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The Workshop on Manufacturing Technology and Process for Reactor Fuels was held at the
Tokai Research Establishment, Japan Atomic Bnergy Research Institute (JAERI) on March
22-93. 1995. The Workshop was attended by 20 participants from four countries. A total
of 14 papers were presented, which covers (1) fabrication of LWR fuel, (2) fabrication
of additive fuels, (3) sol-gel method and fabrication of coated particle fuels, and (4)
fabrication of fuels for research reactors and fast reactors. The present report

compiles the papers contributed to the Workshop.
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FOREWORD

Fuels as key components of the reactor system have been evolved with demands for higher safety,
better efficiency and higher performance. A number of innovative fuels and manufacturing processes
have been originated or conceived due to successive requirements, which might make a breakthrough in
progress of the reactor system. Variety of fue] manufacturing processes of the pellet fuel for LWR and
FBR, the particle fuel for HTGR, the vibrocompacted fuel for LWR and FBR, and the dispersion fuel for
Research Reactor have been progressed and improved for individual specific reactor system. The
manufacturing processes have two major routes, dry and wet. The dry method as powder metallurgy has
been applied for manufacturing the pellet-type and dispersion fuel, and the wet method, for particle fuel
well known as the sol-gel process.

With respect to the powder metallurgy, recent attentions in the LWR fuel technology in Japan are
focussed dominantly on high-burnup and plutonium utilization in LWR, which arise new requirements
in the fuel manufacturing technology; for instance, the fuel which can control fission gas release as low
as possible under high burnup, and MOX-fuel massive manufacture. Also, notable is the advanced fuel
for application in FBR such as carbide or nitride, which has better thermal conductivity and better efficiency
in breeding due to lower concentration of light elements than that in oxide. Silicide fuel(U,Si, or U;Si)
as the dispersion fuel is created due to meeting a new demand from Research Reactor, which can contain
higher concentration of uranjum in the fuel than that in the conventional alminide(UAL}) or oxide(U,Oq}
dispersion fuel .

The sol-gel process has contributed for a great progress of the coated particle fuel for HTGR, and
promised a possibility of the vibrocompacted fuel in FBR, which can significantly reduce plutonium
contamination in the manufacturing facility, comparing with the powder metallurgy. Also it has a high
potential for future application in manufacture of TRU transmutation fuel as metal or nitride micro-
spheres, and in manufacture of the fuel for the space reactor.

Efforts in development of the new technologies in fuel manufacture and of the innovative fuel will be
continued in future; current subjects in the nuclear technology in Japan are concerned in incineration of
plutonium and TRU separated or partitioned in the reprocessing of the LWR spent fuel in connection with
the advanced fuel recycle. The fuel researches including manufacturing technology will be directed
toward these conflicts in this country. Also, many requirements in the fuel technology arise from each
reactor system under development in accordance with individual national program in the world.

Here, it is of great significance and fruitful for the fuel experts to discuss and exchange information
on the fuel manufacturing technologies conceived at different institutes. This workshop Is, thus, organized
by the Department of Chemistry and Fuel Research, JAERI, and held at JAERI-Tokai on March 22-23,
1995, to promote the mutual understanding on the technologies, by experts attended from
PSI(Switzerland), KAERI(Korea), BATAN(Indonesia). NFI{Japan) and JAERI(Japan)

K.Fukuda,
Organizer of the Workshop,
JAERI, January 1996
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1-1 Manufacturing technology and process for BWR fuel

Shigeru Kato
Nuclear Fuels Industries, Ltd.,
Advanced Reactor Fuel Division

Tckai-mura, Ibaraki-ken, 319-11, Japan

Following recent advanced technologies, processes and requests of the design

changes of BWR fuel, Nuclear Fuel Industries, Ltd. (NFI) has upgraded the
manufacturing technology and honed its own skills to complete its brandnew automated
facility in Tokai in the latter half of 1980's. The plant uses various forms of
automation throughout the manufacturing process : the acceptance of uranium dioxide
powder, pelletizing, fuel rod assembling, fuel bundle assembling and shipment.

A1l processes are well computerized and linked together to establish the integrated
control system with three levels of Production and Quality Control, Process Control
and Process Automation. This mult-level system plays an important role in the
quality assurance system which generates the highest gquality of fuels and other

benefits.

1. INTRCDUCTICN

NFI is the LWR fuel manufacturer fabricating both PWR and BWR fuels in Japan,
collectively having approximately one third share of the relead fuel for Japanese
reactors. PWR fuel is manufactured at the Kumatori Works in Osaka, and BWR fuel is
manufactured at the Tokai Works in Ibaraki. The Kumatori and Tckal plants have a
production capacity of 265 MTU/yr and 200 MTU/yr respectively.

Since 1978, NFI has delivered more than 5000 BWR fuel bundles of high quality and
performance. In the meantime, many kinds of technological developments have been
applied to the manufacturing of fuels together with a number of design changes of
BWR fuel from 8X8-1 type through 8X8-i type of higher discharge burnup. Such
developments and design changes were always aiming at higher level of reliability
and safety which should result in higher economy, more efficient use of resourses
and less waste disposal.

The integrated control system in use at these plants contributes to the
improvements in quality assurance, quality stability, productivity and safety.

This report focuses especially on the process automation and quality control data

processing system for BWR fuels at the Tokal Works.
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2. QUTLINE COF OVERALL SYSTEM
The arrangement of the integrated control system is shown in Fig.1.
This system provides three levels of Centrol:
Production and Quality Information contrel,
Process Centrol,
Process Automation.

The Production and quality Information level is responsible for processing
information cn production planning, uranium accountanecy, production velume and
process efficiency.

Given information on preduction specifications and manufacturing conditions from
the higher ranking Production and Quality Information level, the
Process Control level performs intelligent control that includes storage control,
preduction volume control,quality informafion control and tracking control.

Connected directly to the line of manufacturing pellets and fuel rods, the
Process Automation level controls varicus devices such as manufacturing and
inspection devices, automated storehouses, robots and transfer devices.

The following sections cover the details of each control level of the overall

systen.

3. PROCESS CONTROL AND PROCESS AUTOMATION
The process control and process automation system use the process computer and

personal computers to provide the features described below.

3. 1 Product Instruction System

This system defines the scope of each project of reload fuei. The product
instruction includes a master description of the project: time schedule, production
volume, required operational conditions and other special requirements. The system
also provides comprehensive on-line information on raw materials, pellets, fuel

parts, fuel rods, fuel assemblies and shipping.

3. 2 Results Gathering System

Results on semi-finished and finished products, including pellets, fuel rods
and assemblies, are autcmatically gathered as product information without human
assistance. Because of this automated data gathering, high accuracy data on
production #olume and quality can be obtained in real time. This makes it possible

te construct and maintain an accurate quality data base.
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3. 3 Tracking Systenm

This system can comprehensively track product and quality information for
pellets, fuel rods and assemblies. For example, control information on devices
conducting transfer of every fuel rod or every transfer container, and guality
information from inspection devices are matched, confirmed and forwarded to the next

step of the manufacturing process.

3. 4 Storage Control System
Consistency checks between operations of transfer devices and information on

storage rack loading are made for uranium dioxide powder, pellets and fuel rods.

3.5 Automatic Control System

This system automatically contrcls the operatiocn of manufacturing devices,
inspetion devices, robots and transfer devices. For example,sampling at a specified
frequency for press-formed green pellets in pelletizing process and finished pellets
after grindig process are carried out by robots to measure the dimensicn and weight
of each pellet. These data are automatically gathered and passed to the higher
ranking system to be processed. As another example in the fuel rod assembling
process, the stack configuration, stack length and stack weight are measured by

aubtomated devices.

4. QUALITY INFORMATION CONTROL SYSTEM

The quality information control system registers intc computers all guality
information for each process including raw materials, parts and finished precducts.
Concentrated control is conducted using this quality data base.

This system automatically performs overall accept/reject decisions based on the
evaluation of inspection results, and prepares inspection certificates. In addition,
the status of all inspections and accept/reject decisions are incorporated into
release control, which assures the release cf accepted products. The system also
controls the historical information on raw materials, parts, ete., resulting in
complete traceability for finished products.

In addition, statistical processing of inspection results is available to provide
rapid feedback of gquality conditions to individual processes, resulting in
improvement in quality level. Details of this system are summarized in the

fellowing.
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4.1 Outline of Inspection Process

An outline of the inspection process is shown in Fig.2. In addition to the
internal inspections, it 1s custcmary in Japan that witness inspections are
conducted by both the utility and the Ministry of Internaticnal Trade and Industry
(MITI} at the completion of the principal stages of the manufacturing process. When
each part of the fuel assemblies is accepted at both the internal inspection and
the withness inspection, it is released and forwarded to the next step of the

manufacturing process.

4. 2 Gathering and Registration of Data

The registration of data into the system is done ab varlous kinds of input
terminals instalied for the system. The process control system gathers inspection
data for pellets, fuel rods and fuel assemblies into the process computers at each
stage of the manufacturing process, where the quality information gathered into the
process computer is evaluated by the computer to determine whether the products
conferm to the specification. Using magnetic fapes from the process computer, these
data are automatically registered intc the Quality Information Control system daily.

The inspection process for fuel rods is shown in Fig.3 as an example.
A seal-welded fuel rod transfened on a container receives X-ray, enrichment, visual
and dimensional inspection at individual station. The fuel rod has its own
identification number with which the quality information is registered.

The results of quaiity inspection such as X-ray film inspection and visual
inspection are input by operators from the process terminals. All cther information
is automatically input. Mannual input data from termial displays are doubly checked

by third persons to prevent human errors.

4. 3 Accept/Reject Decisions

Numerical data are all checked against the specification upon registration of the
data intc the system. Other information such as the sampling number is checked
against the applicable procedure to assure that the data were properly collected.

Based on all of these evaluations, accpet/reject decisions are automatically made by

the system.

4. 4 Preparation of Inspection Records and Certificates

The registered inspection results for every inspection process or lot unit are
examined and approved by the QA Department.

Inspection certificates required for each witness inspection by the utility and

MITI are automatically prepared by the system.
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4. 5 Release Control
After completion of the internal inspection and the witness inspecticn by the

utility and MITI, parts or finished products are approved by the QA Department for
release to the next step. This system alsc controls the quantity and type of

material released to the project.

4. 6 Traceability Control
Traceability of fuel assemblies and component parts is follewed by registered

lot numbers and specific identification number information al each stage. This
allows inspection records of component parts and material of each fuel assembly fo

be traced automatically, if necessary, after the completion of fuel assembling.

4. 7 Other Functions
Other functions provided by the system include statistical analysis of quality

data: plotting of statistical graphs and yield results. These data are used for

analyzing and evaluating the product quality to improve the quality level.

5. CONCLUSION
Because of the development of this system, improved reliabllity of quality

control together with improved control of fuel manufacturing have been realized.

These benefits may be summarized as follows :

- Quality levels have been stabilized because of repid feedback of quality data
to the manufacturing process. The guiding philosophy that quality should be
built into the manufacturing process has been put into practice.

« Productivity has improved because human error has been prevented.

. Reliable release control, precise and timely inspection records, accurate
tracing records and ease of analysis for quality data have been achieved.

« Improved operational safety and reduced radiation dese to operators have been

realized.
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1-2 Effect of milling on the characteristics and sinterability
of UD. powders from different conversion processes

Young-Woo LEE, Sang Ho NA, Si Hyung KIM, Myung Seung YANG, Dong Seong SOHN

Abstract

The effect of ball-milling time on the change of powder characteristics,
compaction behavior (compacton pressure range : 200~400 MPa) and
sinterability(1700°C in Hs; atmosphere) have been investigated for two different
kinds of UQO:; (ex-ADU and ex-AUC) prepared by wet processes. It is observed
that, while the ex-ADU UQO. has little been affected, the ex-AUC UO:; powder has
been largely affected by ball-milling treatment. This may be attributed to the
characteristics of particle size formed during preparation step i.e., the former has a
small average size of about 0.9 ym, while the latter has a relatively large one of
about 28um. It appeared that the size reduction by ball-mill treatment is limited
only to the particle size of larger than 1lm, and to the extent of maximum
decrease in size about 0.5 .

In case of ex-AUC UQg, the powder particle size is observed to decrease with
ball-mill time and, compact density and sintered density of ball-milled powder
increased compared with those of as-received powder, under the same conditions.
This may be mainly due to the fine particles formed by the ball-mill treatment.

Keywords : Ball-milling, powder characteristics, compaction behavior, sinterability,
ex-ADU UQ,, ex-AUC UQ;

KAERI, Republic of Korea.
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1. Introduction

As is well known in oxide nuclear fuel manufacturing, properties of UOy pellets
fabricated from oxide powders are largely dependent on the characteristics of the
powders used."® Manufacturing of UQO: powders, which is based on chemical
processing, is now commercially established with different technologies namely;
AUC(Ammonium Uranyl Carbonate)®, ADU(Ammonium Di-Uranate)™®, and dry
IDR(Integrated Dry Route)™” processes. The characteristics of UO: powders
manufactured from the AUC and ADU processes, obtained basically from the same

11,12 - .
UL12 and, in order to fabricate

wet process employed, are different in many aspects
UO2 pellets with these powders different fabrication processes should be developed
for each powder as a starting material.

In addition, recent trends of developmental works in nuclear fuel technology
involves the improvement of in-reactor performance of fuel pellet for the purpose of
extended andfbr higher burnup. In this regard, one of the techniques currently
employed is addition of dopants to UOz to control the pellet microstructure.

Dopants usually considered for UO. are metal oxides, namely: TiOgz, MgO,
Nb:Os etc. When doping UQ; with these oxides, the method conventionally taken
is the mechanical blending with or without powder milling. It is found, however,
desirable to incorporate milling since the amount of doping additives is fairly small
and, with such an amount, mixing of powders alone is not sufficient to achieve
homogeneous blends.

Ball-milling treatment have long been considered and being utilized as one of
the effective methods established for comminution of powder bulk and for
homogeneous mixing of different powders with an aid of milling media. In such a
circumstance, effective homogenization by ball-milling substantially accompanies the
variation of characteristics of powders.

