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PREFACE

Most water-cooled reactors operate at present with oxide type
fuels. Thérefore, irradiation effects on uranium dioxide (UOZ)
are 1mportant to operate nuclear reactors in safetyQ From this
viewpoint, many works had been performed on UO2 fuels; The works
done up to 1961 were reviewed by J;Bellerlj. Although valuable -
results concerning with engineering standpoints of nuclear fuels
were very aboundant, a basic study of irradiation effects on UO2
has been scarce. Basic problems on UO2 were pointed out in Geneva
Conference held in 1964. Since then basic studies, for instance,
dose dependence of physical properties (lattice parameter, thermal
conductivity and electrical oonductivity) and irradiation behgvior

of lattice defects in U0, have not been reported: Recently this

2
kind of basic study has been initigted with respect to UC and UN

in Germanyzzq. In 1972, densificatiOn of fuel pellets during
irradiation was observed in PWR. FPurthermore, attention has been
gilven to the pellet cladding mechanical interaction. In order to
understand these phenomena, many works have been done in g half

decade. In spite of much efforts, many problems remain unsolved

at present.

In this study, at first, neutron irradiation effects on basic
properties such as lattice parameter and density of UO2 were
investigated to get useful informations on interpreting the relation
between the behavior of defects and irradiation induced densifica-

tion. The fission dose dependence of these physical properties



including lattice strain, electrical conductivity and thermoelectric
power was measured in the dose range from 1X1014 to 1X1019
pissions/cm3.  From the results of the measurements of lattice
paraneter, &ensity and porosity, the concentrations of lattice
defects such as interstitials and vacancies were estimated as a
point defect. On the basis of these results a model for densifi-
cation and an equation of the dose dependence of densification were
proposed from kinetic consideration. The basic studies of irradi-
ation effects on UO2 yielded much help to better understanding not

only of the densification but also of the diffusional problems

such as the diffusion and the creep of irradiated UO2 fuels.

This report consists of five chapters. In Chapt. 1, fission dose
dependence of the lattice parameter and the lattice strain was
described. The results of recovery annealings of lattice expansion
were also shown. In the last part of this chapter, three kinds of
kinetic equations, which were fitted well to experimental points,
were mentioned with regard to the lattice parameter change. The
effective volumes per fission event were also calculated by means
of the equgtions.

In Chapt. 2, irradigtion induced volume change was described
accompanied with the results of density measurements. The volume
change was discussed in connection with the lattice parameter
change mentioned in Chapt. 1. From this discussion the behavior
of irradiation produced various lattice defects was somewhat

clarified.



In Chapt. 3, changes of electrical conductivity and thermo-
electric power after neutron irradiation were described.

In Chapt. 4, céncentrations of interstitigls and wvacancies
produced dufing irradiagtion were estimated from the results of
both lattice parameter and volume changes using the equations
based on elgstic continuum model of crystals; The vacancy
concentration estimated here was applied to some diffusional
properties of fuels under irradiation such as diffusion, densifi-
cation and creep.

In the last chapter (Chapt. 5), availability of the densifi-
cation model was shown in connectlion with the results obtained
in the preceding chapters. Two problems were developed in this
chapter, one of which was pore analysis and another the prediction
of the dose dependence of the densification. A model for the
densification was mentioned on the basis of the behavior of lattice

defects, in particular vacancies.
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CHAPTER 1. FISSION DOSE DEPENDENCE OF LATTICE PABAMETER

1.1. Introduction

Only a few results are available on lattice defects in ceramic
nuclear fuels such as uranium dioxide (UO,), uranium carbides (UC,
uc, and U2C3) and uranium mononitride (UN), though the knowledge
about such lattice defedts is indispensable to better understanding
of irradiation behavior of fuel elements. Studies on dose depend-
ence of lattice parameter change have been done by many investigator:

£1-107 and nitride'[4’5’1Q7, but those to UO2 were

on carbides
scarce and only one work by Wait et al. £11-137 (5414 ve found in
literatures. Most of these investigators had found that the lattice
parameter increases as the fission dose and reaches a saturation
value at g high fission dose. Some of them showed an abrupt

decrease of the lattice parameter in a high dose range. In general.

the curve representing the change of the lattice parameter in UO2
[11-137 [4,5] had

1. 497

vs; fission dose has a convex shape Dienst
recently found a similar tendency in UC and UN. Matsul et a
had also observed such a tendency in UC and found some difference

caused by the difference of the surface area (sink density) between

bowered and magssive specimens.

Formulations of a dose dependence of physical properties,
such as lattice parameter and electrical resistivity, were tried

by many workers [5’7’10’14j. They introduced almost similagr



equations which predicted saturation with a single step or two

steps to uranium metal, UC and UN.

" *In the'bresent study, lattice parameter, lattice strain and
redovery behavior have been investigated for irradiated UO2 in
order to understand the characteristics of fission induced lattice
defects, and the results obtainéd here provide some interesting
informations with respect to the UO2 lattice defects. The concent-
ration of these defects will be discussed in detail in other
chapter (Chapt. 4). In this chapter, experimental data on the
irradiation behavior of lattice defects was mainly described and
the last part was dealt with the theoretical consideration in
which dose dependence of the lattice parameter change was formu-

lated and effective volume per fission event was estimated on the

basis of the equations proposed here.



1.2. Expsrimetals

1,2}1. Specimens

Two sets of UO, pellets produced by sintering at 1700 °C in
hydrogen atmosphere were commerciglly available and used in this
experiment. The grain sizes were determined to be 2.5 and 5 pm
by metallugical photographs. Impurity contents for the specimen
of 5 pum grain size were listed in the mill sheet in table 1-1.
Lattice parameters and densities before irradiation were measured
to be 5.4707+0.0004 Z (94.50 %T.D.) and 5.4708+0.0004 z
(95.15 %T.D.), respectively, for the specimens of 5 and 2.5 pm
grain sizes. One batch whose grain size was 2.5 pm had a 0/U
ratio of 2.002+0.005, whereas another batch, grain size of 5 um,
had a higher 0/U of 2.004+0.0005. The 0/U ratios were determined
by a gravimetric method without correction of impurities.

The lattice parametersindicate that the 0/U ratios of both specimens

are identicgl to 2.011715] . Some physical properties before

irradiation are summarized in table 1-2.
1.2.2. Irradigtions

Pellets were cut into segments (dimension of ~/1X1X10 mm>)
by a diamond wheel slicing machine. The specimens sealed with
quartz glass under a vacuum (about 1073 torr) were put into
a polyethylene or an aluminum capsule for irradiation.

