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ABSTRACT 

Various parameters in the process of manufacturing uranium dioxide are 

examined and their influence on the characteristics and sintering behaviour 

of the powders obtained established. In addition some correlations between 

the powder aggregates mlcrostructure and their adhesion properties and 

sintering behaviour are indicated. Shrinkage during the sintering process 

is also discussed. 
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1. Background and introduction 

1 1• General background 

U-'anium dioxide (UO ) ip universally selected as fuel for water reactors 

because of its superior compatibility with stainless steel or Zircaloy 

cladding, excellent thermal and irradiation stability, low reactivity with 

water, and low fabrication costs compaved with metallic fuels, carbides, 

o-. nitrides. It is then manufactured in different geometrical forms of 

which the most frequent is that of sintered pellets, 10 to 20 mm in diameter 
t and height. 

Because of service requirements, tight specifications must be met for fuel 

physical, chemical, and dimensional characteristics. In order to achieve 

these specifications, the various parameters in the manufacturing process 

must be optimized. 

Two stages can be distinguished in the process of manufacture of UO. 

sintered pellets: 

a) The manufacture of UO powder; 

b) The pelletizing of UO powder and quality control of the sintered 

pellets. 

Of thfc several different processes of manufacture of UO powders, the two 

most frequent in industry are the "dry" process, which starts with the direct 

reaction between UF, and a mixture of steam and hydrogen, and the "wet" 
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process which starts with the precipitation of ammonium uranates (or the 

so-called ammonium diuranate - ADU) from solutions of uranyl salts. A 

block-diagram of the different steps in the manufacture of UO powder bv 

the two processes mentioned above is given in Fig. 1. 

SLearn + H, UF, 

|4 

I 
I 
I 
I 
I 
I 

_*_ 
U0o 

U3°8 

Reduction 

Dissolution in water 

Uranyl salt solution 

Calcination 
-v.70.0C/air 

NH, 

ADU precipi tat ion 

Calcination: 
•v.450°C/air 

UO, 

Uranyl nitrate hexahydrate 

Denitration:! 
^500uC/air 

Figure 1. Block-diagram for the manufacture of UO,, powder. 

http://-v.70.0C/air
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The pelletizing process undergone by the 110 powder consists of mixing with 

a binder, milling, pressing, sintering to a density between 87 to 98% of 
3 

the theoretical density (TD,taken as 10.i/ g/cm ) , and finally machining 

and grinding to required shape. A block diagram for this pelletizing process 

is given in Fig. 2. 

The possible factors of influence in the process of sintering UO are 

powder characteristics and pelletizing and sintering variables. The former 

ate inherited during the process cf manufacture of the powder (its "history") 

whereas the latter are controllable parameters of the pelletizing and 

sintering process, These factors are assembled in Table J. 

Table 1. Possible factors of influence in the sintering process of U0_. 

A., Powder characteristics B. Sintering and pelletizing 
variables 

(*) i Particle shape and texture 

2, Particle size distribution 

3. Particle porosity 

k. Deviations from stoichiometry 

(0/U atomic ratic) 

5. Internal crystallite stresses 

and lattice defects 

1. Compacting pressure 

2. Method of pressing (single-acting 

prp"5s, double-acting press, iso-

static pressing, etc.) 

3. Milling (time and method) 

h. Sintering temperature 

5. Sintering course and time 

6. Sintering atmosphere 

7. Small addition of foreign substances 

(*) See text for definition 
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Figure 2. Block-diagram for the manufacture of UO pellets. 
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Both groups of tactors in Table 1 are dependent on each other, the application 

of identical factors of column B on powders of different characteristics 

(parameters of colunn A) resulting in these powders being sintered to 

different qualities (density, shape, cracks, etc.). 

In order to produce pellets according to the required specifications, the 

pelletizing and sintering variables must be optimized. If different batches 

of U0„ powders, produced by different manufacturing processes are used, the 

optimization must be carried out for each batch separately. The knowledge 

of the relations between powder characteristics and powder sintering 

behaviouT are most likely to simplify it. However, as the exact characteri

zation of powder, encounters serious problems, some of which are as yet 

unresolved, a particular pelletizing process is adopted in most cases 

empirically. 

The characterization of UO powders implies the determination of certain 

properties of their particles. The term "particles" may be misleading, as 

it refers to different kinds of part-icles, such as "crystallites", "aggregates", 

"agglomerates'1
; etc. It has not yet been established which of the properties 

of these ditierenc particles prevail in the determination of the sintering 

properties of the powders-. At this stage all the variables listed in column 

A of Table 1, for all kinds of particles, must be considered. The 

experimental techniques involved are in some cases very complicated and 

expensive. The interpretation of some of the experimental results in terms 

of the powder's characterisation variables (listed in Table 1) requires in 

some cases the application of very crude and unjustified approximations for 
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necessary simplification. In addition, some ci the variables which 

characterize the powders cannot be presented in a quantitative mathematical 

form (e.g., particle shape and texture which may be described only 

qualitatively). 

All the complications result in contusion and contradictions between various 

authors who try to correlate some of the powder characteristics to sintering 

behaviour. In practice, however, the specification cl a nucieat grade, 

sinterable UO powder does not define the required physical properties of 

the powder or the process to be used for its fabrication, but the fabrication 

conditions which should be used in testing the powder (i.e., "green" 

density when compacting to a given pressure, sintered density when sintering 

ID specified conditions, etc.). 

There is an encrmously rich literature concerning the varices aspects of 

the manufacturing process of UO pellets. We shall not give here a 

literature survey as this does not fall within the scope of the present work. 

We shall refer however to some of rhe research presented in literature when 

discussing our own experimental results. 

The present work is part of a more comprehensive research conducted in the 

Nuclear Research Centre-Negev (:NRCN) on various aspects of .auclear fuel 

manufacture- It deals with the effects of various parameters in the process 

of manufacture of UO powders (Fig, 1) on seme characteristics of the powders 

and their sintering behaviour Some other subjects related to nuclear fuel 

manufacture, such as basic research on the thermal decomposition of ammonium 
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utanates, complete characterization cf U0~ powders, effect of various 

methods of conversion of UF, to U0„, scrap recovery, etc., will be 

published separately 

1.2. Introduction 

Many works have -been published concerning the influence of the various 

parameters in the pelletizing process of U0„ (e.g. compacting pressure, 

sintering conditions, etc.) on the quality of the sintered pellets. Some 

reviews dealing with this subject are given in Rets. 1-4. Experimental 

work on this subject has been carried out. p.lso in our laboratory 

The mechanism of the reduction reaction of the higher oxides of uranium 

(ADU, UC or U.O ) to U0 2 has also been investigated1 " , and the effects 

of the various parameters of this process (i.e. reduction temperature, 

reducing atmosphere, etc•) on the sintering behaviour of the resultant U0-

powders have been determined ' 

Les& definite information is available about the correlations between the 

precursory steps in the manufacturing process and thp sinterability of the 

produced U0 o powder. Several works have been published on the influence 

cf ADU precipitation conditions on the physical properties and smterability 

of the UO, powders . These works howeve: did not examine systematically 

the effect of calcination temperatures on the final results obtained; In 

most of these works only one calcination temperature was tested, or at most 

two, so that no systematic trend could be ascertained. In addition, ouly 
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precipitations from uranyl nitrate solutions were investigated. It has been 

claimed that when UO powders are produced from UO,-aq, a minimum occurs 

in the curve of the sintered densities of the UO. pellets versus UO -aq 

calcination temperatures., On the other hand, in the case of 130 produced 

from ALU, both compacting ("green") density and sintered density are 

practically independent of the temperature of calcination- In a recent 

publication , however, it has been shown that a maximum occurs in the 

above-mentioned sintered densities curve also in the case of U0_ produced 

from ADU. 

In addition to such contradictory data, there are factors related to certain 

manufacturing processes of UO., which suffer from insufficient publications 

in literature. Thus, for examplu, though various industrial processes for 

the conversion of UF, to sinterablc L'O, are described in literature (see 

review in Ret.. 17), very few publications are available concerning basic 

research on the influence of fluorine contaminations in the ADU on the final 

characteristics of the resultant UO, powders, Tr. is known, however, that 

the presence of fluorine in UO. powders has a deleterious effect on 
4 (18-20) s. -ering 

The aim of the present work is thus to clarify some of the contradictory 

data in literature and to add more inrormation concerning the influence of 

the various above-mentioned manufacturing process parameters on the final 

characteristics of the UO powders. 
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2, Experimental set-up and procedures 

2.1, The production of U0_ powders 

All UO powders utilized in this study were manufactured by the "wet" 

process from ADU. The uranyl solutions were of three kinds: uranyl nitrate, 

uranyl fluoride and uranyl sulphate. The uranyl fluoride solution was 

prepared by the hydrolysis of UF,. The concentration of the uranium at the 
b 

end of the hydrolysis process was determined by chemical analysis. Then, 

the desired concentration was achieved by dilution to a known volume. The 

uranyl nitrate and uranyl sulphate solutions were prepared by dissolving the 

respective salts (AE purity) in distilled water. The precipitation of ADU 

was carried out by adding 28 vol.% aqueous ammonia at a controlled rate. 