In this study, for a basic understanding of milling behavior of different UO;
powders, the effect of ball-milling time on the change of powder characteristics,
compaction behavior and sinterability have been investigated for two different

kinds of UQq (ex-ADU and ex-AUC) prepared by wet processes.

1I. Experimental

Two different UO, powder samples were used in the experiment, one from the
UO; prepared via the AUC conversion process developed in Korea Atomic Energy
Research Institute(KAERI) and the other from the UO; via ADU process in
Cameco Co, Canada. The powder samples were separately ball-milled with different
milling time; 30 minutes, 1 hr, 2 hrs and 4 hrs, respectively. The milled powder
samples, as well as the as-received ones, were subsequently compacted by use of a
double-acting compaction press with pressures of 200, 300 and 400 MPa and
sintered at 1700°C for 4 hrs in a furnace with flowing Ha atmosphere.
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The ball milling was carried out in a rotating stainless steel mill jar of which
the inner diameter and height were 10 cm and 12 cm, respectively, with a
rotating speed of 80 revolutions per minute(rpm) which was drawn f{rom the
Sundrica equation.’? The milling media used was Al;O; ball of 2 ¢m in diameter.
The amounts of samples and milling media were fixed with 20 vol.% and 50 volL.%
of the total jar volume, respectively.

The average pariticle size and size distribution were measured with a laser
type particle size analysis system (Mastersizer/E ; Malvern Co, UK) and specific
surface area and O/J ratios of the UQy powder samples were measured by use of
BET methed and thermogravimetry, respectively. The bulk density was measured
by the method described in ASTM-B329 and, the compacted pellet density and
sintered pellet density were determined geometrically and by use of immersion
method, respectively.

III. Results and Discussion

Ii.1. The variation of characteristics of two different UO; powders
by ball-milling.

Variations of surface area, average particle size, bulk density and OAU ratio are
‘shown in Table 1, together with those of as-received samples(0 hr-milling). As
indicated, the two powder samples have similarities in O/, moisture content, and
specific surface area while the bulk density and average particle size of these
samples are different each other to a large extent. This can be directly shown by
comparison of the morphologies of powder particles, as shown in Fig.l {a) and (b).
The ex-AUC UQ,; powder particles are spheroidal and relatively large compared
with those of ex-ADU UO; powder which are fine and irregular in shape.

Fig. 2 compares the particle size distributions of ex-AUC UO; and ex-ADU UO;
powders. For ex-AUC UOs, the distribution is monomodal with a peak at 28 um in
diameter while, for ex-ADU UQ,, it is bimodal with two peaks at 0.5 ym and 5
gym in diameter. As the as-received powder sample is ball-milled, the distribution of
ex-AUC UQ. powder becomes bimodal, decreasing the particle size, one at 0.8 um
newly appeared and the other at 23 pm. The volume frequency for at the peak 0.8
um in diameter increases while that for the particles of 23 ym in diameter
decreases as shown in Fig. 3(a). For ex-ADU UO;, the volume frequencies of the
two peaks at 0.5 ym and 5 ym in diameter vary in the same way as in ball-milled
ex-AUC UQ, while maintaining near the same diameter. i.e., the volume frequency
of the peak at 0.5 um in diameter increases as that of the other decreases. This
indicates that the particles having size of 2~11 pym in diameter decrease in
particle size. Consequently, particle size reduction by ball-milling can take place
only for the particle size of at least larger than 1 um in diameter, and the
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maximum decrease of particle size is to only about 0.5 um in diameter.

As indicated in Table 1, QA ratio and moisture content did not vary
significantly for both samples by ball-milling with various time, while the physical
characteristics such as surface area and bulk density of ex-AUC UOs were changed
to a large extent. Fig. 4 shows the variations of average particle size and bulk
density as a function of ball milling time. For ex ex-ADU UOZ2, very little change
was observed in particle size and bulk density. For ex-AUC UO. powder, however,
the particle size decreases exponentially up te 3 hrs of milling time and then
remains constant, suggesting that no more size reduction can be expected with
more than 3 hrs of ball-milling time. Fig. & shows the change of morphology of
powder particles as a function of milling time. One can note that the amount of
irregular and fine particles gradually increases.

The bulk density, as measured by the method described in ASTM-B329,
decreases in a similar manner to that of the particle size decrease. This implies
that, due to the formation of irregular and fine particles by ball-milling, the
powder becomes worse in flowability and is judged to be influenced with respect to

packing behavior.

I1.2. Effect of ball-milling on the compaction behavior of the powders

Fig. 6(a) and (b) show the variations of the pore volume and diameter of the
pellets compacted with a compaction pressure of 300 MPa from the as-received and
4 hrs ball-milled powder samples of ex-AUC and ex-ADU UOs,, respectively. For
ex-AUC UQ. powder, the total pore volumes in compacted pellet samples from
as-received and 4 hrs ball-milled powders are 73.7 and 70.2 mmg/g, respectively,
while the corresponding values for ex-ADU UO:; are 814 and 80.9 mm’jg,
respectively. This shows, regardless of the powder samples, the pore volumes of
compacted pellets from 4hrs-milled powder are larger than those from as-received
powder samples. Also, the pore volumes of ex-ADU UQ, and its compacted pellet
are larger than those of ex-AUC UOz and its compacted pellet, not only for
as-received powder but for the ball-milled powders also.

For the compacted pellet with as-received ex-AUC UO;, two peaks are observed,
one at 0.043 ym in diameter with 19.6 mm®f of pore volume and the other at
0.12 pm with 3.5 mm®f, whereas for the compacted pellet with 4 hrs ball-milled
powder, the distribution is normal and monomodal with a peak at 0.06 ym in
diameter with 20 mm®4 of pore volume. This suggests that during compaction
powder particles were rearranged and fine particles produced during ball-milling
entered into the pores by the applied pressure and hence pores were partially
filled by the fine pores. Meanwhile, for ex-ADU UO; as shown in Fig.6(b), the
distributions are overlapped each other for both as-received and 4 hrs ball-milled
powder samples, with a single peak at 0.06 um in diameter with a pore volume of
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about 35 mm“4. This indicates also, as is mentioned previously, that for ex-ADU
UQ,, ball-milling has no effect on the variation of powder characteristics. It is also
noticed that larger powder particles are not completely comminuted to fine
particles and particles with a diameter of less than 1 ym cannot be milled to finer
particles. '

Fig. 7(a) and (b} show fractographs of the compacted pellets from as-received
and 4hrs bali-milled powder of ex-AUC UOs The pellet from as-received powder
keeps the nearly original shapes of powder particles of ex-AUC UOQO;, showing
relatively large pores in particles. Meanwhile, for the pellets from ball-milled
powder, the space between the uncompletely milled particles are filled with fine
particles produced by milling and only small pores exist in powder particles. For
ex-ADU UQ; powder, however, there exist only small pores regardless of powder
samples, as shown in Fig. 7(c) and (d).

The compacting pressure-sintered density relationships for ex-AUC and ex-ADU
UQ; powders and their 4hrs ball-milled powder samples are shown in Fig. 8.
Compacted density increases linearly as the applied pressure increases regardless
of the powder samples used. However, compacted density obtained with ex-AUC
UQs is about 0.2 g/cm3 higher than that obtained with ex-ADU UO: under the
same applied pressure and, in case of ex-ADU UO; there is little difference in
compacted density between the as-received and 4hrs ball-milled powder samples,
but in case of ex-AUC UQ. powder, the compacted density obtained with the
as-received powder is lower than that obtained with 4hrs ball-milled powder. This
is due to the fact that, for ex-ADU UQs, no miiling effect is observed on powder
characteristics and, for ex-AUC UQs, the packing behavior is improved resulting
from the formation of fine particles during milling, showing a consistency with the
fact that the difference of the pore volume between the compacted pellets of the
as-received and 4hrs ‘ball-milled powders is little for ex-ADU UQ., whereas the
pore volume of the compacted pellet from 4hrs ball-milled powder is lower than
that of compacted pellet from the as-received powder, and total pore volume of the
compacted pellet with ex-ADU UO; is higher than that with ex-AUC UO; even
though the diameters of pores in the compacted pellets with ex-AUC UO; is larger
than that in the compacted pellets with ex-ADU UO2

111.3. Effect of ball-milling on the sinterability of UOs

Fig. 9 shows the relationship of compacted density-sintered density for
as-received and 4hrs ball-milled powders from ex-AUC and ex-ADU UOs. The
sintered density of as-received ex-ADU UOg is much higher than that of ex-AUC
UO, at the same compaction pressure even though the compacted density is lower
(Fig. 8). For ex-ADU UQs, there is no effect of ball-milling on sintered density, but
for ex-AUC UO,, the sintered density obtained from the 4 hrs ball-milled powder
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is increased to a large extent compared with that from the as-received powder.
This is due, in case of ex-AUC UQs, to the relatively large pores remaining in
powder particles which can not be eliminated even after sintering.

In Fig. 10, the pore distributions in optical micrographs are shown for the
pellets from the as-received and 4 hrs ball-milled powders of ex-AUC and ex-ADU
UQs, compacted with a pressure of 300 MPa and sintered at 1700C for 4 hrs in
H. atmosphere. For ex-AUC UOQg, fine and coarse pores are evenly distributed for
both as-received and 4 hrs ball-milled powders. However, the number of coarse
pores in case of ball-milled powder is reduced compared with that of as-received
powder. Meanwhile, there exist only fine pores homogeneously distributed in case
of ex-ADU UOQ. powder. The grain size is about 9-12 ;m and found to be
independent of both powder and ball-milling treatment.

IV. Conclusions

From the study carried out on the ball-milling effect on the powder
characteristics and sinterability of different UQ: powders, following conclusions can
be drawn :

1) Due to the nature of fine particle in ex-ADU UOs, ball-milling has little effect
on the change of powder characteristics, i.e, the particle size reduction by
ball-mill treatment is limited to the particle size of only larger than Ium.

2) For ex-AUC UQ; which has larger particle size, the effect of ball-mill is
distinctly observed as follows ;

i) The powder characteristics such as surface area, average particle size and
bulk density vary to a large extent with ball-miiling time.

ii) The pore volume and diameter in the compacted pellet sample decreased
compared with those of as-received powder and its distribution becomes in
narrow range.

iii) The compacted and sintered density of ball-milled powder increased to a
large extent compared with those of as-received powder.

3) It is expected that, in case of ex-AUC UOg, it is difficult to achieve the
characteristics of ex-ADU UQ. powder which is of the range of 1ym in particle
diameter. Consequently, there seems to be a limit when taking ball-milling
method for the purpose of powder comminution.
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1-3 Study on the change in pore characteristics and sinterability
of UQ, powder by attrition—milling

Young-Woo LEE, Si Hyung KIM, Kun Woo SONG, Dong Seong SOHN

Abstract

The change of characteristics of pores in the power particles by milling was
investigated together with those of powder characteristics and sinterability. The
sample used in the experiment was the UQOz powder prepared by AUC conversion
process, of which the characteristics are ; of average particle size of 20um and
spheroidal shape giving free flowing property. When the powder underwent milling
treatment for about 1 hr, average particle size decreased from 25 to 0.5um
corresponding the surface area increase from 48m’g to 6.0m 4.

The pore size distribution for unmilled powder was bimodal, the first peak
being between 3 and 8um and the second between 0.05 and 0.2um. As milling
continued, change in pore volume was such that the first peak decreased and that
of the second increased both in the powder and compacted body, but the size
unchanged.

When the milled powder was compacted, pore size and volume decreased as
compaction pressure increased. As the sinterability of milled UO2 powder increased
due to the change in powder characteristics, about 3% T.D. of sintered density
increment occurred compared with virgin condition in reducing atmosphere(1700T
Ah, Hy atm.), grain size being independent of the change in powder characteristics.
When the powder was sintered in oxidizing atmosphere(1250T/Ah, CO2/A0 atm.),
grain size increased up to about 2 times(9-16um) but also found to be independent
of powder characteristics in this atmosphere.

Keywords : Pore characteristics, attrition-milling, sinterability of UQOs powder, grain
size, sintering atmosphere

KAERI, Republic of Korea.
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I. Introduction

UQ, pellets used for nuclear fuel are of cylindrical dense material and their
manufacturing process based upon a conventional ceramic process is fully
established and available within the framework of nuclear industries. Recently, in
addition to its commercial production required to supply the fuel to the nuclear
power reactor, technologies to improve the fuel pellet performance in the reactor
are being developed with various means of fabrication process : doping UQO: with
additives and sintering atmosphere control to modify the microstructure of pellets.

One of the practically feasible method to control the pellet microstructure can
be changing the characteristics of UOz powder by milling, since the change in
powder characteristics may lead to different compaction and sintering behaviors.
Generally, milling of powder causes the comminution of particles and thereby
increase of its surface area with the modification of surface structure. The change
in surface structure invelved in the increase of surface area is found to be mainly
due to the change of the characteristics of pores existing in the particles.

In this study, the variation of the size distribution and the volume of pores
existing in powder particles was investigated as a function of milling time.
Attrition-milling method was used for milling of UOz powder since a recent study™’
showed that it was found to be more effective than other ball milling methods in
a dry milling media. It is to establish the relationship between the pore structures
and the powder characteristics associated with the pores in particles of Ex-AUC
UO: powder. Also, Ex-AUC UOQs powder was selected since it has simple, relatively
uniform and quite distinct nature®” compared with other non-uniform and irregular

UQs powders.

II. Experimental

The powder sample used in this study was the UOz powder converted via
AUC process in KAERI, whose principal characteristics are shown in Table 1. For
the milling treatment of powder samples, an attritor mill was used, which
consisted of a rotating shaft, shaft arms and ball media as shown in Fig. 1. The
balls were made of Zirconia whose diameter was 3mm and the rotating speed of
the shaft was 150 revolution per minute(rpm). The volumes of the powder sample
and ball media charged in the mill jar were 20 vol.% and 43 vol.%, respectively.
Each sample was obtained for different milling time : 10, 20, 30, 60 and 120
minutes. For compacting pellet samples, a single acting hydraulic press was used
with the compacting pressures of 2, 3 and 4 ton/cm®. The compacted pellet samples
were sintered at 1700TC in Hz atmosphere for 4 hrs and at 1260C in COyCO
atmosphere for 4 hrs for reduction and oxidizing sintering, respectively.