Irradiations were performed in HP, VG and VR holes in JRR-2 and

...7_



Table 1-1 Chemical analysis of impurity contents on UO2 specimen

of 5 pm grain size.

) Element Content (ppm)
Ag | < 0.2
Al < 14
B < 0.2
C , < 50
Ca o < 10
Cl | < 20
Cr 5
Cu < 2
F < 10
Fe < 14
Mo < 5
N < 20
Ni < 6

Si < 6




Table 1-2 Physicél properties before irradiation.

grain size (pm) 2.5 5

0/U ratio 2.002+0.005 2.004+0.0005
0

lattice parameter (A) 5.4708+0.0004 5.4707+0.0004

density (%T.D.) 95.15+0.07 94.50+0.16




JRR-3 (JAERI). The characters of these irradiation holes were
shown in table 1-3. Total fission doses were in a range between
1.14x101% ang 2.92x1018 rissions/om3. They were determined by

the Y-activity of cobalt and/or cobalt-gluminum wire monitors
Placed in the quartz tube with the specimen. An estimated

mgximum specimen temperature during irradiation was below 150 oC,
and this was confirmed by recovery experiments of lattice expansion
mentioned after. Megsurements of lgttice parameter and lattice
strain were carried out after cooling the irradiated specimens

for two or three months;

1.2.3. Procedures

Lattice parameter of the specimens was measured using a double
crystal X-ray diffractometer. Calculations of lattice parameters
were carried out using eight peaks (333) to (444), and the errors
were +0.0004 Z.

The apparent lgttice strain was calculated by the following
relation : 7= B/tanB , where B is the increase or decrease of

the X-ray peak half-width of irradiated UO_. at the glancing angle

2
@ of (333) as compared to that of pre—irradiation; This method

£161 £y

was examined by Cullity and Dienst , who used the procedure

e

similar to the above. Errors of J)-values were +10 Z.

o . -
.

In order to examine the thermal recovery of lattice expansion,
the irradiated specimens were annealed in purified argon atmosphere

at an interval of 50 oC in the temperature range from 200 Oc to

- 10 -



Table 1-3 Characters of HP, VG and VR positions.

irradiation hoie

thermal neutron flux

(ncm—zsec—1)

HP-1

HP-2

VG-7

VR-1

VR-3

1.7%1013

1‘3><1O13

11 12

2x10 - 3.5%10

12

2x1012 - -3.5x1017

12

2x1012 - 3x1017

- 11 -



500 °c for one hour. The apparatus for recovery anneallings was
shown in fig.1-1. The lattice parameters were determined after

cooling the specimens to room temperature.

...12..
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1.3. Results and discussion
1.3.1. Lattice pgrgmeter and lattice strain

Fig.1-2 shows variations of the lattice parameter and the

apparent lattice strain of UO2 as a function of the fission dose.

Three definite stages, which were designated the first, the second
and the third stage, respectively, in fig.1-2, appeared in the

lattice parameter changes.

At the first stage, the lattice parameter increased with

fission dose and was saturated up to 2.5X1016 fissions/cm> for

16

5 pm U0, and up to 2X10 fissions/cm® for 2.5 pm U0

2l
This type of saturation was not clearly observed in the results of

[11-137 .

single and polycrystalline UO, by Wait et al.

2
On the other hand, a recovery of the apparent lattice strain was

observed below 1X1017 fissions/cmo. This behavior has not been

[4,57

observed in other ceramic fuels such as uranium carbide
and uranium nitride £h,5,177 R It is considered that the initigl
recovery is due to the relocation of excess oxygens frequently

existing in the lattice matrix of UO Furthere confirmation

2+x*
of this idea willl be given by electrical resistivity measurements
which will be mentioned in Chapt. 3. After that fission dose,
the apparent lattice strain increagsed with fission dose in-the

first stage of the lattice parameter change.

- 14 -
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Fig.1-2. The variation of the lattice parameter and of the apparent

lattice strain of UO2 vs. the fission dose.
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At the second stage, the lattice parameter increased again

017 3

with fission dose, and reached a maximum at 3.2X1 figsgions/cm

for 5 pm UO, and at 1.6X1017 fissions/cm3 for 2.5 pm UO

2 2°
The second stage for the lattice strain change shifted to higher

fission dose, compared with that for the lattice parameter change.
This suggests that the concentration of vacancles is saturated

after a maximum of concentration of interstitials.

At the third stage, the lattice parameter and the agpparent
lattice strain begin to decrease; This behavior can be explained
in terms of kinetic considerations of defects described in

the next section.

In our study, the lattice parameter changes for 2.5 um UO2
are smaller and are saturated earlier than those for 5 unm UOZ'
This fact suggests that grain boundaries play an important role

as sinks for knock-on gtoms and interstitials. The maximum

L

fractional change of the lattice parameter was 9.8%10 ' for single

£113

crystal UO , and this value was smaller than

2
that for SAPE-UOZ, which was 11.86X10_4. This might be explained

by Wait et al.

by the difference in 0/U ratio, because the specimens used

by Wait et al. were stoichiometric and ours were hyper-stoichiome-

£187

tric. Stehle, Assmann and Wunderlich investigated the effept

] ® . -
of 0/U ratio on Young s modulas in ursnium oxide, and found that

stoichiometric UO, had the maximum in Young s moduli.

2
It is reasonably considered that irradiagtion-produced interstitials

- 16 -
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can expand more easily the unit cell size in hyper-stoichiometric
UOZ'

1.3.2. Annealing behavior of lattice parameter

The annealing behavior of the lattice parameter changes of

14 016

5 pm UO, irradiated to 1.28X1014, L4.39%X10~ 7, 4.28%1015, 2.79%X1

2
(first stage), 1.54X1017, 3.23X1017 (second stage) and 6.09x1017
fissions/cm> (third stage) is shown in figs.1-3 and 1-4.

No recovery occurred below 150 OC in the sample irradiated to

1.28X1014 f‘issions/cm3 (closed circles in fig.1-3).

The lattice expansion of UO? irradiated to 4.39X101u
f‘issions/cm3 recovered completely at 250 °¢. This suggests that
simple types of defects are annealed out at 250 °¢. Moreover
the recovered lattice parameter is smgller than the originsl.

This effect might be due to a dissociation of oxygen-interstitial-

£197

vacancy complexes by irradiation. While two recovery steps

were clearly observed between 150 and 250 °c and between 300 and

016 fissions/cmo,

500 °C for the specimen irradiated to 2.79X1
which corresponded to the dose in the first saturation of the
lattice parameter, and the defects produced were completely
annealed out up to 500 °c. Primary defects produced in the first
stage consist of two kinds of defects whose character is not

clarified.