The uranyl solutions were kept thermostatically at constant temperature, and 

were stirred through the precipitation process. The pH of the solution was 

measured continuously with a Metiom pH-meter. 

The initial uranium concentration, temperature of precipitation, rate of 

addition of ammonia, total amount of ammonia added (per volume of original 

solution), and final pH were varied for various ADU batches, as summarized 

in Table 2. 

After the addition cf a given volume of the ammonia solution, the suspension 

of ALU parl-icles was cooled to room-temperature, and allowed to settle 

overnight. The slurry collected Ly decantation and filteration was washed 

with distilled water, dried for 24 hours at a temperature of iOOH20°C. 



Table__2; Tlio b«L«-li prec ipiL.it. ion 

Initial 
U-concentration 

conditions of tin- various ADU lots. 

ADU 
lot No. 

Original 
uranyl 
solution 

li prec ipiL.it. ion 

Initial 
U-concentration Final 

pH 
Rate of 
ammonia 
addition 

Precipitation 
temperature 

Total volume of 
ammonia added per 
litre of original 

(R(U)/litre) (ml/min) (°C) solution 
(ml) 

1 nitrate 87 9.2 uncontrolled 70 unknown 
2 nitrate 150 8.3 uncontrolled unknown unknown 
3 nitrate 50 8.5 uncontrolled unknown unknown 
4 nitrate 150 8.3 uncontrolled unknown unknown 
5 nitrate 100 8.3 uncontrolled unkncwn unknown 
6 nitrate 150 8.5 uncontrolled unknown unknown 
7 nitrate 125 8.5 uncontrolled unknown unknown 
8 nitrate 150 8.3 uncontrolled unknown unknown 
9 nitrate 150 8.5 uncontrolled 90 unknown 
10 nitrate 100 8.5 uncontrolled 90 unknown 
11A nitrate 150 9.0 25 60 263 
IIB nitrate 150 9.0 25 60 650 
12A nitrate 150 7.0 8 60 132 
12B nitrate 150 7.0 8 60 132 
13 fluoride 150 7.0 5 60 165 
14 sulphate 150 9.2 25 60 255 

http://ipiL.it
http://ipiL.it
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The "yellow cake" produced was of high chemical purity. Typical spectrot-

scopic analysis revealed the presence of 20 * 50 ppm Si, 10 * 25 ppm Ca, 

10 * 25 ppm Fe, 10 v 25 ppm Zn, with other metal impurities in lower 

concentration. The main impurity left in the ADU was the anion of the 

original uranyl salt (nitrate, fluoride, sulphate, etc.). As for nitrate, 

its presence had no influence on the final results of the pelletizing 

process since ammonium nitrate decomposes thermally at relatively low 
(21-23) temperatures (285 * 360°C)v . The situation, however, is different 

for the ADU originating in the sulphate or fluoride solutions. These 

anions are retained even at high temperatures and affect the results of 

the pelletizing process, as will be discussed in Sec. 3.4. 

(*) ADU samples about 1 cm thick were displayed on quartz trays and calcined 

at various temperatures in the 100 * 850°C range. The calcination products 

were placed on molybdenum trays which were transferred to a reduction 

furnace and reduced in hydrogen flow ( i>l litre/h) at about 700°C. For 

both, calcination and reduction, the heating and cooling rates were 300°C/h, 

at constant temperature for about two hours. The furnaces which were 

utilized for the reduction of the calcined powders served also for the 

sintering process. These furnaces (which are described elsewhere ) were 
(24) designed and constructed at NRCN 

(*) It has been noticed that the usi; of stainless steel trays introduces 

iron impurities into the uranium oxides. 
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2.2. Pe l le t iz ing and s in ter ing process 

try r \ (If.) 

it is well-known that U0_ powders oxidize at room temperature . the 

extent of the oxidation depending on the powder surface areas. The 

exothermic nature of this oxidation reaction may result in local heating 

which autocatalyzes the continuation of the reaction and finally causes the 

conversion of the dioxide into higher oxides (V~0 or U,0_), Powders with 

large surface areas are even pyrophoric when exposed to air. Such powders 

are therefore treated in advance with a stream of an inert gas containing 

some oxygen, in order to stabilize them against severe oxidation. Such 

treatment is called "passivation" . The passivized powders usually 

attain an 0/U ratio of about 2.15 * 2.20. 

Such uncontrolled oxidation Introduces an additional interfering factor 
(28) (29) which may influence the sintering behaviour of the powders . To 

avoid this additional oxidation factor, the U0 powders were treated in 

gloveboxes under inert argon atmosphere, during all the stages of the 

pelletizing process. Nevertheless, the effect of oxidation has also been 

tested as will be discussed in Sec. 3.1. 

For the establishment of correlations between the "history" of the U0„ 

powders and their sintering behaviour, milling was avoided, as it could 

cause the disruption of the powder agglomerates and the loss of some of 

their Inherited characteristics. 

Most of the U0 powders were mixed with an organic binder (zinc behenate) 

before compacting. In some cases, however, when the powders were adhesive 
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enough, some or the pellets were also compacted without a binder addition. 

"Green" pellets were compacted in a single acting press under pressures of 
2 2 

0.5 » 2 ton/cm . In most cases, however, a pressure of 1 ton/cm has been 

applied. The dimensions of the "green" compacts were 10 mm in diameter 

and about 10 * 14 mm in height. Their density varied in the 30 T 50% TD 

range. 

The compacted pellets were placed on molybdenum trays and sintered in 

hydrogen flow at 1600°C. The sintering course consisted of the following 

steps: 

(a) Drying at 130°C for h hour . 

(b) Heating at a rate of 300°C/h to 650°C, then, at a rate of 100°C/h 

to 800°C. 

(c) Keeping at 800°C fori hour in order to remove the binder. 

(d) Heating at a rate of 300°C/h to the final sintering temperature, 

1600°C. 

(e) Sintering at 1600°C for 5 hours . ' 

(f) Cooling to room temperature at a rate of 300°C/h. 

Five hours were allowed for sintering on the basis of some preliminary 

experiments which gave sintering curves of the type illustrated in figure 3. 

It is seen that after 5 hours of sintering at 1600°C the rate of densifica-

tion becomes fairly low. 
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2 3 £ 
Sintering time (hours) 

Figure 3. Typical curve of sintered density versus sintering time 

(for UO, manufactured from ADU lot No. 1). 
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2.3. Pellet quality control 

The sintered pellets underwent the following examinations: 

(a) Visual inspections for mechanical fracture (broken edges, cracks, 

etc.) and shape. 

(b) Dimensional measurements from which shrinkage percent and distortions 

from cylindrical symmetry are determined. 

(c) Examinations under reflection microscope for macro-porosity and cracks 

(low magnifications, "16). 

(d) Density determinations, by the liquid displacement method, from which 

"closed" and "open" porosities are calculated, as described later. 

(e) Microstructure analysis, from which grain size distribution, average 

grain size, pore size distribution, type and structure of pores, and 

their locaticn are dt'-«rmined. This analysis is carried out by 

polishing the sintered pellets to 1 um, etching with a mixture of H„0, 

30% and a saturated solution of ammonit i persulphate (1:2 volume ratio) 

and examining under a reflection microscope (high magnifications, 

< 200 * 1000), 

(f) Scanning electron microscope (SEM) photographs, 

(g) Determinations of O/U ratio by a polarographic method 

(h) • Chemical analyses for impurities content. 

The densities of the sintered pellets were determined, as mentioned above, 

from their buoyancy in a liquid of a known density. In order to differenciate 

between "open" and "closed" porosities , two liquid displacement measurements 

(*) In this context the terms "open" or "closed" porosities refer to the pores 

which can or cannot be penetrated by the displaced liquid. 



NRCN-435 - 16 -

were carried out for each pellet. At the first measurement, the pellets 

were coated with a very thin layer of grease which hardly c--sed any 

change in their weights. This layer, however, prevented the penetration 

of the liquid in which the measurement was carried out (in this case, water) 

into the open pores of the pellet. Total ponsity ("open" + "closed") was 

thus obtained. Then, the layer of grease was removed by an organic volatile 

solvent (such as benzene), and the pellets were dried in vacuum for 24 hours. 