Morphology of different powder samples was observed with SEM, particle size and
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its distribution measured with a laser-light scattering particle analyser
(Mastersizer/E ; Malvern Co, UK), and specific surface area of the powder samples
measured with a conventional BET method. The pore volume and pore size
distribution were measured with a Mercury porosimeter using Poresizer 9320 of
Micromeritics Co., USA, and their analyses were made using Washburn equation.
The compacted density and sintered density were measured geometrically and

using immersion method, respectively.

M. Results and Discussion
III.1. Variation of characteristics of UQz powder by attrition milling

Fig.2 shows the morphologies of the unmilled, 10 min.-milled and 2 hrs.-milled
UO; powder samples taken from Scanning Electron Microscope. In the unmilled
sample, agglomerates of fine crystallites, micropores and many fissures are
observed (Fig.2(a) and (b)). As milling time increases, particle size becomes smaller
(Fig. 2(c)) and for 2 hrs-milled sample, agglomerates of fine particles can be
observed (Fig 2(d)). This can be explained by the fact that the milled fine particles
are energetically so unstable that they have not only tend to stick together
spontaneously but they would be compressed between balls and wall inside the
mill jar.

Average particle size desreased, as shown in Fig 3, from 25 uym for unmilled
sample to 0.46 um for 2hrs-milled sample, with the intermediate values of 5.6 pm
and 083 um for 10 min-milled and 30 min-milled samples respectively.
Corresponding surface area increase as milling time increase is shown in Fig. 4,
where it is found that surface area increases from 4.8 m%g for the unmilled
sample to 6.13 mz/g for 2 hrs-milled sample with an intermediate value of 5.7
m%g for 30 min-milled sample and the increase continues up to 6.13m%g for
lhr-milled sample, after which it remains constant. From this result, one can note
that the optinum milling time for the conditions of attrition-milling in this
experiment is 1 hour and, despite of milling time increase there will be no

additional increase in surface area.

I.2. Variation of pore characteristics of milled UOz powder samples and their

compacted pellet samples

In order to estimate the comminution mechanism, the pore volumes and the
pore diameters of unmilled sample, samples milled for 30 minutes and 2 hrs. and
also of the pellet samples compacted with 2 and 4 tong/em® from these powder
samples were measured. Fig 5(a) shows the variation of pore volume with
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increasing milling time and one can observe the volume of intra-particle pores and
inter-particle pores varies in a different way : the volume of intra-particle pores
increases in the order of unmilled, 30 min-milled and 2 hrs-milled powder samples
but that of inter-particle pores decreases in the same order. This can be attributed
to the agglomeration of the fine particles in the 2 hrs-milled sample, as discussed
and shown in Fig. 2(d).

The diameters of inter-particle and intra-particle pores for both unmilled and
milled samples were not changed, with the values of about 5.2ym and 0.12ym,
respectively. Fig. 5(b) and (¢c) show the variations of pore volume and diameter for
unmilled and milled powder samples when compacted with 2 tons/em? and 4
ton/em?, respectively. It can be noticed that when unmilled powder sample is
compacted with 2 tons/cm®, it remains small amount of inter-particle pores, and
the size distribution of pores is broader than those for the milled powder samples.
There exist also pores finer than the peak value, 0.072um for the unmilled and
30min-milled powder samples when compacted with 2 tons/em®, suggesting that the
characteristics of pores existing in the unmilled and 30 min-milled powder samples
are such that pores of diameter smaller than 0.072um are strong enough to resist
the 2 tons/em” of compaction pressure.

The volume of pores of 0.072um in diameter for the 30 min-milled sample
compacted with 2 tong/em”® is higher than that for the 2 hrs-milled sample
compacted in the same condition. This shows indirectly that pores that existed in
the unmilled sample were less destroyed by 30 min-milling than by 2 hrs milling
and comsequently, there exist more pores in the 30 min-milled sample than in the
2 hrs-milled sample.

For the powder samples compacted with 4 tons/cm®, the pressure seems to be
high enough to destroy the pores that existed in the unmilled sample and could
shrink further from 0.072um in diameter when compacted 2 tong/em® to 0.052um.
It is noticed that the size distributions and volumes for 30 min-milled and 2
hrs-milled samples are exactly overlapped with each other(Fig. 5(c)), l.e, the
behavior of pores in the particles of 30 min-milled sample are the same as that of
2 hrs-milled sample under 4 tong/cm® of compacting pressure.

For the pores less than 0.2 gm in diameter which were considered as
intra-particle pores, the pore volume in this range is found to increase as the
milling time increases. This can be due to the fact that during milling, particle
breakage mainly occurs firstly to the larger cracks existed in the particle surface
to immerge the cracks existing in the inner part of the particle, which become
newly developed smaller cracks on the surface of milled powder samples, and also
the volume of smaller cracks already existed on the particle surface increases.
Consequently, the pores in the 2 hrs-milled powder sample are evenly distributed
in the range between 0.02um and lgm in diameter. A agglomeration coefficient'” is
defined as the ratio of the intra-particle pore volume to the total pore volume,
which can describe the degree of agglomeration of powder samples. The value of
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this coefficient approaches to the unity as the agglomerated powder becomes
significant. The values obtained for unmilled powder sample and 2 hr-milled
sample are 0.33 and 0.53, respectively, showing that the 2 hr-milled samples are
significantly agglomerated compared with the unmilled powder sample.

.3. Influence of attrition milling on the compaction and sinterability of UO:

powder

Sintered density as a function of compacted density for different powder
samples compacted 2, 3 and 4 tons/cmz, and sintered in Hz atmosphere for 4 hrs
is shown in Fig. 6. It can be observed that, firstly, for the unmilled powder
sample, incremental variation in compacted density is large ranging from 4.87 to
5.69 g/cm2 as the compacting pressure increases while, for milled powder samples,
it becomes smaller: e.g., for 2 hrs-milled sample, it ranges from 5.44 to 5.30 g/cm”.
This is because particle size distribution becomes broader in diameter and the
average diameter decreases with increase of milling time, as shown in Fig 2 and
3, and also because of the increase in particle packing ratio due to the formation
of powder agglomerates. Also, the slope of the sintered density to compacted
density is high for unmilled powder sample and it decreases as the milling time
increases and, for 2 hrs-milled sample, it becomes practically independent. From
this point, it can be said that, for the powders milled to less than 0.5 ym in
diameter and to larger than 6 m%g in surface area, sinterability is improved and
sintered density becomes independent of the compacted density.

In order to estimate effects of the variation of powder characteristics by milling
on sintering and change in microstructure, an alternative sintering in oxidizing
atmosphere together with conventional reducing sintering was attempted and
compared. The results of the sintering of compacted pellets from unmilled and
milled powder samples when compacted with 4 tons/em” of compacting pressure are
compared in Fig. 7. This shows the density decrease in oxidizing sintering
compared to that in reducing sintering for each milling time, ranging from 10.26
g/(:m3 to 10.64 g/cm3 corresponding values ranting from 10.56 to 10.77 g/em® when
sintered in reducing atmosphere. Regardless of the atmospheres, sintered density
increased up to 30 minutes of milling time but it remains constant despite of the
increase in surface area and decrease in particle size by increasing milling time.

Fig. 8 shows the microstructures of UOp pellets sintered in reducing and
oxidizing atmospheres, compacted with 4 tons/cm2 from the unmilled and 2
hrs-milled samples. The grain sizes obtained from the pellets of unmilled and 2
hr-milled samples sintered in reducing atmosphere are 9.1 um and 8.8 um,
respectively (Fig. 8(a) and (b)). When sintered in oxidizing atmosphere,
corresponding grain size in UO: pellet give 16 um and 16.2 pm, respectively
(Fig.8(c) and (d)). One can observe that the grain size is not affected by milling
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treatment which causes change in powder charcteristies, even though the sintered
density increases. In case of the sintering in reducing atmosphere, the grain
boundaries are nearly linear regardless of the milling but, when sintered in
oxidizing atmosphere, the grain boundaries of the sintered pellet from unmilled
sample are irregular and they become nearly regular when the milled powder

samples used.

V. Conclusion

The study on the variations of characteristics of pores in UQz powder associated
with the UQ; powder characteristics by milling leads to the following conclusions:

1. The pore size distribution of unmilled Ex-AUC UO: powder showed bimodal
one, two peaks at the diameters of 3~8 im and 0.05~0.2 ym. As milling
continued, the volume of the first peak (intra-particle pores) at 0.05 ~ 0.2
gm increased and that of second one (inter particle pores ) decreased.

2. During milling, particle breakage takes place preferentially at the level of
large cracks and fine pores of 0.02~0.2 um in diameter are newly formed.

3. The milled powder samples tend to be agglomerated and the compactability
can be improved and, together with decreasing particle size, and the
formation of intra-particle pores can lead the surface area increase and
improved sinterability thereby. The grain size is, however, not affected by
the milling treatment.

4. High-density pellet can be obtained up to 98.29% TD if the milling treatment
is employed. This can be utilized for manufacturing pellets with dopants or
other mixtures which normally require a mixing step and mixtures usually
decrease the sintered density and hence requires a means to Increase the
density.

5 1t is also noticed that, in case of Ex-AUC UO: powder, if the powder is
milled to about 0.5um in particle diameter and 6.Om2/g in surface area, the
sintered density increases up to 3% TD more than in unmilled powder.
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Table 1. Properties of UQs powder

Surface area(BET) 48 ms
Aparent density 295 gfm®
Tap density 3.01 gkm®
Flowability 0.7 sec.
Mean particle size 25 um

Zr0, ball

Rotating shaft

Fig. 1. Schematic diagram of attritor mill
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1-4 New fabrication process of large grain peilet for LWR

S. Kobayashi
Abstract

“Oxidation-sintering pellets” and “Al,0:/8i0; additive pellets” were developed. Both
pellets will be used for high burnup due to their good FGR and PCI properties.  In the
“oxidation-reduction sintering process”, U:Os powder is added to UO, powder as a
source of oxygen to produce U;Os and to get large grain peliets.  Atmosphere of the
oxidation sintering process is O,+N; and the sintering temperatures for. both the oxidation
and the reduction processes are relatively low compared with that for the standard
sintering process. In AlLO:/Si0O, addition , Al,0s/Si0; covers UO, grain and
enhances its grain growth.  Contents of Al;Oz and SiO; are very low (~ 50,50 PPM),
therefore there is little impact on a reprocessing process.

Both type of pellets are under irradiation in test reactors and a commercial reactor as
demonstration fuels.  We will choose one type of pellet after PIE, and will use it for

high burnup (55 GWd/t) as commercial fuels.

NFI, Japan.
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I. Introduction

Japanese utilities plan extended burnup to SSGWd/tM (Assy.). What we
should consider in the high burnup region are (I’ to prevent large fission gas release
(FGR) and @ to reduce pellet cladding interaction (PCI). A large grain sized pellet
usually shows lower FGR in the high burnup region but lower thermal creep phenomena.
A low creep rate of a pellet enhances PCI.  We have developed large grain sized pellets.
Oneisan “Oxidation-reduction sintering pellet” and another is an  “AlL04/Si0, additive
pellet” . The developed large grain size pellets have both a large grain size and higher

thermal creep rate.

2. Experimental

The Oxidation-reduction sintering pellet was sintered in the particular furnace
showninfig.1.  Before sintering, green pellet was fabricated from mixture of U:QOs and
UQ, powder.  Green pellet was sintered in an oxidative atmosphere with Nz and O; gas.
Oxygen content was set at ca. 100 PPM and the temperature was set between 1000 T~
1100°C. After the oxidative sintering, the pellet was sintered in a reductive
atmosphere to control its O/U ratio. ~ The temperature is the same as that m the
oxidative zone.

The Al,03/Si0, additive pellet was sintered in the same condition as the standard
pellet (1750°C 3hr. in cracked ammonia gas). AlOs, Si0; and UQO; were mixed by two
steps, Because ALO;,Si0; contents are too small to keep good homogeneity in green

pellets.

3. Results and discussion

Grain size of the oxidation-reduction sintering pellet seems to be enlarged through
U.O, phase during the oxidative sintering. ~ Fig.2 shows kinds of sintering passes which
we tested.  In this figure, the O/U means average of the UO; and UsOg mixture of the
green pellet.  Staring from several O/U ratios, we found different microstructures in the
sintered pellet.  In case of a lower O/U ratio, we only found homogeneous small grains.
Increasing the O/U ratio of a green pellet, a sintering pellet contains a part of large grains
(20~30um in diameter).  Almost all grains became large at the starting point of O/U
ratio of 2.27~2.28.  The sintered pellet became porous when the O/U ratio became
higher than this point. ~ There results correspond to a phase diagram of U and O at the
sintering temperature. Increasing the O/U ratio, the phase changed as follows:
(UOHx)— (U0 %, UsOe)—(Us0s)—(Us0s ,UsOs). A small grain was formed in the
UO,+x region, And a large grain and a porous structure were formed in the U;Os
region.  And a large grain and a porous structure were formed in the UsO and U;Ox
regions, respectively.  The O/U ratio of the green pellet which forms large grains is
slightly higher than O/U ratio of U;0s (=2.25).  We think that reduction was occurred
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when temperature of green pellet was increasing.

When temperature of oxidative sintering is higher than 1200°C, a large grain
pellet is not formed.  Because UsOo is not stable at this temperature.

Atmosphere of oxidative sintering keeps O/U ratio of a pellet.  If oxygen
content is different from 100PPM, pellet microstructure changes from surface.

Fabrication process of AlLO-/Si0, additive is quite conventional. We can
fabricate this type of pellet using a mass-productive furnace.

