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MICROSTRUCTURE OF SQL-GEL-DERIVED (U,Pu)o2 MICROSPHERES AND PELLETS 

W. J. Lackey and R. A. Bradley 

ABSTRACT 

The microstructure of sintered (u,Pu)02 microspheres and pellets prepared 

by the sol-gel process was characterized using light and electron microscopy, 

electron microprobe analysis, and alpha autoradiography. The material is 

typically homogeneous in composition, and the grain size is usually between 

1 and 5 (am. Coarse microspheres have densities greater than 95% of theoretical, 

but the fine microspheres approach theoretical density. The microstructure of 

low-density pellets consists of high-density and medium-density regions in a 

porous matrix. 

INTRODUCTION 

Because of the potential for improved fuel performance (l) and fuel cycle 

cost reduction (2), sol-gel processes for preparing oxide microspheres (3-6) 

and powder for pellet fabrication (7) have been developed at Oak Ridge National 

Laboratory. Particular effort has been directed toward preparation (7,8), fab-

rication (9,10), and irradiation testing (l>ll) of the solid solution (u,Pu)02 

"because of its applicability as a breeder reactor fuel. The anticipated impor-

tance of fuel microstructure to such properties as creep., fission gas release, 

swelling, thermal conductivity, and extent of restructuring led to the exten-

sive microstructural characterization of sol-gel (u,Pu)02 microspheres and 

pellets described in this paper. Knowledge of the fuel microstructure serves 

three purposes: (l) it helps ensure that high-quality fuel is being fabri-

cated, (2) it reveals information concerning the effect of fabrication vari-

ables on pore morphology and grain size, and (3) it aids in the interpretation 
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of irradiation tests by providing a comparison between the unirradiated and 

the irradiated fuel. 

In the Sphere-Pac process two or more size fractions of microspheres are 

loaded sequentially in fuel pins by low-energy vibration • 

microspheres and pellets were formed by previously described (3—10) sol-gel 

techniques similar to those shown in Fig. 1. Although the microstructure of 

any particular batch of material wjll depend on the exact conditions of its 

preparation and thermal treatment, most sol-gel (u,Pu)c>2 can be characterized 

by the typical microstructures described in this paper. Fabrication and char-

acterization data are summarized in Table I. 

ORNL-DWG 71-9146FM 

Fig. 1. Process for Preparation of Sol-Gel (u,Pu)02 Microspheres and 
Pellets. 



Table I. Sintering Conditions, Grain Size, and Qxygen-to-Metal Ratio for 
Sol-Gel (u,Pu)02 Microspheres and Pellets 

Batch Fuel, 
Form a 

Pa 
U+Pu 
(50 

Sintering Conditions 
Temperature Time 

(°C) (hr) Atmosphere 
Grain Size 

(Vm) 
Oxygen-to-Metal 

Ratio 
Irradiation 
Experiments 
in Which Used 

PM-11C 

PM-5C 

PM-6C 

SPL-80/85 

M-3785 
99C 

PM-11F 

DS 13, 16 
ET3N 

C 

C 

C 
C 

F 
P 

20 

20 

20 

20 

15 

15 

20 

15 

20 

1450 

1450 

1450 

1400 
1480 
1100 
1100 

1450 

1100 
1450 

1001 
48 
2 
o 

2 
4 

Dry Ar-4$ H2 

Dry H2 

Dry kr—̂ io H2 

Dry H2 

Wet H2 

Wet Ar-4# H2 

Dry Ar-4# H2 

Wet H2 

Dry Ai-4$ H2 

2-3 

2 0 - 6 0 

5-10 

2-6 

1-3 
1-1.4 

1-1.4 

2 - 2 0 

1-2 

1.97 

1.99 

1.98 

1.96 

2.00 
2 .00 

1.98 

2.00 
1.98 

ETR 43-120 
43-121 

EBR-II, 
Series I 
EBR-II, 
Series I 
EBR-II, 
Series II 

None 
ETR 43-112 

43-113 
43-115 

ETR 43-120 
43-121 

None 
ETR 43-120 

43-121 

VO 

aC = coarse microspheres; F = fine microspheres; P = pellets. 