The complete evaporation of the organic solvent was established when the 

pellets had been found to have reached a constant weight equal to the 

original weight. Another liquid displacement measurement was performed 

with monobromobenzene as the displaced liquid. This time the liquid 

penetrated the "open" pores of the pellets, so that only "closed" porosity 

was determined. 

When referring to the "real" sintered densities, the results of the former 

measurements (including total porosity) will be applied. 
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3. Experimental results and discussion 
- » — — — — — — — • — — ' • — — — 

3.1. Influence of oxidation of uranium dioxide powder on its sintering 

behaviour 

In order to test the effect of oxidation on the sintering behaviour of the 

uranium dioxide powders, two experiments were performed on the same uranism 

dioxide batch (originating in ADU lot No. 7). This batch was divided into 

two parts which were pelletized identically (i.e. same weight percent 

binder, compacting pressure,and sintering parameters). One of these two 

parts was treated in a glovebox under inert argon atmosphere, while the 

other was exposed to air and allowed to oxidize. The 0/" ratio of the 

resulting powders was determined to be 2.05 for the non-oxidized powder, and 

2,16 for the oxidized one. At the end cf the sintering process, sintered 

densities were determined for all pellets of both powders lots. The average 

density of the pellets originating in the non-oxidized powder was 

(94.6 ± 0.3)% TD while that of the oxidized powder was (93.9 ± 0.2)% TD. It 

is seen that the final results of these two experiments differ only by 0.7% 

TD which is about the same order of magnitude as the scattering in the 

experimental results. It may thus be concluded that oxidation within the 

composition range of 0/U = 2.05 T 2.16 has no significant .'.ifluence on the 

sintering behaviour of the uranium dioxide powdei.s. This result is in 
(28} (29} agreement with previous publications which state that there is a 

distinct dependence of the sintered density on the 0/U ratio, only in the 

range below 0/U ~ 2.08, whereas a further increase in the 0/U ratio does not 

affect this density. 
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Nevertheless, in order to ensure identical conditions for pyrophoric and 

non-pyrophoiic powders, and to eliminate possible effects of the additional 

uncontrolled oxidation parameter, all the uranium dioxide powders were 

handled in gloveboxes under inert argon atmospheres. 

3.2. Analys of precipitation parameters and their influence on the ADU 

powdeis obtained 

The following set of parameters govern the physical state of the precipitated 

ADU powders: 

(a) Precipitation temperature. 

(b) Degree of agitation. 

(c) U-concentration of the uranyl solution. 

(d) pH of precipitation. 

(e) Rate of precipitation. 

(f) Effect of excf ;s ammonia. 

One must however consider two different precipitation processes - batch 
(21) precipitation and continuous precipitation . The former process, which 

has been applied also in the present work, is more suitable for laboratory 

scale production, and the latter for industrial or semi-industrial scale 

productions. While in batch precipitation a given volume of uranyl 

solution is titrated with a solution of ammonia (or with ammonia gas), in the 

continuous process a flow of the uranyl solution, or UF_ gas, is reacting 

continuously with a flow of ammonia solution, or ammonia gas (Fig. 4). This 
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Uranyl solution (or UFg) Ammonia solution (or NH3) 

ADU precipitation reactor (at 60 C) 

Cooling ADU suspension to room temperature 

Vacuum filtration 

ADU slurry 

Figure 4. Block diagram of the continuous precipitation of ADU. 

process may involve more than one stage (multi-stage continuous precipita

tion) . 

During the batch precipitation, both (.'-concentration and pH are changed 

with the continuous addition of ammonia. 
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The exact chemical formula of the precipitated ADU is uncertain. It greatly 

depends on the way tn which it is precipitated. Most authors agree however 

with the formula UO,•xNH.-yH.O. Some authors ~ found that in the above-

mentioned formula, x+y = 2 and x could only assume certain values 
1 1 2 (x = 0; -; =; =) and in between values represented mixtures of two specific 

types. In contradiccicn to this approach, some other works " claim 

that x and y can vary continuously without resulting in mixed phases. 
(22) According to a recent work , the type of ADU precipitated is related 

also to the rate of precipitation and not only to the NH^rUO- ratio. Thus 

for example, the ADU phase with x = 0 is formed by slow batch precipitation 

and the phase with x = ̂  by extremely fast batch or continuous precipitation. 

Assuming for example the precipitation of ADU phases with x £ 0, the relation 
(*) between U-concentration and the volume of ammonia added is given by: 

(V - V' )C 
*• NH.OH NH.OH'TJH.OH 

C " C V o ST — ^ ' (Vo + VNH V W 
4 

where, 

C Cmol(U)/litre solution] initial U-concencration 

V [litre] initial volume of uranyl solution 

Cm, nn Lmol/litre] molar concentration of ammonia solution 
iNtlAUn 

V - [litre] total added volume of ammonia solution 

(*) There is an initial volume of ammonia (designated V' Q ) which is added 

wiLhout causing precipitation, but only titrates acidity and increases 

pH until precipitation initiates. Equation Cl] relates to larger volume 

of ammonia that this initial volume (i.e. V m T _„ > V' „,.) . 
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V' „„ [litre] initial added volume of ammonia solucion 

before precipitation 

C [mol(U)/iitre soluticrO U-concentracion after the addition of V' „,, 
NiiAUn 

litres of ammonia sclution 

x the number of NH, moles per uranium atom in the 

chemical formula of the precipira'-ed ADU 

(assuming x '• 0), 

The practical use of equation Q ] is fairly doubtful as part of the ADU 
(22) contain the phase wich x = 0 . Furthermore, x may change during the batch 

precipitation process, increasing with the continuous addition of ammonia. 

However, such a simplified equation is sufficient to demonstrate the undefined 

nature of the U-concentration parameter, when discussing batch precipitation. 

For batch processes, the definitions of some of the previously listed 

precipitation parameters must be modified. Thus, the initial It-concentration 

is defired instead of U-concentration and the final and initial pH values 

are given instead of pH of precipitation. JVS the physical nature of the ADU 

powder is not a "function ot state" of thes<? precipitation parameters (since 

it is dependent not only on the initial 6. -. final values of concentration 

and pH but also on the way these parameters change during the proce&s), it 

is necessary to introduce additional parameters which relate to the course 

of the precipitation process. On-i such parameter is the rate of precipitation. 

There is however some confusion concerning two similar terms namely, "rate 

of precipitation" and "late of ammonia addition". If we label the first term 

by V and the latter by a, and assuming the precipitation reaction to 
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be much faster than the rate of ammonia addition, it may be written as: 

dV 
_ dC dC . 4 dC r-n 

precpt. dt dVm^m dt Mmicn 

Referring to equation ClD and differentiating; C with respect to V^. 0„, the 
following relation is obtained: 

Vecpt. = -"''V C 3 ] 

where, 

SjH.OH 2 

f ̂ O H 5 " C — T - ( Vo + Vm 4OH> + V o ^ / <Vo + V m ^ »«D 

or for V o » V' : 

NH4OH (V Q + V m m ) i 

It is thus evident that the rate of uranium precipitation is not solely 
dependent on the rate of ammonia addition but depends also on the volume of 
aimonia solution added through the batch process. 

Only in the case when very diluted uranium solutions are used (C << C , 
4 

thus V » V.m „„), equation ["4b] is reduced to the form: 
O NHi Ut l 4 

f - C N H V ( X V :*<=: 

4 
which is independent of the volume of ammonia added. 
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Actually the situation is more complicated, as the ADU chemical composition 
(22) (i.e. the parameter x) may depend on the precipitation rate 

As the aggregation characteristics of the precipitated powders depend on 

both U-concentration and pH , the ADU powders produced by batch 

precipitations consist of inhomogeneous distribution of agglomerated 

perticles. This inhomogenelty decreases with decreasing value of initial 
(12) 

U-concentration , which is understandable from the present analysis. 

The situation, however, is different when continuous precipitation processes 

are applied. In this case both pH and U-concentration are almost constant 

since the precipitation process leads to the production of more homogeneously 

agglomerated ADU powders. The size of the agglomerates and the crystallites 
(14) composing them decreases with increasing pH and with decreasing 

(12) U-concentration . It was however found that the most important variable, 

which determines the size of the agglomerates in the case of continuous 
(14) precipitation is the pH 

3.3. The effect of ADU precipitation conditions on the properties of the 

U0_ powders 

There is conflicting evidence as to the effect of ADU precipitation on the 

properties of UO, powder. Several investigators noted a 

dependence of UO. sinterability on the method of ADU precipitation. On the 

other hand, some other investigators found no such correlation. 