Fig.3 shows microstructure of both pellets.  Average grain sizes of the
Al,O+/Si0, additive and the oxidation-reduction sintering pellet are 20~25 and 25~
30um, respectively.  Distribution of the grain size of the oxidation-reduction sintering
pellet is broader than that of the AlO:/Si0; additive pellet. This 1s because the O/U
ratio in a green pellet was not quite homogeneous due to mechanical blending of UzOs
and UO,, and a small part of a pellet still remained as a UO2+x phase during the oxidation
sintering.

Usually, the creep rate of UQ, pellet decreases when the grain size is larger.
Fig.4 shows an example of results of a creep test. ~ Both peliets showed higher creep
rates than the standard pellet even though their grain sizes was larger than that for the
standard.  In case of the oxidation-reduction sintering pellet, a shape of grain is
irregular.  We think that the irregular shape grains slide and deform more casily than
standard shape grains.  In a case of the ALO:/Si0; additive pellet, grains were covered
by AlLO:/Si0, and this phase melted or softened during a creep test. ~ We think that this

phase made the grain sliding easier than that in the standard pellet.

4. Conclusion

We have developed two types of large grain pellets.  Both types of pellets will
achieve the good FGR behavior because of their large grain and good PCT behavior due
to their higher creep rates. ~ We have started to irradiate these pellets in the BR-2
(Belgium, a test reactor) and McGuire plant (USA, a commercial reactor) and post
irradiation examinations (PIE) will be performed in the near future.  Also a lead use
assembly will be irradiated in the Ohi power plant in the next year. ~ We will use one

type of these pellets as commercial high burnup fuels.
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2-1 Solid solution formation and microstructure of UQ.
added with Nb and Ca

Dani Gustaman Syarif?, Ryouhei Kiyose'”, Kousaku Fukuda™’

Abstract

Preparation of UO, fuels added with Nb and Ca has been done by mixing UG, with
Nb,O, and CaUQ, oxides respectively and heating them at 1390°C in stream of helium.
Characterization has been then carried out with aid of X-ray diffraction analysis and
metallography. The results can be summarized as follows. Nb could dissolve and form solid
solution in U0, with y up to 0.01, where y = Nb/(Nb+U) atomic ratio. The effect of Ca on
the change of lattice parameter of the UO, could be explained well using the simple ionic
model, and according to this model, Ca occupies uranium sublattice of the UO,
( substitutional mechanism ). Observation of the microstructure of the fuels showed that Nb
created large grains and pores. The pores enlarged whether a liquid second phase was present
or not. However, the grains did not enlarge and tended to be spherical when the liquid second
phase was present. The structure of the liquid second phase could not be determined, but jt
had a melting point of 1328°C as confirmed by DTA. The evaluation also showed that Ca
created small grains and pores. The difference in the grain and pore structure between
(Nb,U)0,,, and (Ca,U)0,,, fuels was considered to be strongly due to the different lattice
defect created by Nb and Ca, where Nb created a uranium vacancy which is considered to
enhance the grain and pore growth and Ca created an oxygen vacancy which is considered
to be less effective to enhance grain and pore growth.

Keywords : Solid solution, microstructure, grain growth, pore growth, simple jonic model,
second phase.

" BATAN, Indonesia.
*) Tokai University, Japan.
) JAERI, Japan.
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1. Introduction

UO, fuel added with metal ion (added as oxide) has been considered as a promising
fuel with better irradiation performancef[1-11]. UOQ, fuel added with Nb especially has been
widely studied owing to the capability of this metal ion to produce large grains in UO, fuel
pellet[1-6, 8-12] which is considered to be possible to decrease fission gas release. However,
the influence of Nb on pore structure and its relation to the grain growth have not been
elucidated. On the other hand, UOQ, fuel added with Ca has become important recently due
to its potential to decrease fission product release through decreasing fission gas diffusion
constant[12] and decreasing PCCI through lowering O/M ratio of the fuel[13]. Furthermore,
although, UO, added with Ca has been studied by several investigators[12, 14-18], the
influence of this metal ion on grain and pore structure of the fuel has not been studied. The
mechanism of grain and pore growth due to Ca has not especially been elucidated.

In this work, UOQ, fuels added with Nb and Ca are studied at 1390°C, in helium
stream with aid of X-ray diffraction analysis and metallography. Comparison between the
effect of Nb on grain and pore structure and that of Ca on grain and pore structure are
described. The result is discussed using the simple ionic model developed by Ohmichi et

al.[19].

2. Experiment

(Nb,U)O,,, samples were prepared by mixing and grinding UO, and Nb,Os powders
homogeneously in agate mortar, followed by pressing into 'pellets with density about 50%
theoretical density (T.D.). (Ca,U)0,,, samples were prepared in similar method from UO, and
CaUO, powders. The CaUO, was produced by reacting CaCO, with U,04 at 950°C in air for
22.5 h. The concentration of Nb in UQ, denoted by y, where y = Nb/(Nb+U) atomic ratio
and that of Ca added in UQ, denoted by z, where z = Ca/(Ca+U) atomic ratio were varied.
The (Nb,U)0,,, samples were placed in a molibdenum crucible and sintered at 1390°C in
helium stream for 20 h and (Ca,U)0,,, samples were sintered at the same temperature and
atmosphere for 60 h. UO, pellets used as standard were also sintered together with these
pellets. All sintered pellets were subjected to X-ray diffraction analysis using powder method
for taking diffraction profiles of the samples and calculating lattice parameter. Grain and pore
structure were examined from polished and etched samples using a standard metallography
with aid of optical microscope. Etchant used for the metallography was a solution of HNO,,
H,0, and H,0 with composition 1:1:1. The sample containing liquid second phase as
observed by metallography was confirmed by using Differential Thermal Analysis { DTA ).
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3. Results and discussion
3.1 Solid solution formation
3.1.1 (Nb,U)O,,,

Figures 1-2 are diffraction patterns of UO, standard and (Nb,U)O,,, samples with
different y. No second phase is present at a sample with y = 0.01, but at y above this value
the second phase is present as indicated by the presence of addition peaks. The typical
diffraction pattern containing addition peaks (denoted by arrow) of the sample containing the
second phase is shown in figure 2. This suggests that Nb can dissolve and form solid solution
in UO, at y up to 0.01.

Table 1 shows lattice parameters of (Nb,U)O,,, samples with different y. Several
works[14-19] revealed that accommodation of metal ion in UO, caused a change of the
lattice parameter. The tendency of the change of the lattice parameter due to the presence of
metal ion (denoted by da/dy where y = M/(M+U) atomic ratio, M = metal, U = uranium
and a = lattice parameter) has been successfully predicted using the simple ionic model by
Ohmichi et al.[19]. In the present work, unfortunately, accommodation of Nb ion in UO,
cannot be discussed by using this model due to less sample forming solid solution.

Table 1. Lattice parameter of (Nb,U)O,,, samples.

No. y a(A) Comments

1. 0 5.4707 U0, Standard

2. 0.01 5.4621 No second phase
3. 0.025 5.4664 With second phase
4. 0.049 - 54673 With second phase
5. 0.1 5.4672 With second phase

3.1.2 (Ca,U)0,,,

Figure 3 shows diffraction patterns of (Ca,U)O,,, samples contain no addition peaks
that come from second phase ( a ) and contain ones (denoted by arrow)( b ). No addition
peaks were observed in diffraction patterns of the samples with z up to 0.1, where z =
Ca/(Ca+U) atomic ratio, suggesting Ca can form solid solution in UO, up to z = 00.1. Typical
diffraction pattern of the sample forming solid solution is already shown in figure 3a.
Comparing z of 0.1 to y of 0.01 of (Nb,U)O,,, shows that Ca is casicr than Nb to enter U0,
lattice. Since the both metal ions are accommodated by UO, substitutionally, the difference
might be attributed to the difference of ionic radius between U* and them. The fact that the
difference in ionic radius between Ca, rf(Ca®*)( 1.12 A ) and that of U, (U*)( 1.001 A ) is
small and the difference in ionic radius between Nb, ((Nb**)( 0.79 A ) and that of U is large
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imply that Ca is possible to enter UO, easier than Nb. Table 2 shows the jonic radius of
several metals.

Table 2. Radius of several metal ions with
coordination number of eight.

No. Ion Radius ( A ) Reference
1. u* 1.001 [19]
2. U 0.88 [19]
3. Us 0.86 {20]
4. Nb** 0.74 [20]
5. Nb* 0.79 [20]
6. Ca® 112 [20]
7. or 1.368 [19]

Three mechanisms are possible to be present in order to maintain electrical neutrality
when Ca enters UQ, substitutionally. First, Ca is accommodated by UG, and creates oxygen
vacancy (Ov). Since no oxygen atoms fill the oxygen vacancies during sintering ( at any
stage of sintering ), the chemical formula of the solid solution should be U, ,Ca,0,_,. The
second, a number of Ca create oxygen vacancies, but during cooling, the oxygen atoms fill
the oxygen vacancies and create U*, and the third, the mechanism is the same with the
second one, but the oxygen atoms fill oxygen vacancies and Create U®. Here, the simple
ionic model can be applied and is explained as follows.

For the first case, the lattice parameter can be expressed as,

a = 4AF3[(1-Z)r(U*) + zr(Ca™) + 0.5{(2-21(0%) + ZH(OVF)}] e (1)

where, 1(Ov*) = effective radius of oxygen vacancy ( 1.09 A [19] ).
The dependence of the lattice parameter of z (da/dz) derived from equation (1) can

be given as,

da/dz = 4N3[ f(Ca®) = i(U*) + 0.5{ f(OV*) = O™} corvrrrmrmriinnrsiiensssssnsssssssnssesiens ( 2)

By inserting 1(Ca*), (U*), 1(0*) from table 2 and r(Ov*) of 1.09A into equation (2), da/dz
is obtained to be — 0.367. Taking a (z=0) = 5.4704A, with a assumption that the sintering
condition is reducing ( in the present work, lattice parameter,a, of the UO, was obtained to
be 5.4707A, so that it is in aggreement with this assumption ), the lattice parameter is
expressed by equation { 3 ).

2= SAT08 = 03672  eoeoreeeresssrcemmsseresesessss st ssssssssssss st tssssssmssasassessnsssessoss ( 3)
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For the second case, when Ca® creates U™ to maintain electrical neutrality and the
solid solution is assumed to be stoichiometry, the chemical formula of the solid solution
should be U4+(1_32)U5+21Ca2*202'2. Here, the solid solution is assumed to be stoichiometry. The

lattice parameter then is expressed as follows.

a = 4A3{(1-32)r(U™) + 2z1(U™) + z1(Ca®) + 107} corvverrneicenrinnrrsdssssnsnnssnaaes, ( 4)
The da/dz is obtained as,

dafdz = 4W3{ 2(U%) + 1(Ca®) = 3r(UH)} crvmricrnniencesscccsinsnn s ( 5)

By calculating da/dz in equation ( S ) using the ionic radius of table 2, the lattice parameter
then can be expressed by equation ( 6 ).

B2 SATOA = 0284 Z  coooeeeoeeesesessseeeeeseesseeeress et sesseass s ne s es s ssss et ensn st s ( 6)

For the third case, when Ca creates U®, in similar way the da/dz is obtained as
follows,

da/dz = 4A3{ [(Ca®) + 1(US) = 20U} weocitrirericsmsimsssseemsessnessesssssssssssns s s ( 7)
The lattice parameter is expressed as follows,
2= 54704 = 005 Z  coovceireieieieerrece et st e e b e sk s ( 8)

Plots of equation ( 3 ), ( 6 ) and ( 8 ) together with the experiment data of the lattice
parameter of the (Ca,U)0,,, are shown in figure 4. As shown in the figure, the simple ionic
model is in agreement with the present data for the case when Ca® creates U™ as clarified
by the straight line of equation ( 6 ), suggesting that U* ions are formed in order to maintain
clectrical neutrality in the (Ca,U)0,,, samples and Ca enters UO, substitutionally.

3.2 Grain structure

The dependence of grain size of (Nb,U)O,,, on concentration of Nb { y ) and on that
of Ca are shown in figure 5. As shown in this figure, grain size increases with increasing y,
but the grain size tends to be smaller at y above 0.049. The increase of grain size is rapid
at y up to 0.025. Since the grain growth is diffusion rate controlling one, the enhanced grain
growth is considered to be due to uranium vacancies as a lattice defect created by Nb which
filled UO, lattice. It has been known that uranium self diffusion, which acts as a driving
force for enhanced—grain growth, is strongly enhanced by the uranium vacancies.

Several mechanisms are possible to be present in creation of uranium vacancy. They
can be expressed as follows. First, for the case when Nb** enter UQ, substitutionally. The
sintering is predicted to be reducing as indicated by the laitice parameter of UQ, standard
( a = 5.4707 A measured after sintering ) but the Nb** is assumed not to be reduced. So, in
this case the Nb** enters UQ, lattice following equation ( 9 ).
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2Nb,05 = 4Nb* iy + 1005, + UVH e ( 9)

Since the sintering condition is remarkably reducing, Nb** may be reduced to Nb*. So, no
uranium vacancy ( Uv ) will be present. In this case, the rapid grain growth will not take
place.

The second case, when Nb®* enters UQ, interstitially as proposed by Song et al.[11].
According this assumption, when Nb°* is not reduced, the reaction is as follows.

NDOg = ZNB™ + 507 s s ( 10)

The interstitial oxygen of equation ( 10 ) decreases a number of oxygen vacancics and
increases a number of uranium vacancies. However, the reaction of eq.(10) is considered to
only be present in the oxidizing condition.

Since Nb™ is reduced to Nb*, the reaction can be given as,

AT 4- :
NbO, = Nb +(i) + 206+ UVT e ( 11)

In the second case, the rapid grain growth can take place either in the oxidizing sintering, or
in the reducing one. In the present work, the second case of eq.(11) is preferably present,
because in the present condition of sintering, Nb,O; might be reduced as also showed by
Matsui and Naito[21] who obtained NbO, by heating Nb,O; at 1000°C for 30 h in H,.

