

gradients and isotopic changes. 

The beta-gamma autoradiograph 

(Figure 5) shows that the centrally 

located dark region coincides with the 

well-defined cellular structure on the 

photornosaic outlining the once-molten 

fuel region. The boundary of the cen­

trally located dark or high plutonium­

concentration region (shown by analysis 

to contain 4 wt% Pu0 2) on the alpha­

autoradiograph is more diffuse and 

extends beyond the well-defined cellular 

region on the photornosaic. In fact, 

the region of enriched plutonium extends 

beyond the surrounding high density 

band. 

An interpretation of these analyses 

and observations is that the once-molten 

fuel region, at or near the time of 

shutdown, is represented by the well­

defined ~~llular microstructure. The 

once-molten region is also delineated 

on the beta-gamma autoradiograph by the 

centrally located region of uniformly 

high fission product concentration. 

The boundary of the high plutonium­

concentration region indicated on the 

alpha-autoradiograph does not necessar­

ily correspond to the terminally 

molten fuel region. The alpha­

autoradiograph shows that the initial 

molten fuel boundary possibly extended 

to the outer edge of the high density 

band. An increasing effective thermal 



Drilled Analytical 
Samples 

Molten Fuel 
Boundar y 

P hotom acrogr aph {Mosaic ) 

Zircaloy 
Cladding 

Ne g . PNL0 661684 - 5 

Molten Fuel Boundary 
At the Time of Shutdown 

{3-'Y Autoradiograph 

FIGURE 5 . Longitudinal Section of the Bottom End Region of a Vib r ationally Compacted 
U0 2 -Pu o 2 PRTR Fuel Rod. The Cent r ally Located Dark Region on the S- y Autoradiograph 
Repr e s en t s the Once - Molten Fuel Region at the Time of Shutdown and Contains 4 wt% Puo 2 
f r om the Molten Fuel Column Above . The Dark Region on the a-Autoradiograph Ex t ends 
Be y o n d t h e Final Molten Fuel Boundary Indicating a Receding Molten Boun dary and/or 
Pluton i um Diff usion into the U02 - 1 wt% Pu02 Graded Enrichment Region . 

Molten Fue l Boundary 
At the Time of Shutdown 

13 . 4X 

,_. , 

8 

Plutonium 
Diffusion Zone 

0!-Autoradiograph 

BNWL-366 

uo2 -
1 wt% Pu02 

Possible Initial 
Molten Fue l 

B oundary 



conductivity, caused by in-reactor 

sintering of lower temperature fuel, 

would cause the molten boundary to 

recede, and a receding molten boundary 

is suggested by the laminar rings 

often observed in the high density 

band. The alpha-autoradiograph also 

indicates that plutonium diffused 

beyond the high density band into the 

nonmolten U0 2-l wt% Pu0 2 fuel region. 

Postirradiation examination of many 

PRTR fuel rods that have operated with 
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molten fuel shows that the diameter 

of the central void in the upper parts 

of rods is generally larger than it 

is below the midplane of the fuel 

column (Figure 6). In the upper 

regions, evidence of the once-molten 

fu e l is generally found only on the 

inner surface of the central void, 

while in lower regions, one finds essen­

tially no central void. This illus­

trat es gravitational settling of 

molten fu e l because the axial f lux 

Photomacrographs 

Ne g. Neg . 3 . 8X 
in . Ab ove Midp l ane 9 in. Be low Mi dp l ane 

FIGURE 6 . Tran sve rs e Se c ti ons at 
Diffe rent Planes Along the Length of 
a Vibrationa l ly Compacted U02-4 wt% 
Pu0 2 PRTR Fuel Rod ( FB - 55) that 
Operated with Significant ( max. 63% 
of t h e radius ) Fuel Melting . 



distribution was essentially symmetri­

cal about the midplane. 

A PRTR 19 rod cluster fuel element 

(FE-6504) containing vibrationally 

compacted (86% TD) uo 2-4 wt% Pu02 
fuel was irradiated in the FERTF to 

an average burnup of 1040 MWd/tonne 

under molten core conditions (maximum 

rod power 27 kW/ft). The FERTF, posi­

tioned i n the central tube of the 

PRTR, was surrounded by a flux trap 

and a ring of similar elements of 

equal burnup. No operating perturba­

tions occurred to cause power varia­

tions within the 12 rod ring of the 

element. Hence, this ideal geometric 

situation permitted a comparison of 

the irradiation behavior of fuel rods 

that had experienced nominally the 

same irradiation history . Comparison 

of fuel structures formed in five rods 

from t he 12 rod ring of this el ement 
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shows a considerable variation in the 

~tructural characteristics of fuel 

irradiated under the same molten core 

conditions (Table I). 