^Two batches were combined after heat treatment to form Batch SPL-80/85. 
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METALLO GRAPHIC TECHNIQUES 

Optical microscopy, replica electron microscopy, electron microprobe 

analysis, and alpha autoradiography were used to characterize the microstructure 

of the sol-gel (u,Pu)02 specimens. Each specimen was mounted in epoxy,* polished, 

and photographed in a previously described metallographic facility for plutonium-

bearing materials (12,13). The etched structures were obtained by immersion at 

room temperature for 60 min in a (u,Pu)02 etchant (l4). We used the two-stage 

carbon replica electron microscopy technique developed by Padden (l5). To 

investigate plutonium and uranium homogeneity, the Pa M3 and U Ma x-ray inten-

sities were simultaneously measured, and alpha autoradiographs were prepared 

by placing cellulose nitrate filmt in direct contact with the polished specimen 

for approximately 5 sec and then developing in 6 N NaOH at 50 to 55°C for 3 min. 

OBSERVATIONS AND DISCUSSION 

Coarse Microspheres 

The coarse microspheres used in fuel pins fabricated by the Sphere-Pac pro-

ces; are usually shape-separated and screened so that they are very nearly spheri-

cal with diameters in the range 420 to 597 urn. Good quality coarse microspheres 

are shown in Fig. 2. At magnifications below about 100X, these spheres appear 

almost fully dense, but numerous small sintering pores are apparent at higher 

magnifications. The quantity of porosity frequently varies from sphere to sphere, 

as illustrated in Fig. 2. As determined with a Quant ime\;£ image analyzing com-

puter, the density of the most porous sphere observed was 95.4$ of theoretical, 

and that of the most dense sphere was 99.1$. The average density is 96 to 97$ 

for this batch of microspheres. Nearly all of the porosity in the most porous 

*Araldite, CIBA Products Company, Summit, New Jersey. 
tKbdak Special Film Type 106-01-A, Eastman Kodak Company, Rochester, 

New York. 
JQuantimet Model B, Image Analyzing Computers, 40 Robert Pitt Drive, 

Monsey, New York. 
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Fig. 2. Coarse Uo.gPuo.2O2 Microspheres. Batch PM-11C. (a) Optical 
micrograph. (b) Optical micrograph of a dense sphere. (c) Electron micrograph 
of a dense sphere. (d) Electron micrograph of a porous sphere. In the electron 
micrographs, pores appear as dark areas and c.:ist a light shadow. 
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spheres was located at grain boundaries; but that in the dense spheres was 

trapped within the grains. 

In each batch of microspheres that we examined, the grains were equiaxed 

and their size was relatively uniform within a sphere; however, the grain size 

often varied from sphere to sphere, depending on porosity. This is apparent 

in Fig. 2, where the average grain diameter of the more porous sphere was 

1.7 ± 0.2 |im, and that of the most dense sphere was 3.2 ± 0.4- |xra. These grain 

sizes are typical for sol-gel material, but microspheres with an average grain 

size as large as 4-0 |im have "been prepared by variation of the sintering 

conditions. 

Optical and electron micrographs of (u,Pu)02 coarse microspheres made 

during the past several years for irradiation tests are shown in Figs. 3 and 

4. The quality of the microspheres, in terms of roundness and the number of 

cracks or large voids, for these six batches, ranges from the best to the 

worst that has been observed for microspheres made by the sol-gel process. 

Frequently, with coarse microspheres we observe a surface layer approx-

imately 50 fim thick with a higher density and larger grain size than the 

interior of the sphere. An exaggerated example of this structure, which is 

apparently related to the rate of drying during microsphere formation, is 

shown in Fig. 3(a). Spheres in which this structure is exaggerated frequently 

contain radial cracks in the high-density layer. 

Occasionally, as shown in Fig. 3(c), a batch of microsphsres containing 

large pores is produced. Such pores are apparently created during formation 

of the microsphere in the sol-gel sphere-forming column since it is doubtful 

that pores this large result from the sintering process. 

The batches of spheres shown in Figs. 3(c), 4(a), and 4(b) showed the 

largest within-batch variation in porosity and grain size that we have observed. 