The grains are spherical when liquid second phase is present as shown in figure 6.
The presence of this liquid second phase has been confirmed by DTA ( Differential Thermal
Analysis ). It was known that the second phase has a melting point of 1328°C as indicated
in figure 7. The structure of the liquid second phase is not known. However, it may be
NbO,.UO, as confirmed by a heating test at 1390°C (the same with the sintering temperature
Yon a mixture of 50% mole Nb,O; + 50 % mole U0, which produced a completely melted
product. The spherical grains are formed because the liquid second phase creates dihedral
angle between grains to be zero. The dihedral angle between grains is expressed by the
following equation{22,23].

CoS 8/2 = 0.5(Yo/Tsr) e ettt ( 12}

where, 8 = dihedral angle between grains
Yss = solid-solid interfacial energy
Y¢; = solid-liquid interfacial encrgy

As shown in figure 5, the grain size of the (Ca,U)0,,, pellets is relatively small
compared to that of (Nb,U)O,,, ones, although at z up to 0.1, a slightly enhanced-grain
growth is seen. It is strongly due to the different lattice defect between them. As already
explained in 3.1.2, Ca creates oxygen vacancy in order to maintain electrical neutrality which
is less effective to enhance the grain growth. The creation of oxygen vacancy can be written
as follows.

CalO, = Ca¥y + Ugy + 206y + OVP + Oy s ( 12)
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The oxygen gas in equation ( 12 )} will disappear in the reducing condition of the sintering.
3.3 Pore structure

Figure 8 shows a relation between average pore size and concentration of Nb ('y ).
The addition of Nb into UQ, creates a number of large pores and decreases a number of
small pores. Most of the pores in the present work are intergranular. The number of large
pores increases with increasing y, and increases the average pore size. The increase of the
average pore size is linear at small y, where liquid sccond phase is not present, or present
with a small amount. However, the increase is not lincar when the liquid second phase
widely exists. In the linear region, the increase of the average pore size is considered to be
due to the boundary migration which is proportional to the grain growth. On the other hand,
in the non linear region, the increase of the average pore size is considered to be due to the
coalescence of small pores through pore migration due to a different curvature between the
large pores and the small ones.

The proportionality between pore growth and grain growth is clearly seen in
(Ca,U)0,,, pellets. Figure 9 shows pore structure of (Ca,U0)0,,, pelliets at different
concentration of Ca ( z ). Boundary migration in the (Ca,U)O,,, pellets is not so enhanced
by Ca, because this metal jon does not produce uranium vacancy, consequently the pore
structure does relatively not change ( slightly changes ) compared to that of UO, standard
as shown in figure 9, especially in the pellets forming solid solution ( b - d).

4. Conclusion

(1) Nb can dissolve in UO, to form solid solution with a small concentration and creates
uranium vacancy which is considered to enhance grain and pore growth.

(2) Ca can dissolve in UO, to form solid solution with a relatively large concentration and
creates oxygen vacancy which is less effective to enhance grain and pore growth.

(3 ) Ca occupies uranium sublattice of the UO, as determined well using the simple ionic
model.

(4) The growth of the intergranular pore is proportional to the grain growth.
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Figure 1. (a). Diffraction pattern of UO, standard.
(b). Diffraction pattern of (Nb,U)O,,, with y = 0.01.
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2-2 Defect structures and sintering behaviors in Er—doped UD:

.Han Soo Kim, Myung Seung Yang, Dong Seong Sohn
Abstract

The oxygen potentials of UQ; and UiyEr;Oz.. solid solutions with y=0.02,
y=0.06 and y=0.20 have been measured in the temperature range of
1200~ 1500 °C, respectively, by the thermogravimetric method using COyCO

mixtures for controlling the p, in the gas phase. Defect equilibrium
equations were modelled, and the relations of p,, versus x were derived using

the mass action law. The dominant defect species active in a specified region
were determined by fitting the curve of experimental data to the calculated
curve of log po, versus log x for each theoretical model. The calculated curve

for (2:1:2) and (Er' U)* in the hyperstoichiometric Ui EryOzu and that for
(2Er’ Vo Y4ee in the hypostoichiometric U;,Er/Oz, are in good agreement with
the present experimental results.

The sintering behavior of Er-ddped UO, is observed with erbium content
in oxidizing and reducing atmospheres. For sintering in oxidizing atmosphere,
sintered density decreases as increasing y in U;yEr;Os.. However, in
hydrogen atmosphere, sintered density decreases as increasing y at lower
erbium content but the density increases again above y=0.10. In oxidizing
sintering conditions, the formation of (Er’ U)" clusters hinders the diffusion of
cations, and hence the sinterability of Er-doped UO: decreases. In reducing
atmosphere of Er-doped UQ: for higher Er concent, the oxygen vacancies
make (Er'U) cluster decompose by charge compensation and the

concentration of mobile cations increases, thereby improving the sinterability.

Keywords : Er-doped UOs, Oxygen potentials, Defect structures, Sintering behavior.

KAERI, Korea.



JAERI-Conf 96-006

1. Introduction

There exists interest in development of advanced nuclear fue! with new
burnable poisons that are capable of high burnup and extended fuel cycle to
improve the economics of nuclear power generation. Recently, erbium is
considered as slow burning absorber suitable for use in a PWR fuel
management scheme for high burmnup and/or extended cycle operation [1].

It is primarily needed to consider thermodynamic properties and sinterability
of Er-doped UQ; in terms of fuel fabrication. During sintering of Er-doped UO;
at high temperature, erbium forms solid solution with uranium dioxide,
substituting uranium cations in the fluorite St;ructure. Therefore, the addition of
Er to U0, matrix influences the defect structure and thermodynamic properties.

The defect structures in the oxide {fuel play important roles in its
nonstoichiometric behavior and thermal processes such as sintering, creep and
release of fission products at high temberature [2-5]. The oxygen potentials and
the defect models of U0, doped with various cations have been studied by
many researchers [6-14]. None, however has reported on the U-Er-O ternary
system. _

In the present paper, the oxygen potentials of UQ: and Ui EryOz. solid
solutions with y:0.0Z, y=0.06 and y=0.20 have been measured in the temperature

range of 1200~1500 °C, respectively, by the thermogravimetric method using

CO./CO mixtures for controlling the po, in the gas phase. Oxygen potential
data were analyzed as the function of pg, temperature, dopant content and

mean uranium valence. A thermodynamic approach is taken to analyze defect
clusters at the cation and anion sublattice of U yEryOxnx solid solutions.

Er-doped UQ; compacts were sintered in oxidizing and reducing atmospheres. It
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is tred interpreting the densification behaviors reasonably in terms of defect

models in both hyper- and hypostoichiometric regions, respectively.

2. Experimental Methods and Materials

2. 1. Thermogravimetry

Powder samples were prepared for thermogravimetric studies by mechanical
blending of UOzme with weighed amount of Er:03 powder. The impurity
contents of UQ» and Er:0O3 powders are shown in Table 1.

Mixed powders were pressed at 286 MPa into green pellets of about 15mm
in diameter and 9mm in length, and then sintered at 1850 °C in hydrogen for 4
hours. The sintered pellets were homogenized at 1000°C for 405 hours in
vacuum, and then crushed into chips.

Thermogravimetric measurements were performed under the oxygen partial
pressures of 10" to 10° atm for pure UO; and for three Er compositions,
namely, y=002, y=006 and y=020 in Ui ,EryOsx solid solutions at the
temperature range of 1200~1500 °C. Oxygen partial pressure was controlled by
adjusting CO»/CO mixing ratio and checked by an oxygen probe inserted in the

fixed—temperature furnace that is connected to the inlet of the TGA furnace.

2. 2. Sintering experiments

Powder preparations and compaction procedures are the same with those for
preparation of TGA samples. Sintering in hydrogen atmosphere was performed
at 1700 and 1850 °C for 4 hours. Sintering experiments in oxidizing atmosphere
were carried out at 1250 °C for 5 hours. The oxygen partial pressure in the

sintering atmosphere was adjusted by the use of C0O,/CO mixture (mixing
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ratio=6/1) as sintering gas. The pellets sintered in oxidizing atmosphere were
followed by reduction in CO»/CO mixtures at 1250 °C, 4 hours that reduces the

pellets to stoichiometry.

3. Results and Discussion.

3. 1. Oxvgen potentials of Ui-yEryOzx solid solutions
The oxygen potentials of UiyEr,On. solid solutions against O/(Er+U) ratio

are presented in Figs. 1, 2 and 3 for the Er mole fractions of y-0.02, 0.06 and

0.20, respectively. Fig. 1 shows that the A Go, values for UpmeEreemQOzx solid
solutions are higher than that for pure UO:.. The plots of A G o, against
O/(U+Er) ratio’ show the expected increase in oxygen potentials as the oxygen

to metal ratio goes to hyperstoichiometric composition. An abrupt change in

A Go, is observed when the oxygen composition approaches the stoichiometry.

A Go, of stoichiometric composition was increased from -270 to -360 kjJ/mole

for y=0.06 and from -220 to -320 kJ/mole for y=0.20 in the temperature range
of 1200~1500 °C.

3. 2. Mean uranium valence in U;yEryOnx

It has been known that the oxygen potential of the hyperstoichiometric phase of
the fluorite solid solution can be interpreted by the change of the uranium
valence state [12, 151. The mean valence of uranium were calculated assuming
the valences of erbium and oxygen in the specimen to be +3 and -2,

respectively. In the equilibrium state among U*, U and oxygen ions in
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Ui, EryOzx and oxygen gas, the change of pp, values with the mean uranium

valence Vy is given as follows ©

: V-4
logPOZ:ZIOEK*'BlOg[%y“‘"%VU(I—y)]+4log =7 1)

In the case of a combination of U* and U¥, the corresponding equation is

¢ , Vy-4 ,
log po,=2 log K +2log -+ 7 Vul1-y)) 2oz 5.7, @)

The po, values calculated by Egs. (1) and (2) and the measured values as

a function of Vy at 1500 °C are shown in Fig. 4. The measured values for
UpgsErogz02:x  are reasonably represented by the calculated curve from the
UP/U" model. However, the measured values for UpaErosOox and UosolEronOa:x
never approach to the calculated values based on both the U”'/U* model and
the UY/UY model. It is considered, on the contrary on the results for
U;-,GdyOzx [15], that the oxygen potentials for Ui-yEryOz. solid solutions cannot
be determined by the mean wranium valence alone. It means that the oxygen
potentials cannot be interpreted by the mean uranium valence model if dopant
content is increased. It is caused by that the interactions among defects may

play an important role for defining the oxygen potentials in solid solutions.

3. 3. Defect structures of UiEryOax
3. 3. 1. Modelling of defect structures
In a simple binary oxide system, nonstoichiometric behavior requires metal
species to be multivalent to satisfy the clectroneutrality with variable cation to
anion ratio. Since Er having stable 3+ valence substitutes for U™ in the cubic
lattice of the solid solution, negative effective charges and electron holes are

created, thereby effectively compensating the charge valence. It is assumed that
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electron holes combine with nearest host cations, U¥, forming U™ ions, ie.
positive polarons.

Ery’ exists as an isolated defect or interacts with the nearest positive
polaron at the cation sublattice of the Uy yEryOz« solid solution. The attractive
interaction between Er’ and U’ are assumed to form a dopant-host cation
cluster, (Er'U). In the hyperstoichiomtric region, the present defect
thermodynamic formulation is based on the presence of Willis clusters at the
anion sublattice and the local dopant-host clusters at the cation sublattice.
Therefore, it is considered for this model that the (Er'U)* cluster exists at the
cation sublattice and either (2:1:2) or (2:2:2) cluster is a dominant defect at the
anion sublattice for the hyperstoichiometric region.

In the hypostoichiometric region, the reduction of solid solution gives rise to
oxygen vacancies and electrons. As the number of vacancies increases, Er’ ions
becomes stabilized by the formation of dopant-vacancy clusters. It is instructive
to consider the behaviors of the {(Er'Veo ) and (2Er'Vo )® models in two
different reduction cases, respectively. In the first case, it is considered that the
(Er'U)* cluster decomposes into Erf and U in the hypostoichiometric
U, Er,0z« region. The electrons are localized on positive polarons U to give
normal host cation U, and the charge compensation for Vo is thereby
maintained. Er’ and Vo are assumed to interact electrostatically and result in
formation of a dopant-vacancy cluster such as (Ef’Vo“)'dec or (2Er'Vo Yae,
where ‘dec’ means decomposition of (Er'U’)™ cluster. In the second case of
reduction, it is assumed that (Er'Vo )ra or (2Er'Vo )'ra cluster is formed,
where 'red’” means the electroneutrality condition is satisfied by Er’, Vo and
n'. The defect equilibria considered in this study are expressed with use of the
Krger-Vink notation as shown in Table 2.

The law of mass action and the electroneutrality condition are applied to the
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defect equilibria including the reactions of gaseous oxygen with defects and the
formation of defect clusters in the solid solution. In both hyper- and
hypostoichiometric U,-yEryOz, solid solutions, the overall electroneutrahty is
maintained by the formation of pesitive polarons, dopant-host cation clusters,
dopant-oxygen vacancy clusters, oxygen inferstitials, oxygen vacancies and
clectrons. Site filling conditions are deduced on the basis of the assumptions
that the number of cations, normal anion sites and interstitial anion sites In the
solid solution are the same as in UQq fluorite structure. Using the site filling
conditions, the mass action equations are solved numerically for a range of
compositions.

Table 3 shows that the oxygen partial préssure expressed as a function of
x, v, m and @ for hyperstoichiometry, where m is the effective charge of Willis
cluster and o is the mole fraction of dopant involved in the formation of
(Er'U’ )" clusters. The relations of the oxygen partial pressure with %, y and B
for the hypostoichiometric tegion are also shown in Table 4, where B is the
mole fraction of oxygen vacancies involved in the formation of dopant-vacancy
clusters in the state of thermodynamic equilibrium for the hypostoichiometric

region.