This discrepancy may be attributed to the different methods applied by the 
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various researchers for the conversion of the ADU to UO_. While the former 

group of investigators utilized direct reduction of the ADU to UO,, the 

latter applied a calcination-reduction route. It will be shown in the next 

section (3.4) that calcination above a temperature of about 600°C may 

largely eliminate differences between various virgin powders. 

We thus refer to the results obtained for the direct reductions of the 

various ADU lots, which are summarized in Table 3. 

Table 3. Results for direct reductions of various ADU lots (referring to 

Table 2). 

Pellet Pellet ADU ADU specific UO specific 
lot No. surface area surface area "green" density sintered density 

(m2/g) (m2/g) (% TD) (% TD) 

4 11.6 6 . 8 23 f 36 95.8 

9 7 .5 10.7 - 94.8 

10 34 94.3 

11A 21 34 95.8 

H E 30 87.0 

12A 36 89.5 

12B 37 89.3 

13 - 86.4 

14 33 92.0 
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All the ADU powders figuring in Table 3 were precipitated from uranyl 

solutions of about the same initial U-concentration (N 150 g(U)/litre). It 
(12) has been established that initial U-concentration is the dominant 

parameter in batch precipitations from uranyl nitrate solutions. Therefore, 

if uranyl solutions with the same initial concentrations are used, it is 

possible to estimate the effects of some other parameters such as final pH 

and the nature of the uranyl salt dissolved in the original solution. From 

the results of Table 3 the following conclusions may be drawn: 

(a) The final pH of the br.tch precipitation influences the properties of 

the directly reduced U0„ only below a certain pH limit (about 9), the 

sinterability of the U0„ powders increasing then with increasing value 

of the final pH. This pH limit is near the beginning of the plateau 
(31) in the pH vs. NH-/U0 titration curves, given by Cordfunke . In 

order to obtain an equilibrium pH-curve, it is necessary to wait 
(31) nearly a week after each ammonia addition . - However, non-equilibrium 

titration curves also exhibit a plateau region at higher pH values 

(above about pH=9). Above that limit the pH changes very slowly with 

increasing amount of ammonia addition, becoming almost independent of 

the excess ammonia. However, the properties of the precipitated ADU 

(and the directly reduced UO powders) change, as may be seen, from the 

comparison between the results obtained for lots Nos. 11A and 1JB in 

Table 3. These lots differ only in the total amount of ammonia which 

has been added (see Table 2). The excess of ammonia added to lot No. 11B 

caused a large decrease in the sinterability of the corresponding U0„ 

powder. 
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(b) It is possible to obtain reproducible results for various batch 

precipitations under approximately the same precipitation conditions. 

It is important however t- utilize a reproducible low-temperature 

drying process for the ADU powders, as will be discussed in the next 

section (sec. 3.4)-

(c) The presence of thermally stable anions such as sulphate and fluorine 

in the U0„ powders may influence tneit sintering behaviour. It is 

seen from the results for lot No. 13, chat the presence of fluorine 

largely inhibits sinterabillty, which is in agreement with previously 

(22)(23) 
published works . This effect will be discussed later in 

section 3-6. The presence of sulphate (which is thermally stable 

too) has also a deleterious effect on sintering, as seen from the 

results of lot No. 14. However, the inhibition effect of sulphate is 

less marked than that of liuorine. 

3.4, Effect of calcination temperature 

As mentioned in the previous section, calcination of ADU powders largely 

modifies the sintering behaviour of the cotresponding U0„ powders. Table 4 

summarizes the results obtained for various ADU lots which were calcinated 

*„o different temperatures. It may be seen that while direct seductions of 

different ADU powders with various surface areas produce a variety of UO, 

powders, the calcination of the ADU powders at about 600°C followed by 
2 reduction to U0_ results in powders with small surface areas (2.7 * 3.6 m /g). 



Table 4. Effect of calcination of various ADU powders on the resultsnt UO, 

Original 
material 

Properties at lowest 
calcination temperature 

Properties 
calcination 

at 
ti 
hiphest 
emperature 

ADL' lot ADU specific 
No. surface area 

Lowest 
calcination 

Surface area 
of W2 

Sintered density 
of UO, 

Highest 
calcination 

Surface area Sintered density 
of U0 2 of UO, 

<m2/g) 
temperature CO (m2/g) (% TD) 

temperature (°C) (m2/g) (% TD) 

2 16.6 400 8.6 89.3 700 2.7 94.1 

3 20 400 16 93.7 700 3.5 94.1 

4 16.6 100 6.8 95.8 450 6.7 94.6 

5 17.2 450 13 90.0 700 3.6 93.4 

6 7.5 450 7.2 89.1 700 2.8 92.4 

7 17.6 450 10 93.4 

8 20 100 96.2 450 96.8 

9 7.5 100 10 94.8 550 7.4 95.9 

10 100 93.7 820 94.8 

11A 100 95.8 750 95.1 

11B 100 86.7 750 93.3 

1ZA 100 89.6 750 91.6 

12B 100 89.3 750 91.4 

13 100 86.4 650 - 80.5 

14 100 92.0 850 95.9 

f 
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This phenomenon which is well-known in literature, is caused by the 

formation of U.0 g, which partially sinters at about 600 * 700°C to surface 
2 areas of 3 f 4 » /g. The production of UO through the U.0„ route thus 

eliminates differences between the various surface areas of the original 

ADU powders. 

This loss of inherited characteristics also exists in the sintering behaviour 

of the UO, powders, though less markedly than in the case of surface areas. 

In order to establish whether a correlation exists between calcination 

temperatures of the ADU powders and the compacting and sintering behaviour 

of the resultant UO, powders, all ADU lots Nos. 9 * 14 were calcinated at 

different temperatures in the range 100 * 850°C in increments of 100°C. 

The various calcination products were identified by x-ray measurements as 
(23) discussed elsewhere . These products were reduced to UO, powders which 

were compacted and sintered as described previously. The results are 

summarized in Table '.> and illustrated in figures 5 and 6. 

It may be seen that for calcination temperatures below about 500°C, both 

curves (i.e. "green" and sintered densities) exhibit a complicated irregular 

behaviour. It has been noticed that during the thermal decomposition of 

ADU powder, heterogeneous distributions of phases occur below about 500*600°C. 

While the upper layers of the calcinated ADU gain an orange colour, the inner 

parts of the powders contain another green-coloured phase. These two phases 

were separated and identified by means of x-ray and thermal analyses. The 

orange coloured phase was identified as 8-UO, and the green-coloured as UO. „. 
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Table 5. Consistent study of the effect of calcination 

temperature on sintering behaviour of UO.. 

ADU l o t C a l c i n a t i o n "Green" S i n t e r e d P o r o s i t y Xnvensen 
No. t e m p e r a t u r e 

(»C) 

d e n s i t y 

(1! TD) 

d e n s i t y 

« TD) 

« v o l . ) pa ramete r 
K x 102 

(def ined in Eq. 

t e m p e r a t u r e 

(»C) 

d e n s i t y 

(1! TD) 

d e n s i t y 

« TD) "open" " c l o s e d " 
pa ramete r 

K x 102 
(def ined in Eq. [51) 

250 90.4 3 .5 6 .1 
9 350 96.8 0 3 .2 9 450 95.5 0 4 . 5 

550 96 .0 0 4 .0 

100 33 93.7 0 .6 5 . 7 3.31 
150 35 94 .0 0. .2 5 . 6 3.44 
250 38 95.0 0 5 . 0 3.22 

10 350 36 94 .6 0, .2 5 .2 3.21 10 
450 37 9 5 . 3 0, .4 4 . 3 2 .90 
550 38 96 .0 0 4 .0 2 .55 
750 46 92.5 1 .4 6. .1 6 .91 
820 48 90. B 4. .0 5. .2 9 .35 

100 34 9 5 . 8 0 4 .2 2 .26 
150 34 96 .0 0 4 .0 2 .15 
250 39 93 .1 0. ,7 6. ,2 4 .74 

11A 350 40 94 .5 0. 5 5. ,0 3 .88 11A 
450 32 94 .8 0. ,4 4 . .8 2 .58 
550 36 96.4 0 3 . .6 2 .10 
650 42 96.4 0 . 2 3 . ,4 2 .70 
750 46 94 .8 0 . 2 5 . 0 4 .67 

100 30 87 .0 8 . 4 4 . 6 6 .40 
150 35 92 .3 2 . 5 5 . 2 4 .49 
200 36 87 .0 9 . 7 3 . 3 8 .40 

I IB 350 37 89 .5 6 . 2 4 . 3 6.89 I IB 
450 31 9 0 . 5 4 . 1 5 . 4 4 .72 
5S0 34 93.7 1. 0 5 . 3 3.49 
650 95.2 0 . 4 4 . 4 
750 45 93.4 0 . 2 4 . 4 5.78 