Fuel rod swelling was evidenced by 

an increased diameter (0.7% maximum) 

in the lower portion of two (FB-59 and 

FB-29) of the five rods examined 

(Table I). Examination of fuel struc­

tures formed during irradiation indi­

cate that as much as 64% of the radius 

was molten in the swelled region of 

the rods. Fuel rod swelling can be 

expected under these conditions since 

there was not sufficient void volume 

within the fuel (excluding the plenum) 

to accommodate the volume expansion 

of this amount of molten material. 

The fuel rod swelling was probably 

caused by the volume expansion of 

mo lten fuel in the lower portion o f 

the rod. Swelling occurred in thi s 

TABLE I. Summary of Microstructural Features of Five 
Vibrationally Compacted uo 2-4 wt% Pu0 2 Fuel 
Rods from the Twe lve Rod R~ng of a PRTR 19 
Rod Clu ster Element - (FE-6504) 

Structure Boundary % of Fuel Radius 
Rod Rod Rod Rod Rod 

FB-06 FB-83 FB-59 FB-55 FB-29 

Central Void, 17 in. 

above midplane 32 23 38 37 39 
Central Void, 7 in. 

above midplane 26 76 8 17 21 

Central Void, 9 in. 

below midplane 4 6 0 0 4 
Fuel Melting , 17 in. 

above midplane 32 23 50 45 48 

Fuel Melting, 7 in. 

above midplane 50 46 64 62 65 
Fue l Melting, 9 in. 

be l ow midplane 57 54 64 63 64 



region because of a higher bulk fuel 

density resulting from axial fuel relo­

cation or slumping. Axial fuel reloca­

tion is not unique with vibrationally 

compacted fuel since similar behavior 

has occurred in pellet containing 

fuel rods that have operated with fuel 
melting.Cl 9) The other rods examined 

from this element operating under 

similar conditions did not show 

evidence of swelling. 

DEFECT BEHAVIOR 
The defect behavior of full-sized 

PRTR fuel elements operating under 

power reactor conditions has been 

investigated in the FERTF. Irradia­

tions of intentionally defected PRTR 

fuel rods provided information on the 

relative fission product release rates 

from different types of defects. 

Generally, the defect behavior of 

ceramic packed-particle elements has 

been excellent. No appreciable fuel 

washout, fuel rod deformation, water­

logging effects, or hydriding of the 

Zircaloy cladding was observed in any 

of the packed-particle fuel element 

defect tests. The only exception was 

the rupture of a deliberately defected 
rod operating with considerable fuel 
melting at the plane of the defect.C 20 ) 

These tests included holes and longi­

tudinal slit defects up to 6 in. long 

through the cladding of swage-compacted 

as well as vibrationally compacted 

PRTR fuel rods. A list of the defect 

tests performed in the FERTF is given 

in Table II, and the experimental 

results are discussed below. 

FERTF TEST A: 
A swaged uo 2 element (FE-1069), pre­

irradiated to 1140 MWd/tonne, was 
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defected with a 0.06 in. diam hole and 

irradiated in the loop at a maximum 

linear rod power of ~7.3 kW/ft at the 

plane of the defect for ~17 days; 

during which time, it was subjected to 

6 pressurizations and 16 power cycles. 

Activity bursts during power level 

increases were ~25 times greater than 

the steady state release rate. Re­

peated pressure and power cycling did 

not cause any perceptible fuel washout 

or water-logging. The zirconium hy­

dride concentration of the cladding 

in the area of the defect increased 

from less than 100 ppm to ~250 ppm. 

FERTF TEST B: 
A swage-compacted uo 2 element 

(FE-1039), preirradiated to 2440 

MWd/tonne, was defected with a 0.62 

in. long slit and irradiated at a 

maximum linear rod power of ~7 kW/ft 

for 106 hr in the FERTF. During this 

time, the steady state activity 

release rates were ~3.5 times greater 

than for the previous hole defect test. 

Power and pressure cycling did not 

cause any p~ceptible fuel washout, 

and no water-logging was evident. 