For the specimens irradiated to the second stage, two recovery

_17_
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steps were also observed at 200 (transition temperature) and
330 OC, although the second step was not clearly distinguished.
Defects produced gt this stage were not completely annealed out
to 500 oC. There might have been interstitial clusters as
observed with electron microscope by Whapham gnd Sheldon £20J .
Recovery observations in situ by electron microscope are needed,
and more precise experiments will clarify the nature of defects.
The result obtalned for the specimen irradiated to the highest
dose (the third stage in fig.1-2) was quite similar to that
irradiated to the middle level (second stage), although a larger
recovery was observed 1in the second step at 330 °c. The lattice
expansion for the specimen irradiated to the highest dose was
more completely recovered after annealing up to 500 °Cc than that
irradiated in the second stage. This indicates that dominant

defcets in the lattice in the latter specimen are more complex

than those in the former.

r211 observed two or three recovery steps in single

Walt
crystal and polycrystalline UOZ’ the first recovery step appeared
at around 300 °C and the second seemed to appear above 500 °c.
This suggests that excess uranium vacancies existing in hyper-
stoichiometric UO2 may play an important role on the recovery of
the lattice expansion. The recovery curve obtained by BlochlrzgJ

for single crystal UO. irradiated near 5%1017 rissions/cm3’ showed

2 ,
a trend similar to that obtained by Wait, but definite récovery steps

were not reported.

- 19 -
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1.4. Theoretical consideration

In this section kinetic considerations of lattice parameter
changes with dose are described. Kinetic equations which predicted
the relation between the lattice parameter changes and the fission
dose were agpplied to dose dependence of lattice parameter changes

not only to UO, but aglso to UC and UN.

2

1.4.1. Kinetic consideration for lattice parameter change

under irradiagtion

The equations for the lattice parameter change under irradia-
tion were deduced from kinetic considerations of the behavior of
interstitials and vacancies. In the first stage, simple
configurations of primary interstitials such as single- and
di-interstitials saturate in the lattice at the experimental
temperature. Thus the rate of the-process will be described

by a first order kinetic equation as follows:

dcy/dt = VE. P (1 - ¢;),

where C.l is a fraction of interstitials to that at the saturation,
zquth the fission density and V the volume effective for this
process per fission event. Since it 1is reasonably.assumed”that
the lattice parameter, a, is increased with the concentratiqn”

of interstitials, the fractionagl increase of lattice parameter,

- 21 -



Azmﬂaal, is proportional to C,, provided that concentrations of
vacancies are equal to or almost proportiongl to those of intersti-
tials. Therefore, after the substitution y = Aa/;ﬁal,

dy/dt = V, S P (1 - 5),

where ‘Aal is the saturation vglue of Aa in the first stage.

Then the usual equation is obtained;

aa = Aa, {1 - exp(-v, 5 b, t)}. (1-1)

After the saturation of primary interstitials, rather compli-
cated configurations of interstitials such as clustering in lattice
matrix will be formed additionally, which will be called hereafter
"secondary interstitials" as a whole. The production rate of
these defects depends on both their concentration and that of
residual atoms, provided that the velocities of annihilation by
drift to sinks are proportiongl to the concentration of themselves.
Therefore, the rate equation of the second order process is
adopted for formgtion of the secondary interstitials.

Substituting y = 4a/aa,,

dy/at = V, X, P y(1 - y), (1-2)

where Aaz ig the saturation value of Aa in the second stage-and

- 22 -



V2 the effective volume for this process per fission. With the

boundary condition that is y=¢3a1/zsaz at t = t,, the time of the

first saturation, eq.(1-2) is solved:

Aaz- Aa

Aa 1

-1
pe= ae, 1+ oxofvy 20 P - o} (i)

In the course of the above treatment, vacancies are gpparently
out of consideration, nevertheless they are included as follows.
The relation between interstitiagls and vacancies was considered
in the following manner. At low temperature only interstitials
are expected to be mobile. A part of interstitials drifts to
sinks such as grain boundaries , dislocations and fabricated pores,
and others can annihilate with vacancies. As a result, the
vacancy concentration becomes larger than that of interstitials
in the lattice. As described in Chapt. 4 excess number of
vacancies beyond interstitigls in the lattice matrix is not so
high compared with interstitials up to the end of the second stage.
At the saturation of secondary interstitials mentioned before,
all newly produced interstitials annihilate by above two
DProcesses. Therefore, even after the saturation, the vacancy
concentration can increase without any change of the concentra-

tion of interstitials.

® - . -
-

When the fission dose further increases, a number of excess

vacancies are produced in the vicinity of the interstitials

...23...



existing at the second saturation.  Then, these interstitiagls

can easily annihilate with excess vacancies, while newly created
interstitiagls cannot exist in the lattice because of a high
enough concentration of vacancies. This kind of exhaustion of
interstitials with excess vacancies begins when the concentration
of excess vacancles in the lattice reaches a certain value, and
Proceeds to some extent until the concentration of excess vacancies
saturates in the lattice. Therefore, with regard to the change
of lattice parameter, the reduction of increased lattice parameter
occurs and continues to the steady state provided that fission
fragments do not give much influence; Hereafter this will be
called the third stage. According to the above concept, the rate
of decrease of lattice parameters in this stage is deduced in

the following way. The rate of decrease of the concentration

of interstitials is expressed with the equation:

(1-4)

—dCi/dt = V. Zf q)thcircex,

where C.l is the fractional concentration of interstitiagls relative
to the saturation value at the end of the second stage and Vr is
the effective volume fér this process per fission. Cir is the

fractional concentration of interstitigls recombingble with excess

vacancies. When Cy is the steady value of interstitials at the

3

end of this stage, Cir is expressed by,

C... = Cs - Csi (1-5)

- 2 -



On the other hand , Cex is defined as the fractional concentration
of excess vacancles effective to the exhaustion in this stage.
According to the above concept, more than one excess vacancies,
the number of which 1s defined as ao, are néeded to annihilate
with one interstitial without any production of interstitials

in this stage. It is assumed that one of these excess vacanciles
annihilgtes with an interstitial leaving surplus of excess
vacancies in the lattice throughout this stage. Two cases are
considered for Cex’ (1) concentration of vacancies corresponding

to both interstitials, which have already annihilated, (1 - Ci)’

and the stable interstitigls at the end of this stage, Ci3’ is
Cex’ i.e.,

= - + = - -
Cop = afl - Cy) oy 5 a1 + Ciq C.), (1-6)
and (2) concentration of vacancies corresponding to only to
(1 -c;) is C .y Leen,
Cop = (1 = Cy). | (1-7)

Eq.(1-6) is based on the assumption that Cox 18 the concentration
of vacancies corresponding to interstitials except recombingble
ones, which remain without annihilation, (1 - Cir)’ and in this

case, the same equation gs eq.(1-6) is obtained as follows:

Cop = @t =€) = aft = (¢ + ¢} = alt + Cy5 - Cy).