100 
150 
750 

35 
31 
33 

89 .6 
8 8 . 3 
92.6 

6 .25 
5.95 
3.94 

12A 350 38 90.9 6 .13 12A 450 39 89 .0 7.90 
550 
650 
750 

39 
43 
47 

97 .0 
96 .1 
91.2 

1.9B 
3.06 
8.56 

100 
ISO 
250 

37 
36 
36 

89 .3 
91 .3 
94 .7 

7.04 
5.36 
3 .15 

12B 350 38 90.7 6 .28 12B 450 34 96 .5 1.87 
550 
650 
750 

41 
42 

97.2 
95.9 
91 .3 

2 .00 
3.10 

100 
350 

86.4 
83.6 

13 450 
550 
650 

79.1 
70.5 
80 .5 

100 
250 
350 

33 
31 
32 

92 .0 
91 .8 
92 .9 

4 . 2 8 
4 . 0 1 
3.60 

14 450 30 8 8 . 8 5 .41 14 550 32 93.4 3.32 
650 
750 
850 

36 
40 
46 

96 .7 
96 .3 
94'.4 

1.92 
2.56 
5.05 
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Figure 5. "Green" density of UO, versus calcination temperature for various 
original ADU lots. 
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Figure 6. Sintered density of UO versus calcination temperature for 

various original ADU lots. 
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(23) A detailed discussion on these phases is given elsewhere ; nevertheless, 

it seems that the UO phase is formed by the reaction of the thermally-

evolved NH, with the UO, matrix. The inhomogeneous nature of the thermal 

decomposition reaction results in mixtures of the above-mentioned phases in 

irreproducible composition ratios, which may explain the irregular behaviour 

of the resultant U0_ powders. Thus, for example, when comparing lots Nos. 

12A and 12B (which are ADU batches precipitated under the same conditions), 

as referred to in Fig. 6, it seems that while the direct reductions of 

these ADU lots yield UO powders of similar sintering behaviour, there are 

differences between the results obtained for the higher calcination products 

(up to about 550°C) of these two batches. 

Utilization of fluidized-bed or of rotating-furnace calcination techniques 

instead of the static-bed technique applied in this work may produce more 

reproducible results due to the more homogeneous nature of the thermal 

decomposition reaction. This possibility is now being investigated in our 

laboratory. 

Some of the curves of Fig. 6 show a strong dependence of the sintered 

densities on calcination temperatures also in the range of 100 * 150°C. It 

is thus necessary to consider the drying process of the precipitated ADU 

powders and its influence on the reproducible behaviour of the directly 

reduced UO. powders. Drying temperatures below 100 * 120°C are recommended. 

In addition, improved methods of drying were developed. 
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A H the curves of Fig, 6 produce a maximum in the sintered densities at 

calcination temperatures of about 550 T 650°C. In this range of temperatures, 

6-1)0 transforms into U,0„ as detected by thermal analyses, evolved gas 
(21-23) analyses and x-ray measurements . It may also be seen that calcination 

of the various ADU lots at temperatures in the 550*65O°C range followed by 

reduction to UO eliminates Inherited properties f a certain extent 

producing powders of similar sintering behaviour. 

The production of U0„ powders with maximum, reproducible, "history" -

independent sintarabilities is most favourable in nuclear fuel manufacture. 

On the other hand, the adhesion properties of the UO powders produced 

through the U,0 route are poor and the addition of an organic binder Is 

necessary before compacting the pellets. Several manufacturers prefer 

therefore the direct reduction route to the U,0 route (see Ref. 17). 
3 o 

The inhibition effect of fluorine on sintering is seen to persist even for 

calcinations in the 650 * 750°C range (ADU lot No. 13), It is consequently 

necessary to remove all fluorine contaminations from the ADU powders before 

reduction to UO,. This is usually done by pyrohydrolysis with superheated 

steam at about 5G0°C . The mechanism of this inhibition effect is not 

clear. We shall discuss it in more detail in section 3.6. 

The residual porosity of the sintered pellets consists of "closed" porosity 

in the 3^6% vol. range, for all pellets, and of "open" porosity which 

varies from 0% vol. for the well-sintered pellets to about 10% vol. for the 

poorly-sintered pellets. The locations of the pores are described in . 

section 3.5, 
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Fig, 5 shows chat an irregular bahavicur exists beiow calcination 

temperatures oi about 450°C also fox the "green"' densities. Above that 

temperature, "green" densif*'- iucrease with increasing calcination 

temperatures. 

There are no direct correiaticns between the curves oi "green" densities 

and of sintered densities (Figs 5 and 6, respectively) even for a given 

ADl! powder. Such correlations, however, ait expected only when the 

morphology (i.e. shape and surface area) of the powder particles is 
(4 v prest rved , which is not. the case of thermally decomposed ADl). It is 

(21) 
well-known that changes in surface atea occur during calcination . Thus 
for example, the examination of the Ivensen's relation of the type: 

GD (100 - SD) r s 1 

SD (100 - GD) L J 

where 

GD "Green" density {% ID) 

DO Sintered density (,%TD) 

Invensen's constant (which depends on surface roughness or the powder 

and on the compacting and sintering conditions which are the same for 

all the experiments ccnducted in the present work), 

makes it clear (Table 5 and Fig. T) thar K is not a constant but changes 

irregularly for the various caicined-reduced UO. powders. Only for calcina

tion temperatures of about 550°C, the Invensen parameter K attains a minimum 

value which is almost constant for the various powders. 



100 200 300 £00 500 600 700 800 900 
Calcination temperature (QC) 

Figure 7• Invensen parameter of L'O versus calcination temperature for various original 

ADU lots (labelling as in Figs. 5 and 6). 
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Nevertheless, the trends of the curves in Figs. 5 and 6 (i.e. the increase 

of "green" tensities and of the maxima of sintered densities) may be 

explained on the basis of a morphological analysis which is given in 

section 3.6. 

3.5. Grain structure and pores 

Photomicrographs of sintered UO pellets are given in Figs. 8-12. TVose 

figures represent some expreme results obtained for lots Nos. 11A and 11B 

of Table 5. 

Figures 8, 10 and 11 illustrate the grain structure of some poorly-sintered 

pellets and Figs. 9 and 12 that of some well-sintered pellets. The matrix 

of the poorly sintered pellets exhibits very small grains (2*3 ym) 

surroui ding a few "islands" with large grains (10 * 20 urn)• These "islands" 

have various shapes, with typically rounded lengthened shapes with an 

average size of about 80 v 10 pm. The well-sintered pellets on the other 

hand exhibit a more homogeneous grain structure with grains of average size 

of about 10 * 13 pm. fhe grain distribution in a well-sintered pellet of 

a density of 96% TL.for instance,is of great homogeneity as may be seen from 

Fig. 9. The structure of the other pellets of high sintered density (Fig. 

12) is less homo6. neous, regions with large grains (15*20 um) and small 

grains (4*5 um) being present. This structure, however, is more homogeneous 

than the poorly-sintered pellets with a larger average grain size. Some 
(39) 

authors connect the uneven grain growth with inhomogeneous size distribu
tions of the .agglomerated particles of the original U0, powders. We shall 
discuss the possibility of such a connection in the next section. 
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(b) 

Figure 8. Photomicrographs of pintered UO pellet obtained from the 250°C 

calcined ADU lot Nc . 11A (SD93% TD). Magnifications: (a>200; 

(b)xlOOO. 
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Figure 9. Photomicrographs of sintered UO pellet obtained from the 550°C 

calcined ASU lot No. 11A (SD=96% TD). Magnifications: (a)x200; 

(b)xlOOO. 
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(a) 

(b) 

Figure 10. Photomicrographs of sintered UO pellet obtained from the 100°C 

calcined ADU lot No. 11B (SD=86% TD). Magnifications: (a/*200; 

(b)xlOOO. 