3. 3. 2. Hyperstoichiometric Ui—yEryOg.x
Nonstoichiometry equations under defect equilibria are expressed as the

variation of po, with x, v, m and a. The curve for (2:1:2) is more oriented to
the high po, region than that for (2:2:2). Dopant composition, y slightly affects
the slope of the curve only in the high po. region. The a value of the

equations in Table 3 does not change the slope, but shifts the curve along the

log po. axis. Equilibrium constants of the reactions contribute to adding a
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constant amount of energy to A Go, hence the constant term also shifts the

curve rigidly up and down the log pe, axis of such a plot.
The relation between log x and log po, in UiEryOz.x solid solutions at

1300 and 1500 °C are shown in Figs. 5 and 6, respectively. The slopes of
experimental plots are well fitted with the (2:1:2) cluster model rather than the

(2:2:2) cluster at the anion sublattice. The change of po. is controlled mainly by

oxygen composition of solid solution but is also affected by both y and m. The
experimental plots are fitted with that of the calculated curve for (2:1:2)™" with
high effective charge m=4 at the anion sublattice and (Er'U7)* clusters at the
cation sublattice for 0.02<y<0.06 at 1300°C and 0.02<y=0.20 at 1500°C.

Regarding these results, it should be noted that the dominant defect
structures are essentially (2:1:2) at the anion sublattice and (Er'U’) at the cation
sublattice of Er—doped UO:.« in the peint that the interaction and or the cluster

formation is considered to be made among U, O, Vo and Er’ ions.

3. 3. 3. Hpypostoichiometric U;—yEryOz-x
The dominant defect model of Ui;EryO:x was also determined by fitting
the slope of experimental po. (x, T) curves on those of defect models. Fig. 7

shows the relations of X versus po, for experimental data at 1200, 1300 and

1500 °C with curves according to theoretical models in hypostoichiometric
UosoErezcOz . It shows that the slope of experimental data is best fitted with
that of curve for the (2Er'Vo Ve model. For the (Er'Vo ) and (2Er'Vo Y

models, po, decreases with X near stoichiometry but increases in the region of

x>0.03, that is unreasonable.

The relations between log peo, and O/(U+Er) ratio for UgsEre202.x solid
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solutions were plotted with curves of different defect species as shown in Fig.
8. It shows that oxygen vacancies are formed below oxygen partial pressure of
107 atmosphere at 1500 °C in UpsErp202«. The calculated curve for (2:1:2)* in
hyperstoichiometry and that for (2Er'Vo Ve In hypostoichiometry are in good

agreement with experimental results.

3. 4. Sintering behaviors of Er-doped UO2

Sintering behavior is an important characteristics of Er—doped UQ: fuel since
it controls the physical properties for burnable absorber applications. It is
generally known that the self-diffusion coefficient of uranjum in UOz decreases
by doping with cations of lower valency than ‘the uranium ions, and increases
with higher valent cations. The improved sinterability of UQ; pellets with

increase in po, is consistent with the theory that the process is controlled by

uranium jon lattice diffusion, and as the oxygen potential is increased the
amount of higher valent uranium ion increases.

The correlations among defect concentration, mean uranium valence and
percent of theoretical densities of sintered pellets are shown in Figs. 9 and 10.
For sintering in oxidizing atmosphere, the sintered density decreases as
increasing v in UiyEryOz« though the mean uranium valence increases at higher
erhium content as shown in Fig. 9. Meanwhile, o and Radford [16] observed
that all levels of Gd-doped UQ: pellets produced higher sintered densitics than
that for pure UQ: pellets for wet hydrogen sintering. Each defect concentration
in Fig. 9 is obtained from the interpolation of oxygen potential data of
Uy ,EryOzx solid solutions between 1200 and 1300 °C. At low levels of erbium,
[U] decreases and then increases slightly with erbium content, but [(Er'U )Y

increases continuously. In the case of sintering in oxidizing atmosphere, a
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number of U ions are created by charge compensation of oxygen interstitials
and lower valent dopant cations. The higher valent uranium ions must be
associated with the Er’ ions, creating (Er'UY* clusters. As oxygen potential and
dopant content is increased the amount of positive polaron inereases and charge
imbalence could become neutralized by the formation of (Er'U’)* clusters that
effectively hinder the movement of uranium ions except by cooperative
transport. The increase of Vy is mainly due to the increase_ of the concentration
of dopant-host cation cluster, therefore the sintering behavior can not be
interpreted by Vu. The cation diffusivity in UiyEr,Ozx is greatly reduced by the
formation of (Er'UY in oxidizing atmosphere and sintered density is decreased

as increasing erbium content under the same sintering conditions of po.,

temperature and time.

Fig. 10 shows the effect of erbium content on the sintered density of
Er-doped UQ; pellets after 4 hoursl at 1700 °C and 1830 °C in hydrogen
atmosphere. The defect concentrations in Fig. 10 are obtained by the
" extrapolation of oxygen potential data of 1500 °C to 1700 °C. Sintered densities
decrease as increasing y at lower erbium content but increase above y=0.10.
Davis and Potter [17] reported that a significant reduction in sintered density
was found with Gd additions. Lower density in the Gd-doped UQ:; has also
been reported by Une and Oguma [11].

As shown in Fig. 10, the concentration of dopant-host cation cluster is
saturated at higher v, but the concentration of positive polaron, U]
continuously increases as increasing y According to valence control rtule,
substituting ErX" for U* leads to the rincrease of the concentration of oxygen
vacancies. Under reducing sintering conditions of Ui-yEryOz-« system, a minimum

of U is created and charge compensation is effected by the creation of oxygen
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vacancies. The sintering enhancement of Er-doped UO: pellets over UO: pellets
is due to these oxygen vacancies. The oxygen vacancies make (Er'U’) cluster
decompose and the concentration of mobile cations increase, thereby sinterability
is improved for higher erbium content. The effect of erbium content on
sinterability in reducing atmosphere, that indicates an imporvement of density
above y=0.1, is also consistent with the decomposition of (Er'U’)* cluster.

It is considered that the lattice defects necessary for charge compensation
are widely separated and the negative effect of the dopant on the sinterability is
maintained by intrinsic defects at low levels of y. At a certain content level of
dopant, the sinterability is mainly affected by extrinsic defects. The dopant-host
clusters are to be decompose for y>0.1 in rediicing atmosphere and increase of
[U'] allows for more rapid diffusion, with higher densities obtained.

From the sintering results of both oxidizing and reducing atmospheres, it is
clear that the sintering of Er-doped UOQ: fuel is very complex and different from
Q.. These sintering behaviors are not consistent with the mean uranium

valence model but can be interpreted by defect clusters.
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4. Conclusions

The oxygen potentials of Ui-yEryOax solid solutions were measured by

means of a thermogravimetric method in the range of 1200~1500 °C and

107%< pe,£10” atmosphere for pure UO y=0.02, y=0.06 and y-0.20, respectively.
A G o, of UpyEryOsx solid solutions increases as increasing y and/or equilibrium

temperature at a given oxygen composition.

The slopes of experimental plots of log x versus log po, decrease a httle

with increase of v but the experimental plots are in better agreement with the
calculated curve for the (2:1:2) cluster rnodei rather than for the (2:2:2) model
for Up yEryOz.x solid solutions at 1300 °C and 1500 °C. The experimental plots
agree well with the calculated curve for the (2:1:2)™ model with higher negative

effective charge, m=4 in the whole experimental range of po. for Up-yEryOsx

solid solutions at 1500 °C. For hypostoichiometric UpgoEro2O:z-x, the curve fitting
of experimental data to each theoretical model shows that (ZEr'Vo Ve is the

dominant defect structure.

In oxidizing atmosphere, the (Er'UY clusters hinder the movement of
uranium ions, and hence the sinterability is decreased. In reducing atmosphere,
the charge compensation is affected by the creation of oxygen vacancies. The
oxygen vacancies make (Er'U’)* cluster decompose and the concentration of

mobile cations increase, thereby the sinterability is improved for higher Er

content.
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Table 1. Impurity contents of UOz and Er:03 powders

U0, powder

U content @ 87.72%

HO : 0.22%

O/U ratio : 2.099

Impurities ( ppm U basis ) :

Al <10 B < 0.2
C 60 Ca < 20
Cd <02 Cr < 10
Cu < 10 Dy < 0.1
F 2.8 Fe < 50
Gd < 0.1 Mg < 10
Mn <5 Mo < 1
Ni < 10 Si < 10
Th < 100
ErO; powder

Erbium (IH) oxide : 99.99%
Er content : 87.3%
Impurities ( ppm Er basis ) :

Rare earth elements : none detected

Mg 45 ppm
Cr 25 ppm
Zr 20 ppm
Ca 5 ppm
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Table 2. Defect equilibria in Ui-yEryOzx solid solutions

2Er' + Vo & S (2Er Vo)©

rer - Equilibrium
Defect Equilibria
q Constants
oxidation ;
K
20y + = Oug) = O + 2Uy o
reduction ;
.. K
05 T 5 0ug) + Vo + 2 e
(2:2:2) cluster ;
x - “ b . K22
200 + Oug) + mUuy S 2000V, 00)7 + mUy
(2:1:2) cluster ; '

1 X — a bym’ - KZIZ
207+ ‘2—02 (g) + mUE S 2V, 07 200)™ + m Uv
dopant-host cation cluster . ¢
Ery + Ui 5 (Br U m
decomposition of cation cluster ;

- “ax — 7 ’ x .. 1 KJDH
C2{(EFf U Y+ 05 T 2EF +2Uv+ Vo +?Oz(8‘)
dopant-vacancy cluster (D) ; ¢
Er + Vo' 5 (Er Vo) M
dopant-vacancy cluster (ID
_ Koz
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Tahle 3. The relations between po, and x, site filling conditions and

electroneutrality conditions according to dominant defect structures

for hyperstoichiometric Ui EryOzx.

T
Dominant | Electroneutrality Site filling po. as a function of x, vy,
defects conlitions conditions ¢ and m
[0i1=x
0" - {Er" 1=(1-a) y 2
P ory , [(Er U'M=ay xa®
E [U3=2[0; HE o s
ErU) [0 T LEr] [Oo] = 2 [ Kox Kpu (1-a) {1-2x-2y) }
mode [UB]=1-2y-2
fU 1=2¢+(1-a)y
11 ey Le [(2:1:2)™7] = x
E%LZ;})X— i{ 1+[Er I=[U'] [[Er'] ey xa” :
r' mi&1™ 1+ [Er1-[U1]| [EF U )] = ay — — —
model [0?} =9 [ 4 Kop KBg (1-a)™ {1-2y-2x) ]
UGl = i-2y-2x
[06] = 2
cqeoyDls 2f(zzy™] = x
ng})" @ P E ]| ey xd”
r mi@Z2 MEC WA (e 1= Qeay ) T e (™ (1-2y-207
model [ 1= 'gx%l*ﬂ)y
[U¥] = 1-2y-2x




Table 4. The relations between p'o, and X, site filling conditions and

electroneutrality conditions according to dominant defect structures

JAERI-Conf 96-006

for hypostoichiometric Uy yEryOs— (x>0).

Defect model

‘Electroneutrahity
conditions

Site filling conditions

po, as a function of x, y and 8

Reduction of
O¢" and

(2Er” V. )"
cluster

n+[Er] = 2[Vo ]

[Vel = (1 - B x
[(2Er Vo)) = Bx
[Er] =y - 2Bx
n=32x-y

i (O3] = 2-x
decomf)os?l'imn ) ) (Vo] = 1-p 2
of (BrUY &{[Er 1=2 [Vu"] + CEF Va) 1-Bx { Ko Kow (y-22)" (3-x) }
(BEr' Vo ) [(Er Vo )] [(EY U )l=y-2x (1-2y+2x)° BC2-8) x°
[EF 1=(2-B)x
cluster (U] = 1-2y+2x
decomposition (o] = 2-x
f (BrUY & . [Vol=(1-B) x e
? S | [Er1=2Vo] [(2Er Vo)"1=B x (K Kon L2 )2 )
2Er Vo) (B U] =y (2B t1-2y yx i Bx
cluster {UE)=1-2y+(2-P)x
Reduction  of (05l =2 - x
x - Vol = (1 -
Oo” and w (B} = ?E:]V; . BB} * (—Hue Ko (2o y-to) }2
(Er' Vo) 2Vo T+I(Er' Vo' ) ] © * (Zx - ' b
(Erl =y - b x
cluster ney-bx
[0B] = 2 - x

{ Kre Koz (2-x) (y-2B0)° ]’
(2x - ¥)° bx
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2-3 Contribution of dopants to sinterability of UD: in reducing
and oxidizing atmospheres

Han Soo KIM, Si Hyung KIM, Bong Goo KIM, Young Woo Lee, 'Dong Seong SOHN
Abstract

The effects of dopants on sinterability of UQO: have been studied in
hydrogen and CO/CQO mixture atmospheres. TazOs, TiOz and NbeOs have been
used as a sintering aid for UQ..

The dopants were added as oxide powers at the level of 0.10 wt% of oxide,
and in the case of the Taz0s and NbsOs, a further addition was made. The
dopants and UQ: powders were homogenized by attrition milling. The mixed
powders were pressed with die wall lubrication and sintered in hydrogen at
1700°C for 4 hrs or in oxidizing atmosphere using controlled COyCO mixture
at 1250°C for bhrs. The pellets sintered in oxidizing atmospheres were
reduced in hydrogen at 1200°C for 2 hrs.

In reducing atmosphere, both density and microstructure of UO: are
modified by the addition of dopant. The sintered density is increased with Ta
addition up to 0.33 wt% and substantially decreased by high contents of Ta.
The effects on the densification and the grain growth is apparent for the
addition of 0.24 wt% niobia. For 0.1 wt% titania, the sintered density is
decreased, but the grain size is increased.

In oxidizing atmosphere, the effect of additives on densification occurred
only a little. The grain size of Ta- and Nb-doped UO: is decreased with
increasing COyCO ratio, but that of Ti-doped UO: is not changed. A large
portion of second phase is observed in UO:; doped with 0.66wt% Ta0Os and
0.1wt% TiQ, sintered in hydrogen atmosphere, but not observed in COMCO

atmospheres.