- 25 -



As mentioned later, the former concept predicts the experimentgl
data better than the latter one. According to the former concept,

the following relation can be obtgined from eq.(1-6);
C = aC, (1-8)

where Ce is the concentragtion of excess vacancies gt the end of

X2
the second saturation. Consequently, eq.(1-6) means that Cox
involved excess vacancies produced in this stage and also excess

vacancies existing at the second saturation. Substituting eq.(1-5)

and eq.(1-6) to eq.(1-4),

-C.). (1-9)

-dc;/dt = oV, X, ¢ (Cy - 013)(1 + Cyq i

Since Aa/Aa2 = y is proportional to C; and AaB/ Aay = ¥4 to

C'13’ eq.(1-9) corresponds to
-dy/dt = v, Py - y5) (1 + 5 = ¥), (1-10)

where V3 is the effective volume for this process per fission.
Integrating eq.(1-10) with the boundary condition that y = 1 at

t=t2,

(Aa2 - AaB)exp{—VBZf C]Sth(t - tz)}—
= 4
dag t (sa, - AaB)exp{-VBquath(t - tz)} Aag,

(1-11)

- 26 -



where Aa2 and ‘AaB are the saturation values at the second and

the third stage, respectively.

1.4.2. Application of the kinetic consideration to experimentgl

data

The three equations, (1-1), (1-3) and (1-11), were applied

to UO2 in the present study and other works.

> and V3 were obtalined by

substituting the present results into these equations, and were

The effective volumes of Vl, \i

summarized in table 1-4 together with other constants of Aa,,
Aays Asg, Pyt and 3. t,.  The curves illustrated in
fig.1-2 are obtained by fitting eqs.(1-1), (1-3) and (1-9) to

the experimental data.

The changes of lattice parametérs of UC and UN with dose
in the first and second stages calculated from the data by
Adam and Rogers 51’107‘and BlochﬁfBj were compared with the curves
calculated with their single stage equation. As shown in fig.1-35,
the curves calculated by these equations fit the data well.
The least square wvaluesg of V1 and V2 are compared with the V given
by each author in table 1-5. The data of powdered UC by Matsui &7+
were analyzed as the second and the third stages, and arc melted
uc by Matsui £ 97 was analyzed for all stages. The data of ue

£6,71

by Childs were analyzed as the second stage and powdered UC

...2'7_
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Table 1-4 Effective volumes in each stage for the specimens of 2.5 and 5 um grain sizes,and

other constants of Aa1, da,, AaB, b2 ¢tht1 and e ¢tht2‘ Effective volumes

were obtained by means of egs.(1-1), (1=3) and (1~11) with other constants.

. 3
v, (cm ) V?_(cmB) Vs(cmB) As., Aa, Aag zf¢tht1 S gbthtZ

0, (5pm)  6.44x1071% 1.16x10717 4.59x10718  7.40x107% 11.8x107* 4.00x107*  2.50x10"®  3.23x1077

U0,(2.5m) 6.68x1071% 2.58x1071T 5.50x10718 6.00x107% 9.10x107* 3.60x107* 2.00x10'® 1.55x10""

>2 £ (P‘tht E fissions/cm3



1.5
101
©
G
o]
3
05
0 1 1 1
10 10" 10"8
fissions/cm?

Fig.1-5. Comparison of gnalysis of the first order kinetics with
that of the second order. Dotted lines and solid lines
indicate the forst and the second order, respectively.

o: UC /37, e: UC [1,10], O : UN /1,107. Circles
correspond to the lower abscissa and squares to the upper

abscissa.
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Table 1-5 ZEffective volumes of lattice parameter change per fission event.

Specimen V1-value Vz—value V-value Remarks
(em?) (em?) (em?)
uc 737 (1.57+0.34)x107 10 g.20x10" 1 sintered pellet
-16 -17 =17
uc [1,107 (1.42+0.50)%10 (7.49+1.18)x10 3.96x10 powder
-16 -16 ~-17
UN [1,107 (3.54+0.72)%10 (1.12+0.13)x10 4,8%x10 powder




Ch,53

by Dienst was analyzed as the second and the third stages.
The calculgted curves for these data are represented in fig.1-6.

In this figure, reliable data for UO, by Wait were also illustrated

2
with the calculated curves. The curve with g dot-dash-line for
arc-melted UC in the third stage was less reliable because

the irradigtion temperature was higher than that for low dosesl:ZBJ.
The least square values of Vl’ V2 and V3 in the above data are

indicated in tables 1-5 and 1-6.
1.4.3. Discussion

Comparing the specimens of 5 um grain size with those of
2.5 pm grain size, the saturation doses for both the first and
the second stages are low in the latter, and their saturation
values of Aa are lower than those of the former. Similar trends
were observed between single and polycrystals UO2 by Wait et al.
and between the platelet and the powdered UC by Matsui.
It is reasonably explained from the fact that the specimens with
smaller grain size have larger sink densities for interstitials
at surfaces and/or grain boundaries than those with bigger grain
size. In compagrison of the effective volumes in the same stages,
the volume becomes larger with an increase of sink densities

as indicated in the results obtained for UO, of this author,

2

UC of Matsuli and UO2 of Wailt et al.. This suggests that the
effective volume of each stage depends on the sink densities.

The relation between the volume and the sink densities is described

_31..



- 2 -

o) 0\\
1'5... /"""\\\ . o
\\ . \\
\\ - \b’\
\
\
D 10 N\ 1
= 101 {"’\
= <}
S . " o0 \’\\
&
o 9{
3 ) S
i ‘\\N‘ ‘\\\\0 _
0.5 -
Q
o
O 1 1 | i
14 15 16 17 18 19
10 0 10 10 10 , 10
fissions/cm
Fig.1-6. Lattice parameter change with fission dose for UC and UOZ‘

® : hypo-UC powdered [9], o : hypo-UC platelet £97, O : UC L4,57,
A:Uc[6,7], ©: UO2 single crystal [11-137, e : UO2 polycrystal
[11-137. Solld and dotted lines indicate the calculated curves.