40 NRCN-435 

(a) 

6SS? pi##-^ 
(b) 

1. Photomicrographs of sintered U0„ pellet obtained from the 150°C 

calcined ADU lot No. 11B (SD=92% TD). Magnifications: (a)x200; 

(b)xlOOO. 
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(a) 

(b) 

Figure 12. Photomicrographs of sintered UO pellet obtained from the 650°C 

calcined ADU lot No. 11B (SD=95X TD). Magnifications: (a)x200; 

(b)xlOOO. 
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Two types of pores are observed in the sintered pellets. While in the 

regions with small grains there are numerous large (2*50 um) irregularly 

shpaed mtergranular pores, in the regions with large grains there are 

few very small intragranular pores. Thus the well-sintered pellets, 

presenting less regions with small grains, possess a smaller number 

cf the large pores. As stated in the previous section, "closed" porosity 

remains almost constant for all kinds of pellets, whereas "open" porosity 

decreases with increasing sintered density. It has been concluded from 

this that "open" potosity is linked with the large irregularly-shpaed 

lntergranular pores. An electron microscope study of the HO, sintering 
(39) process revealed that the small intragranular pores have the shape of 

regular polyhedra 0.1*0.5 Mm in size. Another work claims that two 

types of pores are to be distinguished according as the pores originated 

within or between the former agglomerates. The first type consists of 

small, round pores with diameters of about 1*5 Ml and the second type 

of pores that are bigger (5*20 Pm) and irregular in shape. According to 

these authors , the former are controlled by convenient time-temperature 

sintering while the latter persist even after prolonged heating at a 

temperature as high as 2000°C. This classification, however, seems to 

relate only to the intergranular pores of the sintered pellets. It has 
(<4l) been noticed that marked changes in intergranular pore structure occur 

with increasing sintered density of the pellets in the range 91*98% TD. 

The large irregular pores begin to spheroidize, some of the pores 

exhibiting well-developed planes on their surfaces at a density of about 
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94% TD. At higher densities (about 98% TD),the majority of the pores show 

well-developed planes and fairly regular geometry. These changes are 

noticeable in Figs. 9 and 12 where most of the irregularly-shpped inter-

granular pores appear shrunk to a more regular shape. The structure of the 

very small intragranular pores, however, has not been changed with 

increasing sintered density. 

(42) (43) According to some authors ' , increase in both porosity and grain 

size decrease the strength of compacts. Thus the aim of sintering is to 

attain stoichiometric, dense, and fine grain-sized shapes, of the type 

illustrated in Fig. 9. 

3.6. Morphology of uranium oxide powders. 

Scanning electron microscope (SEM) photographs of both ADU thermal de

composition products and the corresponding UO, powders of lots Nos. 11A and 

11B are presented in figures 13*16. 

When discussing the morphological units composing the various powders, 
(44) (45) we shall utilize the definitions based upon accepted ASTM terminology ' : 

Individual particle: The smallest discrete unit, whose size and shape depends 

upon the forces of cohesion. It may be a single crystal or amorphous 

material. 

Aggregate: A group of two or more individual particles held together by 

strong forces. It is stable to normal handling and ordinary dispersion 

techniques such as ultrasonics, but is broken up by shear, ball-milling, etc. 
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Agglomerate: A.gtoup ot two or mere particles and/or aggregates held together 

by relatively weak cohesive torces (eg. an electrostatic surface charge). 

Agglomerates commonly originate m sieving or drying operations and can be 

broken up by dispersion methods. 

Ultimate working unit (primary particles): Individual particles, or 
aggregates, or even agglomerates, in which is not possible to distinguish 

the units making up the group, 

With this terminology, the particles composing the directly reduced U0„ 

powders may be classified as follows: 

(a) Primary aggregates (designated by A ) of rounded regular shape 0.1*0.15 urn 

in diameter. They consist ot very small densely packed particles 

0.02*0.05 um in diamecet, adhering to each other with strong surface 

torces. in literature a crystallite size in the 0.0140.08 urn 

range was determined from x-ray line broadening. It has thus been 

concluded that the small particles composing each primary aggregate 

are such crystallites. 

(b) Secondary aggregates (designated by A„J of various shapes, mostly 

platelet-like, rounded or amorphous. They consist or densely packed 

primary aggregai.es. The platelet-like secondary aggregates consist 

ot a mono-layer ot primary aggregates, and have an average diameter of 

0.3 to 1 i.m, and thickness of about 0.1*0-1.5 urn The rounded secondary 

aggregates have an average diameter in the 0.2*0.4 um range. 

(c) Agglomerates (designated by A,) which are made up of irregularly-

shaped particles -onslsting of loosely-packed primary and/or secondary 

http://aggregai.es
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0.5 nm 

, 1 um, 

(a) 10CTC (b) 15CTC 

Figure 13. SEM photographs of thermal decomposition products 
of ADU lot No. 11A for calcination temperatures 
in the 100v750°C range. 
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(c) 250UC (d) 350°C 

Figure I'S (ront.) 
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Figure 13 (cont.) 
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(a) 650UC 

Figure 1i (cnnt.) 

(h) 750 C 
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,10 um, 

0,5 p 

(a) 100°C (b) 150°C 

Figure 14. SEM photographs of thermal decomposition products 
of ADU lot No. 11B for calcination temperatures 
in the 100-f750°C range. 
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(c) 250°C (d) 350°C 

Figure 14 (cone.) 
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(e) 450"C (f) 550°C 

Figure 14 (cone.) 
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I'JBurc 1A ( c o n t . ) 
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(a) 100°C (b) 150°C 

i'igure 15. SKM photographs of U0„ powders produced from the 
various calcination products of ADU lot No. 11A 
calcined in the 100:750°C range (refer to Fig.13). 
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Figure 15 (cont.) 
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\ -' i );uro 1 3 (cont . ) 
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(g) 650°C (h) 750°C 

"ifiure 15 ( c o n t , ) 
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c *• 

, 10 :mi, 

(d) ln t rc (h) 150UC 

I'igure Ih. SKM photographs ot I'O., powders produced from the 
various calcination products oi Allli lot No. 11B 
calcined in the 100:75i»H: range (refer to rig.14). 
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(c) 250°C (d) 350°C 

Figure 16 (cont.) 
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jO.5 mn | 

(e) 450°C 

Figure 16 (cont,) 

NRCN-435 

0.5 Mm, 

(f) 550°C 
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.1 um , 

(g) 650°C (h) 750°C 

Figure 16 (conC.) 
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aggregates. These agglomerates have a very non-uniform size distribution 

ranging from 3il0 vim to 80*100 um. 

The above-mentioned morphological units are sufficient for the description 

of the microstructure of the directly reduced UO powders. However, when 

describing the original ADU powders or their thermal decomposition products 

(up to calcination temperatures of about 450°C) additional ultimate working 

units are sometimes detectable. Thus, for example, the 250°C calcined 

ADU powders of lots Nos. 11A and 11B exhibit large platelet-like primary 

particles H 3 um in diameter and 0.H0.3 Wn thick (Fflgs. 13(c) and 14(c)). 

These primary particles are larger b- le order of magnitude than the 

usually observed primary or even secondary aggregates, constituting 

apparently of numerous densely packed very fine crystallites. They may 

consequently be classified as very large primary aggregates. These are 

broken up and thus transformed into the usual morphological units 

classified above,when the calcination temperature is raised. Rupture of 

these large primary particles occurs also during the reduction of the 

calcined ADU products to U0„ as may be noticed from the comparison between 

Figs. 13(c), 14(c) and Figs, 15(c), 16(c), respectively. Several 

investigators ' observed that the agglomerate structure of ADU 

powders is retained almost entirely during the reduction to UO 'performed 

at 600*700°C). As may be seen from the comparison between Figs. 13, 14 

and 15, 16, this is in general true except for ADU powders consisting of the 

large primery particles. It has been noticed that the structure of the 

primary and secondary aggregates of the ADU thermal products is also retained 
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in most cases during the reduction process The above-mentioned pseudo-

morphic reduction of ADU to UO is maintained only at low reduction 

temperatures (up to about 700°C). At higher reduction temperatures "free 

sintering" of the UO powders takes place , which changes their micro-

structure. 

The thermal decomposition cf ATHJ to UO is claimed by some authors 

to be carried out pseudomorphically. The retention of microstructure, 

though obseived in most calcined ADU powders, is sometimes violated as 

illustrated in Figs, 13(c) and 14(c), where the previously-mentioned large 

platelet-like primary particles are formed. 

It has been mentioned in section 3-4 that the inhomogeneous nature of the 

thermal decomposition reaction results in mixtures of a green-coloured 

U0„ „ and an orange-like coloured 6-UO phase. These phases were 

mechanically separated from the 350°C calcined ADU lot No. 11A, and 

examined by the STM. The photographs of these powders are presented in 

figure 17. 

The S-UO phase exhibits a very non-unifor size distribution of primary 

particles constituting of the usual primary and secondary aggregates 

0.05*0.2 Mm in diameter,mixed with large primary particles 0.2*1 um in 

diameter,which are partly au.crphous and partly rounded (Fig. 17(a)). The 

green UO . phase exhibits a more uniform distribution of fine crystallites 

and primary aggregates in che 0,04*1 um range which in part grouped together 

to form secondary aggregates 0.2*0,8 um in size (Fig, 17(b)). It is, 

however, quite impossible to distinguish between these two phases when they 

are mixed in with each other as seen in Fig. 13(d). 
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,0.5 urn. 