FERTF TEST C: 
The length of the longitudinal slit 

in FE-1039 was increased to 3.2 in. 

and the element was cycled through 

three startups and shutdowns during 

an additional 447 hr irradiation in 

the FERTF at a maximum linear rod power 
of ~7 kW/ft. Steady state activity 

release rates were approximately the 

same as for the 0.62 in. long slit. 

There was no evidence of fuel element 

distortion, significant fuel release, 

or water-logging. Attempts to further 
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TABLE II. CooZant Activities from Defected Packed-ParticZe PRTR EZements 
Irradiated in the FERTF 

LooE Activitz:, CcrmJ 
Maximum Steady DN Burst 

Test Element Type Cladding Rod Power State (delayed Activity Type of 
~ and No. Defect (kW/ft) ~ neutron) GM (B,y) Release 

A. Swaged uo 2 0.06 in. 7. 3 8,000 4,000 220,000 Leaker (a) 
FE-1069 diam hole 

B. Swaged uo 2 0. 62 in. long 7. 0 ~23 ,000 (b) "l3,000(b) 700,000 
FE-1039 longitudinal slit 

c. Swaged uo 2 3. 2 in. long 7. 0 23,000 13,000 100,000 Diffusion(c) 
FE-1039 longitudinal slit 

D. Swaged uo 2 6. 5 in. long 6 .l 68,000 38,000 150,000 Diffusion 
FE-1030 longitudinal slit 

E. Vibrationally 3.0 in. long 7. 3 47,000 26,000 170,000 Diffusion 
Compacted uo 2 longitudinal slit 

FE-1067 

F. Vibrationally 3. 9 in. long 7. 3 60,000 31 '000 Diffusion 
Compacted uo2 longitudinal slit 

FE-1067 

G. Vibrationally 0.06 in. diarn 24 80,000 4,000 660,000 Leaker 
Compacted uo2- hole 

2 wt% Puo 2 
FE-6004 

H. Vibrationally 0.06 in. diam 27 7. 7 X 10 6 (b) 1.6 x 10 5 (b) (Ruptured) 
Compacted uo 2- hole 

4 wt% Puo 2 
FE-6504 

(a) Poor communication between fuel and coolant - long delay time. 
(b) Test was discontinued before stable form of release was established. 
(c) Good communication between fuel and coolant - short delay time. 

increase the length of the slit were 
unsuccessful, and the irradiation of 

this element was terminated. 

FERTF TEST D: 

A swage-compacted preirradiated 

uo 2 element (FE-1030) was defected 
with a 6.5 in. long slit and irra­

diated for 16 days in the FERTF at a 

maximum linear rod power of ~6.1 kW/ft. 

Postirradiation examination of the 

defected rod (preirradiated to 3270 

MWd/tonne) showed no evidence of fuel 

washout, water-logging, or fuel rod 

swelling; the appearance of the slit 

was essentially the same as the pre-

irradiated condition. In the center 

of the defect area, the zirconium 

hydride concentration in the cladding 

increased from less than 50 ppm to 

-vlOO ppm. 

FE RTF TEST E: 

A vibrationally compacted uo 2 ele­

ment (FE-1067) defected with a 3.0 in. 
long longitudinal slit was irradiated 

for 22 days in the FERTF at a maximum 

linear rod power of -v7.3 kW/ft. Post­

irradiation examination of the defected 
rod (preirradiated to 1800 MWd/tonne) 

showed no evidence of fuel washout, 

water-logging, or significant fuel 

rod swelling. However, the slit 

appeared to have increased in width 

from 0.02 in. to ~0.04 in. at the 

widest point. The steady state 

activity release rate from this ele­

ment was midway between the release 

rates obtained for the 3.2 and 6.5 in. 

long slits in the swage-compacted uo 2 
elements. 



FERTF TEST F: 
The length of the longitudinal slit 

in vibrationally compacted FE-1067 was 
increased to 3.9 in. and the element 

was irradiated for an additional 8 

days in the FERTF at a maximum linear 

rod power of ~7.3 kW/ft. (It was 

intended to increase it to 6.5 in.; 

however, postirradiation examination 

revealed that the slitting saw did not 

penetrate through the cladding for the 

intended distance.) The steady state 

activity release rate during this 

time was comparable to the release 
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rate from the 6.5 in. long slit in 

swaged FE-1030 (FERTF Test D). These 

data indicate the fission product 

release rate for comparably sized 

defects is greater for vibrationally 

compacted elements than for swaged 

elements. Postirradiation examination 

again showed no evidence of appreciable 

fuel washout, water-logging, or 

additional fuel rod swelling. 