The dot-dash-line is less reliable.
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Table 1-6 Effective volumes of lattice parameter change per fission event.

Specimen V1-value : V2—value V~value Remarks
(cmB) (cmB) (cma)
uec 97 (8.49+0.86)x10™ 10 3,53%10" |/ 1.24x10" 12 ‘plate arc melted,
hypostoichiometry
uc £97 4.98X1O-16 (1.19i0.17)x10"17 powder arc melted,
_ hypostoichiometry
-16 -19
UCc /4,57 1.03%x10 8.28x10 powder
uc /6,77 (1.3310.01)x10_16 arc melted
U0, [11-137 (2.92:0.09)x107 1% (1.98+0.61)x107 "1 (1.2240.13)x107 15 single crystal
(5.69+3.81)x10™ '8 calculated by eq.(1-12)
Uo, [11-137 (5.1143.64)x10"16 (7.86+1.54)x10~17 (1.29i0.24)x10_17 polycrystal
| ! (4.93+3.00)x10™ 1 calculated by eq.(1-12)

(4.




in Appendix 1.1.

Dienst £57 treated the third stage with the first order
reaction and gave 2.X10—18 om3 for the effective volume (to which
he called vacancy core overlapping volume) on UC and UOZ’

Since in this stage reaction proceeds between interstitials and
vacancies, it should be treated with the second order.

Various concepts can be made for the second order rate process
between residugl interstitials and vacancies. In addition to
eq.(1-10), the following equations were examined using the data

[5,6,9,12]

obtained here and by others Most of data give the

best precision to the value of the effective volumes by eq.(1-10):

~dy/at = Vy T (v - yg)(1 - ), (1-12)

~dy/at = Vy S Pyn(y - y5)y,s (1-13)
_ 2

-dy/dt = v,z P, (v - y4)° (1-14)

In above equations, eq.(1-12) can be easily considered because

the terms, (y - y3) and (1 - y), respectively, are proportional to
the concentration of recombingble interstitials and of excess
vacancies produced after the second saturation of interstitials.
However, the precision was not good for all the data except UC

by Dienst, and, as an example, standard deviation of V3 calculated

from eq.(1-12) for UO, by Wait et al. are represented in table 1-6.

2



The following model can be proposed for the third stage.

(1) Except for the case where Aa., = 0, excess vacancies relative

3
to interstitiagls are present in the end of the second stage.
(2) Moreover, excess vacancies are additively produced in the
third stage due to drift of interstitials to sinks; and gome of

those produced are used up to recombingtion with residual

interstitials.

(3) It becomes clear that the reduction of lattice parameter

in the third stage begins after the concentration of excess
vacancies reaches a certain value and the attainment depends on
the velocity of drift of interstitiagls to sinks. This is the
reason for the difference in observed saturation values for speci-

mens prepared from the same mgterisgls.
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Appendix 1.1. Relation between the effective volume and the sink

density

In this appendix, overlagpping volume of the first stage is
considered in connection with the relation between the effective
volume gnd the sink density;

In N, knock-on gtoms, NA atoms annihilate with vacancies

K
~spontaneously and NI atoms gre formed as Frenkel defects and

end up in interstitigl positions and NS atoms migrate to sinks
such as grain boundaries and dislocations per fission. Then,

the following relgtion is given,

N = Ny + Ng + Np, (A.1-1)
i.e.,
1= Ny/Np + Ng/Npg + No/Np = a + 8+ Y, (A.1-2)

where o, B and Y represent the fractions of NA’ NS and NI to NK;
Now we introduce a concept of collosion numbers, and N(EO) and
N(EI) are defined as the collision numbers for producing a knock-

on atom and an interstitial atom, respectively. Since it is

assumed that total collision number per fission (Ncol) is c¢onstant,

the following relation can be obtained,

N. = =

o



==Y = N(EO)/Y. (A.1-3)

In the first stage, the rate of increase of interstitisls depends
on the number of uncolloding atoms. Then, the following rate

equation is given,

dNI/dt = -EaiﬁﬁiL-NilN(EI) .ELEfﬁzL NiN(EI)’
N N
0 0
N(E-;) N
- I s1 I -
—‘qu%h — Ny (1 -'}EI), (A.1-4)
0 I

where NO is the number of gtoms in unit volume and N%l is the
number of interstitigls at the first saturation.
Substituting eq.(A.1-3) to eq.(A.1-4), eq.(A.1-4) is rewritten by

the equationj;

N(E.) N
- 0~ 81 I _
aN/dt = Zfsbth — N3t(1 - Nsl). (A.1-5)
0 I

In eq.(A.1-5) we can defined

YV1 = N(EO)
NO Y
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as an effective volume for an interstitial atom. And the above

equation is rewritten as follows using eq.(Aal—Z),

N(E,)
v = 0 ' | (A.1-6)

No(l - o - B)

In eq.(A.1-6) N(EO)/NO is constant for a given material, and

in addition, the value of (1 - «) 1s constant at a given irradiation
temperature. Consequently, eq.(A.l—é) indicates that the effective
volume, Vl’ becomes smgll with increasing B value, i.e., Sink
density. The difference of V, values between 2.5 pm and 5 pm

grain sizes specimens can be easily explained on the basis of

the gbove consideration.
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CHAPTER 2. IRRADIATION INODUCED VOLUME CHANGE IN UO2

2.1. Introduction

In order to get informgtions about the irradiation behavior
of lattice defects, the megsurements of bulk density and porosity
were done in this chapter. Recently, density changes of uranium
dioxide after irradiation had been studied by many v«rorkers[l"6J
at high doses (more than 1x1020 fissions/cm>). At lower doses
(up to 1x1018 fissions/cm3), however, less studies were reported;
Kingery et al.[7’8J megsured the density changes at only two
doses of 8.6X1015 and 8.3X1016 fissions/cmB, and they reported
that the density decrease at lower dose corresponded to the expected
value from the lattice parameter meagsurements by Wait et 81.1791 s
while at higher dose.it exceeded the value expected from the
lattice parameter. Kingery et al. assumed that the excess
density change at the higher dose was due to interstitisl clusters.
Porosity changes had been investigated by many Workers[a’S’6J ’
and porosity decreases.were obgerved in high dose range agbove

1X1019 fissions/cmo.