The high magnification micrographs shown for thece three batches are illus-

trative of the most porous and most dense spheres in these batches. In contrast, 
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Fig. 3. Microstructures of (u,Pu)c>2 Coarse Microspheres. (a) Batch PM-11C. 
Ob) Batch PM-5C. (c) Batch PM-6C. Center micrographs unetched to show porosity. 
Right etched to show grain size. 
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Fig. 4. Microstructures of (U, Pu)02 Coarse Microspheres. (a) Batch 
SPL-80/85. Ob) Batch M-3785. (c) Batch 99C. The high-magnification views 
show microstructural extremes in (a) and (b) and compare as-polished and 
etched microstructures in (c). 
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the batch of spheres shown in Fig. 4(c) was very uniform in grain size, pore 

size, and total porosity. 

The very small grain size and large number of small intergranular pores 

for the materials shown in Figs. 4(b) and 4(c) are the result of sintering at 

1100°C, which is lower than our normal sintering temperature. Had these 

spheres been sintered to 1450°C, additional densification would probably have 

resulted since most of the pores were located on grain boundaries and not 

trapped inside grains. 

Alpha autoradiography and electron microprobe analyses typically show 

the plutonium content to be uniform both within and between spheres to within 

the limits of detection, which are estimated as ±4$ Pu for autoradiography and 

±0.5$ Pu for microprobe analysis- Homogeneous microspheres are shown in Fig. 5. 

As shown in Fig. 6, in some instances variations in the plutonium-to-uranium 

ratio from sphere to sphere have been observed by alpha autoradiography and 

electron microprobe analysis. Such inhomogeneity is thought to be caused by 

• Fig. 5. Homogeneous Microspheres of Uo.8Puo.2O2. (a) Photomicrograph, 
(b) Alpha autoradiograph of same field. 
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Pu:(U+Pu) 15.0 4.7 7,3 19.3 20.3 22.6 29.5 10.7 22.7 33.9 

(at. i) 

Fig. 6. Inhomogeneous Microspheres of UQ. SPU-O. 2O2 • (a) Photomicrograph, 
(b) Alpha autoradiograph of same field. 

failure to properly mix the UO2 and PUO2 sols. Recently, 11 "batches of 
U0.8^o.202 coarse microspheres were prepared with proper attention given to 
the mixing step; and each of the resulting batches was homogeneous (16). 

Fine Microspheres 

Photomicrographs of representative fine microspheres are shown in Fig. 7. 
The fine microspheres are screened to less than 44 jim diameter. Because of our 
inability to separate the shapes of the fine microspheres, this material typi-
cally contains some aspherica\ particles. Approximately 2 to of the spheres 
shown in Fig. 7 were hollow. Except for the hollow spheres, electron micros-
copy showed the spheres to be very dense, perhaps exceeding 99.5$ of theoreti-
cal. The grain size for this batch of microspheres was uniform within a given 
sphere and varied only slightly from sphere to sphere; the range was 1.0 to 
1.4 jim. 
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Fig. 7. Fine Uo.8Pu-o.2O2 Microspheres. Batch PM-11F. (a) Optical 
micrograph of typical spheres. (b) Electron micrograph of typical spheres 
showing high density and small grain size. 

Material as dense as the microspheres shown in Fig. 7 is unusual for single-
phase, high-purity sintered ceramics, but is typical of the fine (u,Pu)o2 micro-
spheres. Material of even higher density is shown in Fig. 8 for a second batch 
of fine microspheres. For this batch the grain size varied from sphere to 
sphere over the range 2 to 20 (jun. For the coarser grained spheres only two 
to four grains were intersected by the polishing plane, as shown in Fig. 8(d). 