Keywords : Sintering additives, Sintering atmospheres, Densification,
Grain growth, Oxygen potential, 2nd phase

KAERI, Korea.
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1. Introduction

It is known that the microstructure of the fuels is modified by the addition
of sintering aids to UQg, so that the plasticity is improved and the release of
fission gas is reduced [1] and also the fucl swelling rate may be reduced {1-2]
during irradiation. Densification during reactor operation depends strongly on the
porosity content, grain size and fission rate. Fine pores in coarse grain fuel are
more stable than these in fine grain fuel during irradiation.

Ti [3-7], Nb [6-8], V [9] and Mg [10] have been used as a sintering aid for
UQ,. These additives result in largér grain sizes than would have been produced
by sintering pure UO: at the same oxygen potential, as the additives cause
enhanced uranium diffusion rates. However, the contributions of these aids are a
little different among them, and the causes of the accelerated grain growth have
not been clarified yet.

Reduction of TiO; occurs above 300°C in reducing atmospheres or vacuum,
and above about 800°C in air [3], which shows the case of reduction of the Ti"
jons to Ti® ions. An interstitial solution of Ti>" is frequently suggested to occur
during reduction of TiO; The radius of Ti" is smaller than that of the
interstitial sites in the UQ; lattice, so that titanium cations may enter the lattice
interstitially instead of substitutionally for uranium ions [11]. Moreover, the
U0.-TiO. system is a simple eutectic system which melts at about 1645°C [7,
12]. NhzOs can also be reduced at high temperature. The main contrubution of
Nb-OQs additions is not clearly known but is believed to be via the creation of
oxvgen interstitials [6].

In this study, the contributions of dopants on the sinterability of UO- have
been studied in hydrogen and COy/CO mixture atmospheres. TiO; and Nb2Os
have been used as a sintering aid for UQ:. Tax0s is doped as an another
candidate material for sintering aid because Ta has a stable 5+ valence.

The sintering behaviors are compared between pure UO: and aids-doped

UO- in reducing and oxidizing atmosphere, respectively.
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Oxygen potentials of Ta, Nb and Ti-doped UO: are studied. The causes of
the different contributions of dopants between oxidizing and reducing atmosphere

are discussed in terms of defect structures.
- 0. Experimental

UQ. powder was obtained by AUC conversion process. The sintering aid
dopants, Ta, Ti, and Nb, werc added as fine oxide powders at the level of 0.10
wt% of oxide, and a further addition of 0.33 and 0.60 wt’% was made in the
case of the Taz0s. The additions of dopants to UO; and homogenization were
made by attrition milling using 43 vol% of zirconia ball media for 30min.

The mixed powders were pressed into pellets of 10mm in diameter at
312MPa with die wall Iubrication. The pellets were consecutively sintered in
hydrogen at 1700°C for 4 hrs or in oxidizing atmosphere using controlled
CO/CO mixture at 1250°C for bhrs. The pellets sintered in oxidizing
atmospheres were reduced in hydrogen at 1200°C for 2 hrs. Densities of the
sintered pellets were measured by Water immersion method. A pellet of each
experimental variable was examined metallographically. Pore size and area
fraction of the 2nd phase were quantitatively analyzed by image analyser. Grain
size was measured by a linear intercept method.

Thermogravimetric measurements of UpgwsTage4O2x solid solution  were

performed under the oxygen partial pressures of 107 to 107 at 1200 °C.
M. Results and Discussion

Both grain and pore structures of UQO: are significantly modified by the
additions of sintering aids in reducing atmosphere, as shown in Fig. 1. The
prain size of pure UO: of 9 um is increased up to 18, 49 and 52 bm for the
additions of 0.1wt% TiO; (0.34 mol% Ti), 0.25wt% Nb:Os (0.50 mol? Nb) and
0.33wt% Ta:0s (0.40 mol% Ta) respectively. The sintered density is a little
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affected by aids except for UO: doped with 0.1wt% TiO: and 0.6wt% TazOs for
which the density is considerably decreased.

Fig. 2 shows that Ta is an effective sintering aid of UQz The sintered
density and the grain size are increased with Ta content up to 0.33 wt2% Tax0s
but substantially decreased by high contents of Ta. The contribution of Ta
seems to be positively effective as sintering aid when Ta” ions form solid
solution with UQs. The solubility limit of Ta;Os is probably in the range of 0.33
to 0.6wt% at 1700°C in hydrogen, so that the remainder acts as impurities that
effectively hinder the movement of cations.

Fig. 3 shows the sintering behaviors of doped UQ: in reducing and oxidizing
atmospheres, | respectively. The sintered density of doped UQ: is nearly the
same with that of pure UO, except for titania-doped UOz. In the case of 0.1
wt% titania doped UQ. the sintered pellets have a minimum  density in
hydrogen atmosphere, but the grain size is increased. The density for UO; with
0.1wt% Ta,0Os is higher than pure UQO: in oxidizing atmosphere, but the effect
on densification is not apparent for the addition of 0.1 wt% additives, in
comparison with the results in reducihg atmosphere. The grain size of pure UQO:
and Ti-doped UQ; is increased as increasing CO«/CO ratio, on the contrary, that
of Ta and Nb-doped UQ:; is decreased. Pore size is slightly increased by dopant
addition in hydrogen, but decreased in CO/CO atmosphere.

In oxidizing atmosphere, the grain size for sintering aid-doped UQ: 1s
smaller than that for pure UQs, as shown in Fig.' 4. TFig. 5 shows that the
effect of Ta addition on grain growth is a little In oxidizing atmosphere,
although the effect is clearly appeared in reducing atmosphere.

Microstructure in Fig. 6 shows that the grain growth for U0, and Ti-doped
UO- is much enhanced as increasing CO-/CO ratio, whereas that for Ta and
Nb-doped UQ: is hindered. The different dependence of grain structure on
CO./CO ratio is due to the difference in charge compensation in each of the
hyperstoichiometric solid solutions.

Hyperstoichiometric UOz:x is reduced by the hydrogen to near stoichiometry,



JAERI-Conf 96-006

and the sintering aid cations are expected to be reduced. A previous study of
TiO: to UQ, indicated that the reduction probably occured in reducing
atmosphere. The dopant was also shown to be most effective as a sintering ard
in strongly reducing sintering atmosphere [3, 4]. Knudsen et al. [13] and
MacDonald[7] suggested that small amounts of titania would dissolve in UGQ;
hetween 1600-2000°C. Matzke [3] estimated the solubility to be 0.03 wt2. Above
some temperature in the range 1600-1650°C, however, a UO.-TiO: eutectic can
be formed and this segregates as a liquid phase on the grain boundaries during
sintering.

The cations of dopants entér into solid solution with the UO: at most
contents. If the amount of aids exceeds the sdlubility limits, the aids can affect
negatively on the sinterability. The doping effects of Ta, Ti and Nb mto UO»
may be understood from the fundamental knowledge based on defect structure
which can be discussed with the oxygen potential pressure dependence of the
compositional deviation from stoichiometry. Meanwhile, the defect structure
existing during sintering is not clearly understood. The other factors such as
the ionic size of the dopant cations and their solubility limits are considered to
play an important role. The oxygen potential of Uy, Ta;Ozx 1s lower than pure
UQ., as shown in Fig. 7, similar to UjyTiyOuex [11] and Up-yNb,Oo.x [14]. The
effect of aliovalent cations doped substitutionally in UQO; on the oxygen potential
is generally explained by the valence control rule. The oxygen potential values
are naturally decreased by doping with cations of higher valency such as Ta™
and Nb® in accordance with the valence rule. However, the valence control rule
based on the substitutional solution can not applicable to the case of
Ti"'-doping, because Ti ion has tetravalency but the oxygen potential of
Ti-doped UO:. is lower than that of pure UOz. If all the titanium is present
as Ti" ions _substitutionally, no direct effects on the defect structure and on
uranium diffusion are to be expected. If the reduced Ti ions occupy uranium
lattice site, the sinterability is to be decreased and the oxygen potential is to be

increased for substitutional solid solution of Ti in UQ..
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The Ti'" ions may enter the UQO: lattice interstitially instead of
substitutionally for uranium ions [11]. Therefore, the main contribution of TiO;
addition to enhance urnaium diffusion is thought to be due to the interstitial
solution of Ti in both reducing and oxidizing atmospheres.

The higher valent Nb or Ta substituting for the uranium ion in the U0-
lattice imparts an effective positive charge to the lattice in oxidizing atmosphere.
The Ta has only a stable 5+ valence but Nb can has 3+ and 5+ as stable
valence. Sawbridge et al. suggested that Nb i1s present as Nb" in UQ: when
sintered under dry hydrogen conditions typical of fuel fabrication conditions but
can be present as Nb® as the oxygen potential increases. If Nb* ions which are
reduced from Nb® in hydrogen enter UO: lattice substitutionally, the sinterablilty
of Nb-doped UQ: rather decreases than pure UO; Therefore, the reason for the
positive effect on the grain growth of Nb in reducing atmosphere can be
interpreted when Nb enters the UO: lattice interstitially. It has been reported
that both Ti and Nb ions can be accommodated readily in the large interstitial
holes regardless of their valence state [6].

Fig. 8 shows that the solubility .limit is affected by the valence of dopant
cation. A large portion of second phase is observed in UO; doped with
0.66wt% Ta:0s and 0.1wt2% TiO: sintered in hydrogen atmosphere at 1700°C, but
free of any dopant oxides or the eutectic phases up to 0.1wt% TiO: and 0.6wt%
Ta:0s in CO/CO atmospheres at 1250°C.

Second phases have been previously reported in the UO.-TiO: {4, 7] and
UOs V205 [9] systems. The UQO:-TiO: eutectic was formed and the liqud phase
was segregated on the grain boundaries during sintering above some
temperature in the range 1600-1650°C [4]. The eutectic phases are only formed
when the dopant concentrations exceed the solubility limits.

Ti* has been found to be more soluble in UO; than the lower valence
states [4]. It is .probably due to the smaller radius of Ti" ion than that of Ti.
The tantalum ion is not multivalent and can not form non-stoichiometric

compositions, whereas the results are the same as Ti-doped UQG..  The
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solubilities of both Ti and Ta are increased in hyperstoichiometric UQg.,.
Dopant cations going into solutions require the formation of defects such as
oxygen interstitials, uranium vacancies or uranium ions with higher valency to
compensate charge valence in hyperstoichiometric UQOz.. The amount of dopants
going into solid sclutions at a given temperature can therefore be controlled by

the oxygen potential of the sintering atmosphere.
IV. Conclusions

Ta, Ti and Nb is an effectiﬁfe sintering aid for UQ:z in reducing atmosphere
The sintered density and the grain size aré inicreased with Ta content up to
0.33 wt% TazQs but substantially decreased by high contents of Ta.

The grain size of pure UQ; and Ti-doped UO: is increased as increasing
CO./CO ratio, on the contrary, that of Ta and Nb-doped UO: is decreased. The
effect of Ta addition on grain growth is a little in oxidizing atmosphere,
although the effect is clearly appeared in reducing atmosphere.

The oxygen potentials of Ui-yTayOznx solid solutions are lower than pure
UO..

A large portion of second phase is obs_erved in UQ: doped with 0.66wt%
Ta;0s and 0.1wt% TiO. sintered in hydrogen atmosphere at 1700°C, but free of
any dopant oxides or the eutectic phases up to 0.1wt% TiO: and 0.6wt2s Taz0s.
in CO/CO atmo'spheres at 1250°C. It is found that TiO: and Taz0s are more

soluble in hyperstoichiometric UQz. than in stoichiometric UQO..
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2-4 Elucidation of development of lattice strain in
uranium dioxide by addition of magnesium

H. Serizawa and K. Fukuda

Abstract

Lattice strain observed in magnesium-doped UQ, was studied. Homogeneous and in-
homogeneous strains were evaluated by X-ray diffraction (XRD) analysis. The evolution of the
homogeneous strain was explained by the formation of cation defects in the solid solution. The
development of the strain was dependent on the concentration of (Mg2+-als+) complexes. The
variance method was applied to measure the inhomogeneous strain. The average crystallite size of
the product was also obtained in the analysis. It was estimated that the evolution of the in-
homogeneous strain and the decrease in the size of the crystallites were attributed to the precipita-
tion of MgO accompanied by the reduction of the sample.

Keywords : lattice strain, UO», Mg, complex, X-ray, variance, crystallite

JAERI, Japan.
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1, Introduction

Interest in MgyU1.yOz+x is based on its attractive properties of this compound as a potential
nuclear fuel. The use of oxygen-poor MgyU1.yOz+x as a nuclear fuel is expected to depress the
oxidation of cladding during irradiation, resulting in the improvement of the irradiation perfor-
mance. In the near future, we are planning to study the irradiation performance of the Mg-doped
UO».x. Before the test, we carried out a series of X-ray diffraction (XRD) measurements on the
MgyU]1-yOz4x samples with various compositions, and found that a sample with a negative X value
showed larger X-ray line broadening compared with that with a positive x value.

In this paper, the results of the experimental study on the lattice strain developed in the solid
solution are reviewed. Details of the analysis is described elsewhere [1]. We treated two types of
lattice strains, i.e. homogeneous strain and inhomogeneous strain separately. The increase in the
homogeneous strain was explained using a defect model, which assumes the presence of two

kinds of complexes, Mg?*-aU>"), and free Mg?* and U>* ions in the solid solution. The

inhomogeneous strain was studied by broadening analysis of X-ray diffraction peaks. The
crystallite size was also evaluated in the analysis. The variation in the strain was discussed taking
the variation in the crystallite size of the solid solution into account.

2. Experimental
2.1. Sample preparation

The starting materials, MgUO4, MgU3010 and UO: were mixed, and pressed into the pellets.