In the present study, bulk density changes in UO2 were

0¥ to 2.92%1018 rissions/om3. ' The bulk

megsured from 1.14X1
density decreased in the dose range up to 5.6X1016 fissions/omB,
and above this dose an agbrupt increasse (i.e., densification) was

observed. Porosity changes were also measured in the higher

dose range where the bulk density increased. The decregse of

- 41 -



porosity was observed above 2X1017 fissions/cmB. The bulk volume
and pore volume changes were calculated using these results and
the mechanism of irradiation-induced volume change was discussed
on the basls of irradiation behavior of lattice defects.

The results of lattice parameter measurements in Chapt. 1 were
also referred in this chapter. The concentrgtions of lattice
defects such as interstitiagls and vacancies‘estimated from

the megsured lattice parameter, density and porosity will be

shown in the chapter 4.
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2.2. Experimental
2.2.1. Specimens and irradiations

Irradiated UO, specimens used in the density and the porosity

2
megsurements were the same gs those used in the lattice parameter
megsurements. Therefore, the description of specimens and

irradiation procedure was omitted in this chapter.
2.2.2. Procedures

Several methods for density measurements were reported by
mgny workers £4,10,11,12] . In this study, the densities were
megsured using the m-xylene immersion method with a spring balance
mgde of quartz as shown in fig.2-1; the sensitivity of the spring

balande is 0.212 mm/mg. Densities before and after irradiation

were determined using the following equation:
d = P(1p, - 1,)/(Lp - 1), (2-1)

where d and § are the densities of the specimen and m-xylene,
respectively, and 10A and 1O are resdings of the spring balance
length with the basket only and after loading a specimen in air,
and 10L and lL are the corresponding readings in liquid, respect-
ively. Measurements for each specimen were carried out five

times and the errors were +0.1 Z. The fractional bulk volume
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Fig.2-1. Schematic diagram of the apparatus for density

megsurements.
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change, ‘Ava/v, was calculated from the data of density changes

using the relation:
AV /V = (a, - a)/d, (2-2)
where do and d are the pre- and post-irradiation densities.

The porosity measurements were carried out using a QTM-720
type image analyser. Metallography is an only direct means of
studying pore shrinkage. The irradiated samples were polished
carefully to avoid rounding or filling of the pores with grinding
debris. The samples were examined in the as-polished state.
Photomicrographs were taken and analyzed using a QTM-720 type
image analyser (an automated television microscope system) to
determine the distribution of pores by size classes and the volume
of porosity. By comparing with the pre-irradiation pore volume
the amount of pore removal can be determined. The fractional
pore volume change, ‘AVb/V, was calculgted from the data of

porosity changes as follows:

Avp P(V + AV4) - PV
= = (P - Py) + P(AV/V), (2-3)
v v ,

where PO and P are the pre-~ and post-irradiation porosities.-
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2.3. Results
2.3.1. Density change after irradiagtion

The densities after irradigtion are tabulgted in table 2-1
and the fractional changes are shown in fig.2-2 together with
those obtained by Kingery et al,‘[7’8j . Densities decrease
with dose up to 5.6‘><1016 fissions/cm?, and the corresponding
fractional decreases are aglmost the same for both specimens of
2.5 and 5 pm grain sizes. A steep increase of densities
(i.e., densification) follows gbove 5.6X1016 fissions/cm’, and
the densitles are getting to the original values at about
6X1017 fissions/cm3 for the specimen of 5 um grain size and
at about 5X1017 fissions/cmo for the specimen of 2.5 um grain
size. Above these doses the densification of the specimen with
smgller grain size proceeds faster than that with larger grain
gize. The density change obtainedkby Kingery et al. up to
8.3><1016 fissions/cm3 gave smgller values than ours, probably

because their specimen was stoichiometric UO, with large grain

2

size.
2.3.2. Porosity change after irradiation

The porosities after irradiation are tabulated, in table 2-2.
Only the result is used to calculate the pore volume changes in

this chagpter. The result will be discussed in detgil in the

last chapter.
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able 2-1

of 2.5 and 5 pm grain sizes.

The densities after neutron irradiation in both specimens

2.5 pm | 5‘pm
TPt . density Pt density
fissions/cmd) (g/cm3) (fissions/cm (g/omB)
re-irradiastion  10.419+0.008 pre-irradiation  10.349+0.017
4x10t¥ 10.417+0.010 1.28%101% 10.343+0.015
.59x101% 10.417+0.009 2.35%x101% 10.342+0.015
79x101¥ 10.412+0.006 I.39x101% 10.33740.007
.29x101% 10.41140.022 1.10%10%9 10.329+0.007
.78x101% 10.400+0.008 1.20x101° 10.322+0.011
.28x1012 10.390+0.002 2.20%10%2 10.315+0.006
.95x101° 10.377+0.010 4.28x1010 10.300+0.009
45x1016 10.307+0.007 6.81x1012 10.24740.013
.27x1018 10.249+0.015 2.42x1010 10.224+0.006
.92x1010 10.241+0.005 2.79x1016 10.202+0.010
.52x1017 10.307+0.005 5.58x1010 10.169+0.012
.12x10%7 10.362+0.003 1.24x1017 10.2004+0.011
.79x107 10.404+0.009 1.54x1017 10.217+0.010
.48x1017 10.5504+0.004 3.23%10%7 10.282+0.012
.97x1017 10.544+0.008 4.63%10%7 10.301+0.007
.92x1018 10.603+0.009 5.68x10%7 10.33240.012
6.12x1017 10.383+0.011 _
1.90%x1018 10.467+0.008
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Pig.2=2. Fractional changes of density in UO2 after neutron

irradiation.
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Table 2-2 The porosities after neutron irradiation in both specimens

of 2.5 and 5 pm grain sizes.

2.5 pm 5 pm
Zf sbth t porosity zf¢tht porosity
(fissions/cmd) (%) (fissions/cm>) (%)
dre-irradiation 4.8+0.2 pre-irradiation 5.5+0.2
2.12x1017 4.0 4.63x10%7 4.6
2.92x1018 3.1 1.90x1018 4.0
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2.4. Discussion

The fractional bulk volume changes are calculated by eq.(2-2)
and are shown in fig.2-3 as a function of dose together with
the values of 3( Aa/a). There are four stages of bulk volume

change in the dose range between 1.1X101# and 2.9X1018 fissions/cm

3

a8 shown in this figure. The bulk volume increases in first

two stages, and then it decreases in the last two stages.