FERTF TEST G: 
A preirradiated, vibrationally com­

pacted uo 2-2 wt% Pu0 2 HPD fuel element 

(FE-6004), intentionally defected with 
a 0.06 in. diam hole through the cladd­

ing of one rod, was irradiated at a 

maximum linear rod power of ~24 kW/ft 

at the plane of the defect. The rod 

operated successfully with fuel melt­

ing at the plane of the defect 

(Figure 7) for ~60 hr until the test 

was terminated. Prior irradiation of 

this element in the nondefected condi­

tion at a maximum linear rod power of 

~19 kW/ft to a burnup of over 3500 

MWd/tonne was sufficient to cause 

considerable in-reactor sintering 

of the fuel. 
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Burst type activity releases, 
characteristic of leaker defects, 

occurred during incremental power 

increases at the lower power levels. 

Incremental power increases at the 

higher levels produced less severe 

activity releases, but in all experi­

ments during continued operation, the 

loop activity approached a steady-state 

value in an exponential manner. The 

steady-state gamma activity in the 

FERTF during irradiation of this ele­

ment was ~15 times greater than for 

any defected elements previously 

tested. However, the rod power of 

~24 kW/ft was ~3 times greater than 

for any previous experiments. Acti­

vity bursts occurred when the reactor 

was shut down and also when the FERTF 

was depressurized. 

There was essentially no change in 

the physical appearance of the defect, 

no dimensional changes in the rod, 

no significant fuel washout, and no 

metallographic evidence of increased 

hydride concentration in the cladding 

after irradiation in the FERTF 

(Figure 7). An observable effect of 

irradiation was a grey discoloration 
of the cladding downstream from the 
defect due to the evolution of mate­

rial and/or gases from the defect. 

The photomacrograph, beta-gamma 
autoradiograph, and alpha-autoradiograph 
(Figure 8) indicate that the symmetry 

of the fuel structure, fission 

product distribution, and alpha-

emitter or plutonium distribution 

patterns were affected by the defect. 

The distribution of beta-gamma 

and alpha-emitters, as indicated 

on the autoradiographs, do not coincide 

except in the once-molten fuel region. 
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in. diam Hole Through Cladding 

BX 

FIGURE 7. Photomosa ic of a Tran s ve r se 
s~ction Through an I ntent i o n all y Defected 
U0

2
-2 wt% Pu0 2 PRTR Fu e l Rod . Fu el Melting 

is Indicat e d to ~50% of the Radi u s . 

Approximately the same amount of 

fuel melting was i ndicat ed in an adja­

cent nondefected rod al s o operating 

a t a power generation of 24 kW/ f t, 

(Figure 8) . However, there was l ess 

porosity associated with the once ­

molten f uel region in the nondefected 

rod than in the adjacent defected 

rod , and the a lpha - emi t t er (plutonium, 

distribution patterns) were di fferent. 

The alpha-autoradiograph of the 

defecte d specimen indicate s segrega ­

tion of alpha-emitters from the once ­

molten fue l r eg ion , and mi gration 

int o other regions of the specimen ; 

whereas , t he alpha-autoradiograph of 

the nondefec t ed uo 2-Puo 2 f uel rod 

(Figu r e 8) shows no s uch segregation 
or migration. 

FERTF TEST H: 

An int entionally defected vibra ­

tionally compacted uo 2-4 wt % Pu0 2 
fu e l rod and associat ed Zi rcaloy 

pres sure tube ruptured whil e operat­

i n g i n the FERTF at a ma x imum rod 

power generation of 27 kW/ft with 

signi ficant f uel melting . ( 20) Examina ­

tion of the ruptured rod indica t ed 

tha t the c ladding fai l ed because of 
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1 / 16 11 Diam. Hole 

Through Cladding 

Photomacrograph 

/3 - 'Y Autoradiograph 

a Autoradiogr aph 

Nondefected Rod 

FI GURE B. Transv erse Sections 
Through an Int e nti ona ZZ y Defected 
and Nond e fected VibrationaZZy Com ­
pacted U02-2 wt% Pu02 PRTR FueZ 
Rod. 
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burnout or rapid hydriding c aused by 

localized ove rheat i ng . A s i zeabl e 

pi ece of c l addin g C ~ 3 i n . long and 

almost 1/2 i n. wide a t the widest 

point) was missing f r om the area of 

the rod containing the de f ect 

(Fi gu r e 9) . Approx i mat e ly 700 gr ams 

of fu el ma t erial ( 39 % of the to tal ) 

were ej ect ed from t he r od, and f uel 

was completely mi s s ing over a di s tance 

of 5 in. in the vicinity of the rupture . 