The samples were first heated at 1300°C or 1400°C in an unpurified He stream for 100 hours,
where the oxygen concentration of the outlet gas was about 200ppm. Then, the specimens for
XRD and EPMA were cut out using a diamond wheel. The one part of the pellet was heated again
at the same temperature for 50 hours in an He/4%H2 atmosphere. Each pellet was divided for XRD

and EPMA analyses.
2.2. Composition of solid solution

The determination of the composition of the sample was carried out by XRD and EPMA. When
the product was composed of a single phase, the oxygen to metal ratio of the sample was
determined by the relationship between the lattice constant and the composition [2]. For a
heterogenous sample including a precipitate, MgO, the composition of the solid solution MgyU1-
yO2.4x was determined by the lattice constant in combination with the Mg concentration in the solid
solution which was determined by EPMA.

2.3. Measurement of the XRD line profile

In order to evaluate the inhomogeneous strain and the crystallite size, the intensity distribution

was measured stepwise at an interval of 0.002° within a range of 1~3° from the peak center on
both sides. The line profile was corrected for a polarization factor, and then background correction
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was carried out by subtracting the intensity measured at an angle distant from the peak position.
3. Variance method

The variance method was used to determine the inhomogeneous strain and the average

crystallite size of each sample [3-7]. The net variance, expressed as Wa2e™C, due to the in-
homogeneous lattice strain and the crystallite size is defined as follows;

KiA26

= +4tan®0<e®> . (D
2x°pcoso

WSD

28

where K, A, p, € and A28 denote the Scherrer constant, the wavelength, the average crystallite
size, the local strain and the integral width, respectively 3, 4, 6].

4. Results and discussion

4.1 Composition analysis

The principal features of the products analyzed by XRD and EPMA are summarized in Table

1.
Table 1 EPMA and XRD analysis of the product
Initial Reaction MgO Mgl Lattice
Specimen Compesition Temperature Atmosphere Phase Phase Constant Chemical Formula
(Mg/Metal) () XRD) (EPM A) (nm)

(a)-1 0.10 1300 He - - c.e410 Mg o UosO 2 .08
(a)-2 0.20 1300 He - - 0.5360 Mgo.zUasQz o0
(a)-3 0.30 1300 He ++ 4 0.5350 Mgoz2Uos10 108
{b}1 C.10 1300 He He4 %Hz2 - + G.5460 Mgooslae10 104
(b)2 0.20 1300 He Hed4 %Hz ++ + 0.5460 Mgo1slloszQ 187
(b)3 C.30 1300 He He4 %Hz +++ + 0.5460 Mgoi1s5Uos10 186
fe)1 0.21 14 00 He - + 0.5384 MgorellnadOzoo
(c)y2 0.15 1400 He - + 0.6392 Mgo:slJossQz01
(c)3 0.11 1400 He - - 05412 Mgo11UossOzoz2
(c)r4 0.015 1400 He - - 5.461 M go o15UeeesOz 01
(d)-1 0.21 1400 He Hed %Hz +++ ++ 0.54 66 Mgei14UossOroo
(d)2 0.15 1400 Heg Hed %H:z ++ ++ 0.6467 MgoiraloarOis:
{d)3 011 1400 He He4 %Hz + + 0.5466 Mgooallosz(O 194
(dy 4 0.015 1400 He He4 %Hz - - 0.5467 Mo o16Usoss01 99
uoz 0.C 1300 He He4 %H: [ R 0.5470 UQzo00
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It can be seen that the O content in the solid solution decreases with increasing Mg content. The
solubility of Mg in UOz decreases with increasing temperature.

4.2 Homogeneous lattice strain

It is interesting that the x value dependence of the lattice constant in the oxygen
hyperstoichiometric region is much smaller than that in the oxygen hypostoichiometric region [2].
Itis generally known that the Mg ions which are dissolved in UO2 substitute in the lattice site of U

ions. Because the valence state and the ionic radius of Mg?* are considerably different from those

of the U ion, it might be reasonable that the distortion of the U ions around a Mg impurity center is
so great that the homogeneous lattice strain takes place, which results in a variation in the lattice

constant.

Aronson and Clayton suggested a defect model with the localized electronic disorder {9]. The
valence states of oxygen and uranium in UOz are -2 and +4, respectively. When a cation in
divalent state dissolves and replaces uranium ion in the crystal, this cation is considered as -2
charged defect and the oxidized neighboring uranium ions which exhibit +5 valences are regarded

as +1 charged defects [10]. In such case, there are three types of cation defects:(Mg?*- aU™)
complexes (l<a<2) which are formed by the atiractive interaction between these negative and
positive defects, free Mg?* and free U™ ions which do not take part in the formation of the

complex[10].
In Fig. 1, the concentration of the defect complexes and cation defects per mole of the solid

solution are given as a function of O content. Since the a value for MgyU;.yO2.+x was not
available for the rough estimation, the value was assumed to have the same value as in EuylUi.
yO2+x, 1.66, which was determined experimentally [10].
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Fig. 1 Variation of the number of defects in 1 mole of the solid solution:
O Mg/metal ratio=0.15; O Mg/metal ratio=0.10; A Mg/metal ratio=0.05
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As can be seen in the figures, the kind of cation defects changes with the composition. it 1s
convenient to discuss the formation of defects by dividing the oxygen nonstoichiometry into two

regions. The boundary between the two regions is calculated by the relation, Xboundary=2-(1-at/2)y
(in this case, Xboundary=1.99, 1.98 and 1.97 for y=0.05, 0.10 and 0.15, respectively) [10]. In the
OXygen-poor region (X<Xboundary), there are free Mg?* ions in addition to the complexes. The
concentration of free Mg2+ ions which do not combine with U3* ions decreases with increasing O
content, and this Mg?* ion almost vanishes in the vicinity of the Xboundary- In the oxygen-rich

region (Xboundary<X), the Mg?* ions are exhausted to form the complexes. The number of U ions
increases with increasing O content. The cause of the development of the homogeneous strain can
be clarified by plotting the deviation of the lattice constant as a function of the numbers of each
defect per mole of the solid solution. Fig. 2 show that the deviation of the lattice constant increases
as the number of the defect complexes increases, indicating that the homogeneous lattice strain of

the solid solution is greatly affected by the formation of the (Mg2+-aU5+) complex. It is clear that
the effect of the presence of other types of defects on the homogeneous strain can be neglected
compared with that of the defect complex. -
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4.3 Inhomogeneous strain and crystallite size
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The information on the variation in the crystallinity of this ceramic compound in two separate
terms of inhomogencous strain and particle size can be obtained by the peak broadening analysis.
Fig. 3 illustrates variation of the peak sharp of the measured (620) profile by the preparation
condition. A marked peak broadening is observed in the profile of sample (b)-2, which was
prepared by the reduction of sample (a)-2. The crystallimty of the sample depends on some factors

other than the reaction temperature. Fig. 4 illustrates W20 Ccosf/ A 26 A plotted against 4sin-

BtanB/A26 ) for sample (b)-1 as an example. The solid line is calculated using other planes of
reflection and the dotted line results from the reflections from the (200) and (400) planes. As can
be seen in Fig. 4, the intersection of the Y axis of the dotted line is somewhat smaller than that of
the solid line; whereas, the slopes of the two lines are closely consistent with each other. The ratio
of the average crystallite size (p100/Pother direction) Was, however, almost the same in all samples.
This means that the difference in the intersection of the Y axis might be due to the Scherrer
constant, K, for each reflection rather than the anisotropy of the sample [4, 11]. Therefore, the
mean size and strain parameter were calculated using all reflections other than the (h0O) planes.

The analysis of the pure UOz prepared by heat treatment at 1300°C in a He/4%H; atmosphere

showed that the strain of this standard sample was less than 1074, indicating that the sample had
no lattice strain. The mean crystallite size was about 150nm. This value is in good agreement with
the reported values within the scattering of the data [12, 13].

In Fig. 5, the inhomogeneous lattice strain of the solid solutions is plotted as a function of the
composition. Fig. 5 (A) shows that the inhomogeneous strain developed by the heaf treatment in a
strongly reducing atmosphere (He/4%H2). The strain plotted against the G/metal ratio is given in
the Fig. 5 (B). As shown in this figure, the inhomogeneous strain increases with decreasing
O/metal ratio of the solid solution. The lattice distortion of MgyU1-yOz+x was reported as affected
by the preparation temperature [10]. It is evident here that the magnitude of the inhomogeneous
strain greatly depends on the annealing temperature. Our result in Fig. 5 (B) also shows that the
inhomogeneous strain decreases with increasing temperature, but the inclination to develop the
strain with decreasing O content is independent of reaction temperature. One possible explanation
for this change in the inhomogeneous strain with O/M ratio is that the precipitate of MgO evolved
as a decrease in the oxygen potential caused the inhomogeneous strain.
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The mean values of the crystallite size were found in the range of 100 to 250 nm which was
comparable with the reported value [14]. Although the data plotted in Fig. 6 (A) show some
scatter, the crystallite size of the sample produced in a He atmosphere (presented by the symbol )
scems to increase with increasing Mg content. The previous work by Ingleby and Hand [15]
pointed out the rapid grain growth of Mg-doped UO». There might be some relationships between
the grain growth and the increase in the crystallite size. In the figure, the temperature dependence
of the crystallite size is shown. The size increases with increasing preparation temperature of the
solid solution. One possible explanation for this change in the inhomogeneous strain with O/M
ratio is that the precipitate of MgO evolved as a decrease in the oxygen potential caused the
inhomogeneous strain.

Fig. 6 (B) depicts the variation in the crystallite size of the solid solution with O/M ratio. It
should be noted that the crystallite size decreases when the samples are reduced. In other words,
the figure indicates that the crystallite of the solid solution is subdivided by the precipitation of
MgO, which would cause the inhomogeneous stress detected in the present work.
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Fig. 6 Measured crystallite size of the solid solution as a function of the composition: I, samples prepared at

1300°C in He atmosphere; [, samples heat treated in He/4%H2 atmosphere; &, samples prepared at

14000C in He atmosphere; 2, samples heat treated in He/4%I2 atmosphere
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5. Summary

The homogeneous lattice strain was evaluated and correlated to the defects in the solid solution
using the cation-cation defect model of the CaF2-type structure. The variation in the magnitude of

the homogeneous strain was found to be attributed to the presence of the defect complex, (Mg?*-

aU"). Both the magnitude of the inhomogeneous strain and the size of the crystallites were
confirmed to be dependent on the preparation temperature of the solid solution. The development
of the inhomogeneous strain and the decrease in the crystaliite size which did not depend on the
preparation temperature were considered to be ascribed to the precipitation of MgO generated
during the heat treatment in a He/4%H2 atmosphere.
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3-1 Preparation of fuel materials for LWR by the internal geration process

G Ledergerber, F.Ingold, F_Botta, R.W Stratton x)

Abstract

‘The Internal Gelation Process, used for the fabrication of different nuclear fuel forms, offers for the

nitrate-to-oxide conversion step in a mixed oxide fabrication flow sheet major advantages such as
less mechanical process steps for a nearly dust free homogeneous product. For industrial application
the utilisation of microwaves for initiating the gelation of the formed drops offers a further potential

in the reduction of process steps and makes the process even more suitable for remote operation.

Sintered microspheres of three different size were produced and vibro-filled in 12 test rodlets, giving
a fuel smear density in the rodlet of about 86% of the theoretical density. The rodlets were
assembled into four strings (together with pellet and dummy rodlets) for irradiation in the Gosgen
PWR in Switzerland. One rodlet string was withdrawn for detailed examination in each of the four
years total irradiation time. The four cycle rod reached a burnup of >50 GW-d/t. The aim was to gain
experience in sphere-pac uranium dioxide behaviour prior to testing uranium-plutonium oxides. In a

similar way rodlets with MOX have been fabricated and are under irradiation in the Beznau plant in

Switzerland.

The Oxidative sintering of uranium oxide decreases the sintering temperature from >1700°C down to
1150-1200°C and shortens the sinter cycle period by a factor of 2. Microspheres of 500 micrometer
diameter showed no significant difference in the compacting behaviour of uranium oxide converted
by the AUC-process. The characterisation of the sintered pellets indicates that the pellet denstties
sufficient for LWR application can be obtained with NIKUSI siniering.

Keywords : Fuel fabrication, internal gelation, sphere-pac, uranium oxide, MOX

PSI, Switzerland.
%) today with NOK, CH5400, Baden, Switzerland.
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Internal gelation for the conversion of uranium plutonium nitrate solutions

This wet method offers an fabrication alternative to the traditional powder-pellet and so called dry
route for MOX fuels. Arising partly out of developments in the field of HTR fuel kernels is was
always seen as a alternative process to the standard powder technology. It has the advantage of
being entirely ,,wet* and thus of avoiding the hazards of the fine powders and dust of conventional
methods. A comparison of different routes for mixed oxide fuel fabrication from the simple mixing of
uranium oxide with the plutonium oxide to the coprecipitation processes with a homogeneous
distribution of plutonium is shown in Figure 2 and explained in more detail by Stratton in [1]. Haas
[2] has compared eight processes for the conversion of uranyl nitrate into ceramic-grade uranium
~ oxide and concludes that the advantages of the sphere preparation and handling processes for remote
operation are great enough to reduce the overall fuel cycle costs for MOX fabrication. The two
fabrication routes GEL-SPHERE-PAC (route 7 in Figure 2) and GEL-SPHERE-PELLET (route 6
in Figure 2) in which the internal gelation process is used for the conversion of the metal solution
into the oxide have been the focus of experimental verification of their feasibility at PSI for many
years. For the internal gelation process improvements towards reduction of process steps with the
utilisation of microwaves for the sphere forming step have been demonstrated [3]. The simplification
is clearly visible in the diagram in Figure 1. This method cailed ,,microwave gelation® gives his full
advantage on remote processing and combines the advantages of external gelation (no organic heat
carrier) with the advantages of internal gelation (coprecipitation of different metals and large sphere
formation). The equipment within the contaminated area required is significant reduced and has to be
compensated by more sophisticated electronic devices for the utilisation of microwaves in the non-

industrial frequency band.
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Figure 1: Comparison of process steps for gelation by a heat carrier and by microwaves
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