In the first stage, the values of AVd/V almost correspond
to or are slightly larger than 3(Aa/a). If interstitials and
vacancies are equal in number, the following relation is satisfied

for the macroscopic volume change of crystals without porosity:

Avd/v = 3(Aa/a). (2-4)

Therefore, in the first stage interstitials and vacancles are
produced in equal number, or some of the displaced atoms diffuse

to sinks such as dislocations and grain boundaries. In the latter
case the atom migrating to sinks forms a Schottky type defect

which represents an isolated vacancy in one of the two sublattices
with an adatom at g sink or at the surface. Consequently, the
vacancy concentration is expected to increase faster than that "
of interstitials. This phenomeng depend on the faet that™

the migration energy of interstitials is lower than'that'ofv"

vacancies. The migration energies of uranium interstitial
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Fig.2-3. Fractional bulk volume changes, AVd/V, of UO. which

2
were calculated by means of eq.(2-2) using the results

of bulk density measurements and fractional pore volume

changes, AVp/V, which were calculated by eq.(2-3).
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and vacancy in UO, obtained from literatures [13-15;7aze shown

in table 2-3.

In the second stage, AV&/V grately exceeds 3(Aa/a).
This means that a large number of Schottky type defects are
produced. Grain boundaries, dislocations and clusters were
considered as sinks for displaced atoms, which yielded a volume
increase. The detailed explanation for it will be made in
the chapter 4. Considering the observation of Whapham and

[167

Sheldon s who reported clusters of interstitials in UO2

at a dose of 4.3X1015 fissions/cm> with an electron microscope.,
we presumed that interstitial clustering might play an important
role on the large volume increase in this stage. The increase
of lattice parameters in the second stage where the secondary
interstitials are produced is observed after the rapid increase
of bulk volume. From this fact we speculate that the secondary
interstitials are produced after interstitial clustering.

But more electron microscope observation will be needed.

Fission product gas atoms gave no effects to this large bulk
volume increase of zﬁVd/V = 1.77 % at a dose of 5.6X1016
fissions/cm>, because their concentration was very small and
their mobility is negligible at the low irradiation temperatures
used here. It should be noticed that the dose at which the
mgximum bulk volume increase was observed corresponded the .reported
dose for maximum elongation of stack length of Uozlfuel-elements

in the starting period of Bwr £177 ,
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Table 2-3 The migration energies of uranium interstitial and

vacancy in UO..

2
interstitial vacancy reference
(eV) (eV)
0.3 | 2.2 £133
2.440.4 L1147
1.5~1.7 24 157
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The fractional pore volume changes calculated by eq.(2-3)
are also shown in fig.2-3. In the third gnd fourth stages, the
bulk volume decreases and also the pore volume decreases.
However, there are differences between.‘AVd/V and ,AVp/V as shown
in this figure. | The differences, which are due to defects and
defect clusters as mentioned in the chapter 4, tend to become
smgll with increasing dose, indicating thaﬁ defects and defect
clusters annihilate with vacancies.  The value of Avp/v is close
to that of ‘Ava/v for the specimen of 2.5 um grain size irradiated
to 2.9X1018 fissions/cmB. This shows that annihilgtion of defects
and defect clusters in the smaller grain size specimen slmost
ends at this dose. On the other hand, some defects and defect
clusters are left in the larger graln size specimen.
Therefore, two mechanisms, (1). annihilation of defects and
defect clusters and (2). pore shrinkage, should be considered for
the bulk volume decrease (i.e., densification). The decresse
of bulk volume occurs after that of lattice parameter in higher
dose range. From the fact, it is considered that interstitial
clusters existing outside of the lattice matrix are less stable
than interstitials in the lattice matrix. This speculation
might be supported by the electron microscope observation of

£167

Whapham and Sheldon , who reported the annihilagtion of

interstitial clusters in higher dose range.
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CHAPTER 3. ELECTRICAL CONDUCTIVITY AND THERMOELECTRIC POWER

CHANGES IN IRRBRADIATED UO2+X

3.1. Introduction

The electrical properties of UO? have been studied by several

r1]

investigators. Two reviews have been written by Meyer for

the work up to 1940 and Willardson and Moody £21 for the work up
to 1961. Uo, is a p-type extrinsic semi—oondudtor below 800 °¢
and the positive holes due to deviations from the stoichiometric
compogition contribute to its conductivity. Above 800 °c it 1is
transformed into intrinsic. Willardson et al. £33 interpreted
the conductivity on the assumption that UO2 wWasS an usual semi-
conductor and that a band picture was valid. It was shown,

£hi that band theory was inadequate,

however, by Heikes and Jonhnston
and they explained the conduction mechanism by a Jjumping of
electrons (or holes) from one cation to a neighoring one.

Aronson et al. [5]'used the ideas of Heikes and Johnston in order

They assumed an
L+

to explain the electronic conduction in UOZ'

activated jumping of locaglized holes between U5+ and U in UO

2+x
and introduced the concept of the hopping mechanism of conduction
in UOZ' They also showed that the electrical conductivity in the

single phase region could be represented by
6 =~ 2x(1 - 2x)exp(- AE/RT), (3-1)
and also for thermoelectric power, Q,
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Q = (kx/e)ln(1 - 2x/2x), (3-2)

where x corresponds to the excess oxygen in U02+X.
Recently, Lee 767 proposed that in the extrinsic region oxygen
interstitigl-vacancy domplexes which existed in hyper stoichiometric
UO2 contributed to the conductivity in U02+x‘

Studies of radiation damage on electrical properties are
Scarce. The influence of fission fragment damage on the electrical

single crystals of stoichiometric and hyper
al.[7J.

conductivity of UO2

stoichiometric compositions has been studied by Nagels et
They observed an appreciable decrease of conductivity 1in hyper

stoichiometric UO2 sample up to about 4X1015 fissions/cmB, and

a constant value appeared after that dose, suggesting a saturation

of damage in UO The electrical conductivity of stoichiometric

X
sample remgined practically unchanged after exposures up to
1;6X1016 fissions/cmB. The fact that the conductivity of the
hyper stoichiometric samples decreased markedly showed that the
defect centres produced by irradiation acted trapping sites to
holes, and the initial free hole concentration was reduced.

£81] found that an abrupt increase in

19

On the other hand, Roake
the conductivity occurred at 1.56X%10 fissions/cm3 and he proposed
that the increase was due to a change of conduction mechanism

from the p-type to the n-type.

Thermoelectric power measurements were performed by

Aronson et al. 457 4ng yorpe £97 for non-irradiated hyper
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gstoichiometric UO2 at various temperatures. These authors pointed

out that the conduction mechanism at lower temperatures differed
from that at higher temperatures; and in higher temperature UO2

crystals were transformed into intrinsic semi-conductors.