The Zircaloy pressure tube was pene -
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FIGURE 9 . Cladding Rupture in a 
Vibra tionally Compacted U02-4 wt% 
Pu 02 PRTR Fu el Ro d . Rupture Occurred 
i n t he Area of the Rod Previously 
De f ected with a 1/ 1 6 in . diam Hole . 

trated by a l/2 in. diam hol e adjacent 

to the rup ture in the f uel rod. At 

the t i me of rupture the molt en f uel 

in the rod was quickly and forcibly 

ejected from the fuel rod under pressure . 

Thi s pressure was created be tween the 

ins ide of the fuel rod and the 

dec r eased FERTF coolant pressure when 

the pre ssure tube fai l e d (Figure 10). 

The precise mechani sm by which 

failure occurred is not known. Post­

irradiation examination indicates 

~hat the fuel in the ruptured rod 

operated at a significantly higher 

temp e rature than in adjacent nonde­

fected rods operating at the same 

power generation . The unexpected 

large amount of fuel melting in the 

int entionally defected rod could have 

been caused by a decrease in the 

effect i ve thermal conduct i vity of the 

fuel, a decrease in the melting tem ­

perature of the fuel, a sl ightly 

higher power generation due to venting 
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FIGURE 10 . Transverse Section fr om the Upper Portion of the 
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fission gas poisons through the defect, 

or a combination of these effects. 

Although expansion of the unexpected 

large amount of molten fuel is con ­

sidered to be the underlying cause 

of rupture, such behavior is not 

believed to be unique with vibration­

ally compacted uo 2 -Puo2 fuel. 

Analysis of uo 2 -Puo2 fuel samples 

from the vicinity of the rupture shows 

that the O:U ratio increased from 2.01 

before irradiation to ~2.1 after irra­

diation. This analysis and other very 
recent data (Zl) suggest that in water 

vapor, uo 2+x might exist at higher 
temperatures than previously consi­

dered possible; also its formation 

can be very rapid. Increasing 

the O:U ratio from 2.00 to 2.15 

reportedly decreases t he heat rating 

required t o produce fuel melting in 
uo

2 
by ~zo%.C 22 ) The decreased heat 

rating r equired to produce fuel melt­

ing is at tributed principally to a 

l ower melting temperature and reduced 

thermal conductivity. Increasing 
the O:U ratio from 2.00 to 2.15 

decreases the melting point of uo2 
( 23 24) by as much as 400 °C. ' 

A direct compa rison of the irra­

diation results of FERTF Test G and 
H i s complicated because the irradia­

tion conditions were not precisely 

the same. For instance, the defected 

rod that behaved satisfactorily did 

not have a fiss i on gas plenum, and 

it operated at a maximum power genera ­

tion of ~24 kW/ft. The intentionally 

defected rod that ruptured contained 

a fission gas plenum; it operated a t 

a maximum power generation of 27 kW/ft; 

and the coolant temperature was cycled 

during irradiation. 
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FISSION PRODUCT MIGRATION 
Beta-gamma autoradiographs of 

irradiated mixed-oxide fuel specimens 

show that fission product migration 

commences at fuel temperatures suffi­

cient to cause in-reactor sintering 
and grain growth.C 6 ,lS) Recently 

developed alpha-sensitive autoradio­
graphic techniques(l 6) have shown that, 

under certain operating conditions, 

alpha emitter concentrations vary in 

irradiated mixed-oxide fuel specimens. 

Such variances indicate plutonium 

segregation from the liquid and migra­

tion in the solid.C 6) The migration 

of fission products and plutonium 

during irradiation at high fuel tem­

peratures could have a profound effect 

upon burnup analyses, reactivity, and 

fue l behavior. 

Alpha autoradiography of uo 2-Pu02 
fuel specimens that operated with fuel 

melting suggests a difference in plu­

tonium segregation and migra tion 

characteristics between defected and 

nondefected fuel rods. Activity distri­

bution patterns in beta - gamma and 
alpha-autoradiographs of some irra­
diated uo 2 - Pu0 2 fuel specimens do not 

coincide. For example, in the beta­

gamma and alpha-autoradiographs of the 

intentionally defected specimen 

(Figure 8), the only area that coin­

cides is the once-molten fue l r eg ion 

near the center of the specimen . 