Frequently, replication of the void created when a microsphere is pulled 
out of the mount during metallographic preparation reveals details of the micro-
sphere surface. Examples of this are growth spirals, such as the one shown in 
Fig. 8(d) and the "orange peel" texture shown in Fig. 9. Growth spirals were 
observed only for one batch of microspheres, but the "orange peel" texture is 
typical. The similarity in size of the surface features in Fig. 9 with the 
grains visible in the intergranularly fractured region shows that the "orange 
peel" texture results from grooving along the grain boundaries caused by 
thermal etching during sintering. 
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Fig. 8. Fine Uo.ssPuo.15O2.00 Microspheres of Essentially Theoretical 
Density. Batch DS 13, 16. The grain size varied from sphere to sphere, 
(a) Typical spheres, unetched. lb) Typical spheres, unetched. (c; Finer 
grained spheres, etched. (d) Coarser grained spheres, etched. 
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Pig. 9. Typical "Orange Peel" Texture of the Spherical Surface of 
(u,Pu)o2 Microspheres. Note that the size of the surface features corresponds 
to the size of the grains visible in the intergranular fractured region. 
Unetched. 

Pellets 

Although (u,Pu)02 pellets as dense as 97$ of theoretical have been made 

from sol-gel material (l7), only the low-density pellets will be described here 

since the pore size and distribution of sol-gel pellets with densities greater 

than 90$ of theoretical are very similar to those made from mechanically-

blended or coprecipitated (u,Pu)02-

Optical and electron micrographs of a cold-pressed and sintered pellet 

of 84- ± 1$ of theoretical density are shown in Fig. 10. On the basis of the 

amount and morphology of the porosity, three different types of microstructure 

are seen in the pellets. First, there is a very porous matrix containing 

elongated, irregularly shaped pores interconnected with the surface of the 

pellet. Dispersed throughout the matrix are very dense areas as large as 

about 4-0 fim in diameter. Finally, about 5$ of the pellet consists of areas 

frequently as large as 75 nm in diameter and occasionally larger, with an inter-

mediate amount of generally spherical porosity that is probably not intercon-

nected with the surface of the pellet. These observations agree with results 
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Fig. 10. Cold-Pressed and Sintered U0. gPuo.202 Pellet. Batch ET3N. 
(a) Unetched. (b) Mounting material is apparent in the elongated pores 
surrounding the high-density regions. Unetched. (c) High-density region 
surrounded by porous matrix. Etched, (d) Medium-density region. Etched. 
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of analyses' "by mercury porosimetry, which show that nearly all of the porosity 

is of the open type. 

This triplex microstructure results from the process used to prepare 

powder for pelletizing. The sol-gel-derived (u,Pu)02 shard is a 50$-dense 

agglomerate of 50 to 100-A UO2 and Pu02 crystallites. Grinding to —325 mesh 

powder in a fluid energy mill does not destroy the porous shard particle: it 

only reduces its size. A dense area in the pellet results from the sintering 

of a single piece of —325 mesh shard. Most of the matrix porosity surrounding 

the dense areas results from the shrinkage necessary for the porous shard to 

"become fully dense. The electron micrographs in Fig. 10("b) and (c) show that 

the dense areas are very nearly theoretically dense and are surrounded "by a 

network of pores. Mounting material in the pores in Fig. 10Cb) shows that 

these pores are surface connected. During the grinding process the extremely 

fine fraction of the powder is separated by the collection system from the 

bulk of —325 mesh material. After grinding the fines are combined with the 

bulk of the material. The large areas with intermediate porosity shown in 

Fig. 10(d) result from agglomeration of the fines before they are recombined 

with the bulk of the material. 

The grains in the dense areas varied from 1 to 2 urn in diameter, with 

1.7 (am being typical. The grain size of the matrix was difficult to measure 

because of the shadows cast by the numerous pores, but was slightly less than 

that of the dense areas. The grains in the areas formed by agglomeration of 

the fines were about 0.8 jim in diameter. 

SUMMARY AM) CONCLUSIONS 

Microstructural characterization of sintered (u,Pu)02 microspheres and 

pellets prepared by the sol-gel technique showed this material to typically 

be single phase and of homogeneous composition. The grain size is usually 

in the range 1 to 5 nm. Typically, the coarse microspheres have densities 



16 

greater than 95$ of theoretical. The fine microspheres are essentially 
theoretically dense. Low-density cold-pressed and sintered pellets have a 
triplex microstructure consisting of high-density and medium-density islands 
in a porous matrix. Relation of this microstructure to the powder preparation 
process indicates that pellet microstructures can "be controlled by variation 
of the extent to which the shards are ground "before pressing and sintering. 
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