(a) crange (b) 

Figure 17. SEM photographs of the two phases separated from 
the 350°C calcined ADD lot No. HA:(a) oranne-like 
coloured B-UO phase; (b) tireen-coloured UO, „ phase. 
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We shall now discuss the morphological changes occurring in the different 

UO powders produced from the various calcined ADU powders (Figs. 15 and 

16). When comparing the 100°C-calcined U0„ powders of lots Nos. 11A and 

116 (Figs. 15(a) and 16(a), respectively) it is seen that while the former 

is constituted of regular rounded secondary aggregates 0.15*0.20 um in 

diameter, the latter is constituted of a mixture of rounded and platelet

like secondary aggregates. The rounded secondary aggregates of TO, (from 

ADU lot No, 11B) are 0.2*0.4 um in diameter,which is so that they are 

somewhat larger than the rounded aggregates of UO, (from ADU lot No. 11A). 

The platelet-like secondary aggregates which are 0.2*0.4 um in diameter 

and about 0.1 Um thick are made up of a mono-layer of primary aggregates. 

The primary aggregates which make up the various secondary aggregates of 

both U0„ powders, have similar shape and dimensions (0.1*0.15 um). The 

morphological changes which occur subsequently in the U0~ powders obtained 

from the higher calcination products are different for the two lots. It 

has been noticed that all U,0„ powders obtained by calcination above a 

temperature of about 650°C and all corresponding UO powders consist of 

rounded, almost spherical, primary and secondary aggregates. Consequently, 

UO powders originating in rounded secondary aggregates, such as UO. from 

ADU lot No. 11A discussed above, retain their shape through all calcination 

temperatures. The changes occurring in such powders involve only size 

factors and density of package of the primary and secondary aggregates. On 

the other hand, powders originating in platelet-like secondary aggregates, 

such as UO from ADU lot No 11B, undergo changes in shape as well as 



NRCN-435 - 66 -

changes in size and package with increasing calcination temperatures. The 

UO powders produced from the various calcination products of lot Ho. 11A 

are thus morphologically very similai. At calcination temperatures of 

about 250v350°C, there is a slight increase in the size of the primary 

aggregates with a tendenr.y of more primary aggregates to adhere to each 

other and form larger rounded secondary aggregates 0.2*0.5 um in diameter. 

Up to calcination temperatures oi about 650°C almost no further changes 

occur in the powder particles microstructute. At 750°C, the crystallites 

constituting the primary aggregates begin to sinter, the primary 

aggregates coalescing within the secondary aggregates into large, dense 

primary particles 0.3*0,8 '̂m in diameter Some of these ptimary particles 

are grouped in aggregates and/or agglomerates 0.5*1 ^m in size, whereas 

most remain separate to each other (Fig. 15(h)). The decrease in 

sinterability and in the adhesion properties of the powders discussed in 

section 3.4 may be correlated with the above-mentioned morphological 

changes. 

The situation is more complicated in the case of the UO. powders of lot 

No. 1 IB. Here, both dimensional and structural variations occur with 

Increasing calcination temperatures. Up to about 450°C no changes are 

detectable in the primary or the secondary aggregates. However, a tendency 

of the secondary aggregates tc adhere to each other is noticeable with 

increasing c-iicinacion temperature. At about 450*550CC, there is a slight 

increase in the size of the primary aggregates which grow to about 

O.H0.2 um. Some of the platelet-like secondary aggregates are broken up 
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and the number of rounded secondary aggregates increases. At 750°C, a 

marked increase in the size of the primary aggregates is observable, the 

primary particles growing into spheroids 0.2i0.3 um in diameter. Also, 

the secondary aggregates become larger (0.2*0.6 um) and the extent of 

agglomeration decreases so that many separate secondary aggregates similar 

to those found in the 750°C calcined UO (from ADU lot No. 11A) are formed. 

From the comparison of the above-mentioned morphological changes with the 

variations of sintered densities (Fig. 6), the following conclusions may 

be drawn: 

(a) The sinterability of a U0„ powder is affected by the microstructure of 

both primary and secondary aggregates. 

(b) Powders with platelet-like secondary aggregates sinter to lower 

densities than powders with rounded secondary aggregates. This is in 
(47) contradiction with a previous publication in which it has been 

claimed that the powder sinters the better as the platelets are 

thinner. 

(c) The sinterability decreases with increasing size of the primary 

aggregates and with increasing density of the crystallites' package 

within those primary aggregates. 

(d) A maximum in the sintered density versus calcination temperature curve 

is predictable in ADU powders with platelet-like secondary aggregates. 

The platelet-like shape which preserved during reduction to U0„ is 

altered during calcination above a temperature of about 600°C. At 

this temperature, rounded secondary aggregates are formed, which 
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improve sinterability. Above this temperature, densiiication and 

growth of primary aggregates reduce sinterability. 

(e) It has been mentioned in section 3.5 that the grain structure of some 

pooriy-sirtteted pellets exhibit "islands" of large well-sintered 

grains. The dimensions and shape of these "islands" resembles the 

structure of the powder agglomerates (unit A in our classification). 

It is possible that some of the powder agglomerates are made up of 

primary and/oi secondary aggregates with better sintering 

characteristics as discussed above. Such agglomerates may produce 

the "islands" of large grains. 

In the case of fluorine containing ADU and UO powders sintering is 

markedly inhibited as noted in Sec. 3.4. The SEM photographs of the various 

calcined ADU powders of lot No 13 (containing fluorine) and the resultant 

UO powders, are presented in figures 18 and 19, respectively. It may be 

seen that the powder microstructure undergoes a tremendous change during 

the reduction to UO.. Thus, for example, the 250°C calcined ADU (Fig. 

18(b)) consists of dense primary particles 0.1*0.3 um in size. During 

reduction to U0_, "free sintering" takes place, which increases about a 

hundredfold the size of the powder's primary particles so that rounded 

dense particles 3*10 wn in diameter (Fig. 19(a)) are formed. The accelera

tion of "tree sintering" during the reduction process decreases with 

increasing calcination temperatured of the original ADU thermal products. 

Thus, the reduced 450 5550°C calcination products give UO powders with 

primary particles 0.5*3 um in diameter (Fig. 19). Ic is possible that at 

higiier calcination temperatures a reduction in the fluorine content of the 

powders occurs which causes the slackening in UO, "free sintering". 
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,10 uin, 

0.5 urn, 

(a) 100°C (b) 250°C 

Figure 18. SKM photographs of thermal decomposition products 
of ADU lot No. 13 for calcination temperatures 
in the 1 0 0 T 6 5 0 ° C range. 
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10 urn. 

" * * - * 

.10 um| 

(d) 450°C 

Figure 18 vcont.) 
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Figure 18 (coci t . ) 
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(e). 650UC 

Figure 19. SEM photographs of U0 ? produced from the various 
calcined products of ADU lot No. 13 for calcination 
temperatures in the 25CK650 C range. 
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The inhibition effect of fluorine on sintering may thus be explained as a 

consequence of the low temperature "free sintering" which causes the 

formation of large non-slnterable primary particles. It is in fact 

surprising that as a matter of fact fluorine acts as a catalyser and not 

as ."in inhibitor of* sintering. Obviously, the mechanism of the catalysis of 

"free sintering" by fluorine has not been clarified yet. 

From figure 6 it may be seen that slnteied densities of the fluorine 

containing U0„ powders decrease with increasing calcination temperatures, 

up to about 550°C, where a minimum in sintered density is attained. It is 

not clear why UO powders with very large primary particles, such as the 

350°C product (Fig. 19(b)), sinter better than powders with smaller primary 

particles, such as the 550°C product (Fig, 19(d)), Further investigation 

may establish whether fluorine has an additional inhibitory effect on 

sintering between adjacent primary particles. 

The adhesiveness of the powders, however, is definitely inversely related 

to the primary particles size. The fluorine containing UO powders were 

all found to be rather inadhesive, the most inadhesive being the 250°C 

calcination product (Fig. 19(a)). For this latter even the addition of a 

binder did not permit to obtain a well shaped compact. 

3.7. Shrinkage during sintering 

The manufacture of any nuclear fuel from fuel pellets of specified dimensions, 

i that the shrinkage of the compacted pellets during the sintering 
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process should be taken into account in designing the die ot the press, so 

that minimum grinding is necessary when forming the pellets to their final 

required dimensions ' „ This in turn minimizes costly scrap recovery 

processes. 