Other features of both types of auto­

radiographs correspond with structural 

changes in the irradiated spec i men 

illustrated in the photomacrograph. 

The alpha-autoradiograph of the de­

fected specimen (Figure 8) suggests 

segregation of plutonium from the 



liquid phase, and migration in the 

solid phase during irradiation. How­

ever, as illustrated by the autoradio­

graphs of a specimen from an adjacent 

nondefected uo 2-Pu0 2 fuel rod (Figure 

8), this effect has not been observed 

in every mixed-oxide·specimen irra­

diated under molten fuel conditions. 

Since possible plutonium segregation 

effects have been most clearly indi­

cated by alpha-autoradiographs of 

defected fuel specimens, a difference 
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in the irradiation behavior (fission 

product migration and plutonium segre­

gation) between defected and nondefected 

uo 2-Puo2 fuel rods is suggested. This 

observation needs further evaluation. 

The intentionally defected, vibra­

tionally compacted uo 2-2 wt% Pu0 2 PRTR 

fuel rod specimen (Figure 8) was 

drilled and radiochemically analyzed 

at selected locations. 
Analytic results (Figure 11) show 

that Zr-Nb 95 , Ce-Pr144 , and sr90 

migrate the least; whereas, Cs 137 and 

Ru106 migrate the most. The Ru106 

concentration can vary by more than 

an order of magnitude across the radius 

of a fuel rod, and a sharp increase in 
R 106 . d h u concentrat1on correspon s to t e 

region of high activity on the beta­

gamma autoradiograph at the inner edge 

of the small columnar grain growth 

region. The high activity region is 

characterized by a high concentration 

of metallic appearing inclusions 

(Figure 4). Similar appearing inclu­

sions have been identified as metallic 

beta-uranium( 2S) in irradiated uo 2 and 

are probably associated with a high 

concentration of fission products and 

fission product (molybdenum, ruthenium) 

oxides. ( 26 ) Analytical results also 
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indicate that the plutonium concentra­

tion does not vary appreciably across 

the radius of irradiated fuel specimens. 

There is no analytical evidence of plu­

tonium segregation from the liquid or 

migration in the solid phase as sug­

gested by the alpha-autoradiograph of 

the defected fuel rod (Figure 8). 

FISSION GAS RELEASE 

The amount of fission gas release 

has been determined for full-sized 

vibrationally compacted PRTR fuel rods 

containing pneumatically impacted 

uo 2-Puo2 fuel. A plot of percent Xe + 

Kr release versus volumetric average 

fuel rod temperature (Tv)* for fuel rods 

with burnup ranging from 100 to 5000 

MWd/tonne is given in Figure 12. The 

results show a maximum of 92% Xe + Kr 

release from fuel rods that operated 

with volumetric average fuel rod tempera­

tures of ~2200 °C produced by a maximum 

rod power of 27 kW/ft in PRTR. Fission 

* Volumetric average fuel temperatures 
are based on calculated temperature 
profiles within the fuel by using an 
estimated thermal conductivity of 
packed particle uo2 as a function of 
temperature and the indicated thermal 
conductivity of uo 2 at 2800 °C as the 
thermal conductivity of molten fuel. 
The flux depression within U02-Pu0 2 
fuel rods is calculated with the 
THERMOS computer code. The volumetric 
average fuel temperature over the 
entire volume of the fuel rod is 
defined as: 

where Tv 

Tv 
TT:: 

~ 

t v 

Volumetric average 
temperature within 
fuel rod 

fuel 
the 

Tv Calculated volume weighted 
average fuel temperature at 
the maximum flux position 

Peak neutron flux 

Average neutron flux along 
the length of the fuel rod. 
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Neg. PNL0662928 

FIGURE 12. Fission Gas Release as 
a Function of Volumetric Average 
Fuel Rod Temperature in Vibration­
ally Compacted uo 2-Pu0 2 PRTR Fuel 
Rods. 
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gas release values are expected to 

increase with increasing burnup, particu­

larly for the low fractional release 

values. However, the high fractional 

release values should not change appre­

ciably with irradiation time because 

the rate of gas release from the high 

temperature fuel is more rapid. 

Different rods from the same element, 

sampled in either the fuel or plenum 

region, yielded approximately the same 

quantity of gas, which indicated good 

communication along the entire length of 

the fuel rods and between plenum and fuel. 
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