We shall define the following shrinkage parameters: 

Height shrinkage percent: 

S, = (Ah/h ) « 100 [63 

h o 

Diameter shrinkage percent: 

S., = (Ad/d ) * 100 D D 

d o 

Volume shrinkage percent: 

S v = (AV/V Q) » 100 [8j 

where Ah, Ad, and AV are the reductions in height, diameter, and volume, 

respectively, of the sintered pellet relatively to the "green" compacted 

pellet, and h , d , and V the height, diameter, and volume, respectively, 

of the "green" pellet. There is in fact a relationship between these 

three parameters which is expressed, in the case of sintered pellets with 

cylindrical symmetry in the folloi • equation: 
sv/ioo = i - (i - sd/ioo)2-(i - sh/ioo) [93 

The diameter shrinkage, however, is not well-defined, as non-uniform 

radial shrinkage distorts the cylindrical symmetry of the sintered pellets. 

The irregularity of the shape ot the sintered pellets is affected by both 
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compacting conditions (i.e. method of compaction, pressure, die design, die 

material, lubrication, course of pressing, height-to-diameter ratiol of the 

compacted pellet, etc.) and the characteristics of the compacted powders 

Thus, for example, In the case of the double-acting press a "diabolo-

shape" (end diameters greater than center diameter) is attained for most 

sintered pellets. These distortions, are however smaller by one order of 

magnitude than the shrinkage effects, which means an average value for the 

diameter of the sintered pellet may be substituted in equations [7] and [9]. 

(In the present work the average between the maximum and minimum diameter 

is utilized). 

It is easily shown that irrespective of the pellet's shape, volume 

shrinkage satisfies the equation: 

sv/ioo •= i - CGD/SDD CIO] 

where GD and SD are the "green" and sintered densities, respectively. 

Comparing equation L9j which is shape-dependent with equation ClO] which is 

oiitipc-i pendent, it is possible tn define a shape factor which may serve 

as a criterion for the extent of the distortion of the cylindrical symmetry 

of the as-sintered pellet This factor will be defined as: 

R -"««- EG2Z|£3 [ u ] 
S cyl (1-Sd/100) .(1-Sh/100) 

where V.. is the real volume of the distorted pellet, and V . the dist cyl 
dimensionally-calculated volume, assuming a cylindrical symmetry with an 

average diameter as mentioned above. 
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For perfect cylindrical pellets, R = 1, while for distorted pellets, 

R ^ 1. Such distortions may be due to the previously mentioned inhomogeneous 

radial shrinkage or to mechanical fracture such as brcken edges. 

Table 6 summarizes the data of the various shrinkage parameters defined 

by eqautions C6D to CoD and D O , for the UO powders produced from the 

various calcination products of ADU lots No. 11A, 11B, 12A, and 12B (see 

Table 5). 

Estimating the values of R for "diabols-shaped" distorted pellets, one 

obtains a range of 0.97T0.99 (see Appendix A). Some of the values of R 

in Table 6 are much smaller, which may be due to mechanical fracture as 

mentioned above. 

It has been noticed that in most cases the diameter shrinkage is similar 

to height shrinkage. There are however a few pellets in which the height 

shrinkage is smaller (the 250°C and 350nC calcination products of lot 

No. 11B) as seen from Table 6. In these cases also the shape factor has a 

small value, which indicates large distortions of cylindrical symmetry. 

The extent of shrinkage in UO, powders obtained through the U„0 route 

(calcination products above 650°C) is about 19*24% lor both diameter and 

height. Powders calcined to lower temperatures shrink more (25*30% in 

diameter and height). 
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4. Conclusions 

(a) It is possible to manufacture sintered UO pellccs having controlled 

sintered densities in the 87*97^ TD range, by a proper precipitation-

calcination-reduction route, leading to UO- powders with the desirable 

sintering properties. 

(b) The optimal batch precipitation conditions found toi uianyl solutions, 

having the concentration range ot 100"150 g(U)/litre ate: precipitation 

temperature of about 60°C, and final pH about 8,5*9. it is however 

important not to add excess ammonia which causes a reduction in the 

sinterabllity of the resultant UO, powders. 

(c) Calcination temperatures of the ADU signitlcantly affect the physical 

properties and the sinterabiiicy of the correspondingly produced UO. 

powders. 

(d) The sintered density versus calcination temperature curves of UO 

powders produced from various ADU calcination products exhibit a 

complicated irregular behaviour below about 550°C, but reproducible 

maxima is obtained in sintered densities at about 550*650°C. 

(e) No correlations were found between the 'green" densities and the 

sintered densities of the UO powders produced from the various ADU 

calcination products. However, the irregular behaviour exhibited in 

the sintered densities curves below 550°C is detectible also in the 

"green"densities versus calcination temperatures curves, below about 

450°C. Above that temperature 'green"densities increase with increasing 

calcination temperatures. 
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(t) The static-bed thermal decomposition reaction of ADU powders is 

mhomogeneous, resultxng in mixtures of 8-UO and UO, „ in irreproducible 

composition ratios. 

(g) UO powders manufactured by the U,0„ route, are less adhesive than UO, 

powders produced by direct reduction of ADU (or UO ), and in most 

cases need the addition oi a binder before compaction. 

(h) Oxidation of U0„ powders if. the composition ratio 0/U = 2.05*2.16 

has no significant influence on their sintering behaviour. 

(i) The grain structure of poorly sintered UO pellets consists of a 

matrix with very small grains (2*3 nm) surrounding few "islands" of 

large grains (10*20 Mm), This matrix contains irregularly shaped 

intergranular large pores (2*50 jm) which contribute to the "open" 

residual porosity in the sintered pellets. On the other hand, the 

well sintered pellets exhibit a more homogeneous grain structure with 

larger grains (average grain size ot about 10*12 ym). 

(j) Two types of pores are observable in U0„ sintered pellets, namely 

large (2*50 pm) irregularly shaped intergranular pores, and small 

( 1 xm) intragranular pores. The former change with increasing 

sintered densities getting smaller and more regularly shaped, while 

the latter are independent of sintered densities, 

(k) The shape of the particles of most ADU powders and their calcination 

products is preserved durinp the reduction to U0, (which is made below 

about 750°C). 
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(O The shape of the particles of most ADU powders is preserved during 

their thermal decomposition, up to about 550°C. There are however a 

few exceptions where changes in aggregate structure are observed at 

about 250°C Above a temperature of about 550°C the particles of all 

uranium oxide powders take a rounded regular shape. 

(m) U0„ powders with platelet-like aggregates sinter to lower densities 

than powders with rounded aggregates. However, "free-sintering" which 

occurs at temperatures above about 750°C causes the formation of 

denser and bigger primary and secondary aggregates, which though 

having a spherical shape sinter to lower densities. 

(n) The presence of fluorine in U0„ powders has a deleterious effect on 

sintering. The mechanism of that effect involves the formation of 

very large primary particles, formed by low-temperature "free-

sintering" catalysed by fluorine 

(o) Adhesion properties ot UO powders are inversely proportional to their 

primary particles' size 

(p) Diameter shrinkage during sintering is similar in most cases to height 

shrinkage. There are, however, few cases in which the latter is lower. 

(q) Compacted UO, powders manufactured through the U,0„ route shrink less 

during sintering than U0„ powders manufactured by direct reduction of 

ADU (or UO,). 
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Appendix A: Estimation of the shape factor Rs for "diabolo-shaped" pellet 

Suppose a symmetric "diabolo-shaped" pellet having a longitudinal curvature 

which satisfies a parabolic relation (Fig. Al) of the type: 

x = gh 2 CAlU 
where 8 is a constant obtained by substituting into equation CAl] the 
boundary ' -ditlons h = H/2; x = x. (see Fig. A 

The constati '• is thus given by: 

6 = 4xf/H2 [A2] 

Ihe volume of the pellet is given by: 

H/2 H/2 
V . = 2* / (r 4-x) dh = 2if / (r rgh ) dh [A3] aist o o o o 

Substituting Eq, [A2] for B and integrating Eq. CA3J, one obtains: 

Assuming on the other hand a cylindrical symmetry 'nth an average radius 
(r +x /2), the calculated volume is given by: 

V , - nH(r + x t/2) 2 = rH(r2 + r x, + r'X2) [A5] 
cyl o t o o r ^ f 

From equations [A4j and EA5] the shape factor defined by Eq. [11 1 in the 
text is: 
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2r 
— « f + 5 x f)/(r Q + r o-x f + j-xf) R - (r s o 

It nay be seen from Eq. CA6] that for x :• l , R « 1. 

A6^ 

Assuming x, = 0.2 mm, values of R = 0.98, 0.98 and 0.99 are obtained i s 
for r = 3, M, and 5 mm, respectively. 

Figure Al. A symmetric "diabolo-shaped" pellet. 
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