In the present study, the fission dose dependences of both
electrical conductivity and thermoelectric power were investigated
for the specimens irradiated in the dose range from 1X1015 to

018

2X1 fissions/cm>, and the results were discussed in terms of

irradiation induced lattice defects.
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3.2. Experimental
3.2.1. OSpecimens gnd irradiagtions

Irradiated specimens used for electrical property measure-
ments are the same as those for the lattice parameter measurements;
The details of the specimens and irradiation procedures are shown
in Chapt. 1 (section 1.2.1 and 1.2.2). Electrical conductivity
and thermoelectric power for non-irradiated specimens are summarized

in table 3-1.

3.2.2. Apparatus

Electrical resistivity measurements were carried out using
the de four-probes (needles) potential-drop method at room tempera-
ture. The electrical resistivity was calculated by a following

equations:

o = 2ns{F5(1/8)F5(1/8) /ag(u/s)}v/I. (3-3)

In eq;(3—3), correction for shape of the specimens was taken into

account, wheré Fz, F., and G6 are the correction factors which

3
are functions of 1/S and W/S, where W is thickness of the specimen, .
1 distance between needle and boundary of the specimen, and S
spacing between ad jacent needles. _?O is specific resistivi?y,

V potentigl drop between two needles, and I>supplied current.

Corrections for porosity were made with the following equation [101:

- 60 -



Table 3-1 Electrical conductivity and thermoelectric power of

both specimens of 2.5 and 5 pm grain sizes before

irradiation.
2.5 pnm 5 pm
E.C. (8.0340.05)%1075 ™ lom™1 (9.43+0.12)x10™% " tem™1
T.E.P. 0.71+0.07 nv/deg 0.95+0.09 mV/deg
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£ = 9./{1+ p/(1 - P23}, (3-4)

where -?O is specific resistivity calculated by eq.(3-3), & the
actual resistivity and P the volume fraction of pores, (i.e.,
the porosity which is calculated from the results of bulk density

measurements obtained in Chapt. 2). The error is less than

+2 %.

The apparatus of thermoelectric power measurements is shown
in fig.3-1. A temperature gradient of 5-6 °¢ was obtained by
an external cooling system (one side of the specimens was cooled
by copper held at O OC). In order to measure the temperature
differences differential chromel-glumel thermocuples was used.
The potentigl differences between two potenfial leads were measured
with a vibrating reed electrometer. The measurements were carried

out at around room temperature. The error was less than +10 Z.
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3.3. Results

As shown in tgble 3-1, one order of difference in conductivity

was oObserved in the two different UO, specimens. Though many

2
investigators £ 2222115127 £01nd that conductivity increased with

increase of x in UO the conductivity was also sensitively

2+x?
affected by grain size, lattice strain and impurities. For example.

Wolfe £91 reported that the difference in relative mean grain

diameters of 60 and 150 pm UO, might account for higher conducti-

2
vity of the latter. From the thermoelectric power meagurements

it was calculated that the x-values in UO

6

oty for specimen A (2.5 um)

and B (5 pm) were 5.20X10 " and 3.92X10—6, respectively by use of
eq.(3-2). These values are much smgller than those expected from
the lattice parameters and by the gravimetric method (see section
1.2.1), possibly because thermoelectric power is also affected by
impurities. The discrepancy of 0/U ratios doesn't mgtter in the

context of this chapter, because this paper deals mainly with

the dose dependence of electrical properties.

Electrical conductivity and thermoelectric power for the

irradiated UO, are tabulated in table 3-2 and table 3-3, and

2

illustrated in fig.3-2. A steep decrease in conductivity is
observed for both specimens in the dose range up to 1x1015

=~

fissions/cmB, corresponding to the previously reported decrease
of lattice strain observed at the beginning of irraaiation o
(see section 1.3.1). After that the conductivities of both

specimens are almost identical and gradually increase in the dose
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Table 3-2 Electrical conductivity and thermoelectric power

after irradiation for the specimen of 5 pm grain

size.
ZePept E.C. T.E.P.
(fissions/em) (27 tem™) (mV/deg)
1.28x101% (1.23+0.11)x10™*
2.35x101% (1.1240.05)%1072
4.39%10 % (6.LJL1JLO.28)><10"6
1.20x1012 (3.42+0.18)x107° 0.45+0.04
2.20%10%9 (3.5240.19)x107°
4.28x1012 (3.68+0.18)x107°
6.81x1012 0.50+0.05
2.79x1016 (3.933L_o.2.2)><10’6
5.58x1010 (4.u1io.z5)X1o“6
1.54x10%7 (4.49+0.22)x107°
3.23x10%7 (5.07+0.21)x107%
u.63x1017 (4.0140.22) %1070
5.68%1017 (4.68+0.28)x107°
6.12x10%7 (4.75+0.27)x107° 0.42+0.04
1.90%1018 (9.62+0.55)x107° 0.15+0.01
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Table 3-3 Electrical conductivity and thermoelectric power

after irradiation for the specimen of 2.5 pm grain

size.

5o Pt E.C. T.E.P.

(fissions/cm?) (27 tem™1) (mv/deg)
1.59><1014 (6.5810.13)><10~6 0.63+0.06
3.29x101% (5.86+0.14)x10™0
7-’78><1014 (4.79io.09)x10“6
1.28x1015 (3.19+0.03)x107%
2.59%x1015 0. 41440 .04
y.27x1010 (4.66io.11)X1o'6 0.45+0.04
1.52x10%7 (4.71+0.06)x107° 0.55+0.06
u.79x1017 (5.7440.12)x1070
9.97x1017 (4.51+0.07)x107° 0.38+0.04
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range between 1%1012 and 1x1018 fissions/cm>. An abrupt increase
of conductivity is observed in the specimen B at higher dose (more
than 1X1018 fissions/cmB). The conductivity for the specimen A
at higher dose could not be measured because the specimen A

aodidentally broken after irradiation.

The thermoelectric power change in both specimens after irra-
diation shows a similar behavior. It decreases with increasing
dose up to 1X1015 fissions/cmB, and then remains constant in the
dose range between 1X1015 and 6><1017 fissions/cm3. A steep
decrease occurs abruptly above 6X1017 fissions/cm3 in specimen B.
A positive sign of thermoelectric power (0.153+0.01 mV/deg at
s dose of 1.90x1018 fissions/cm’) obtained here indicates that
the p-type conduction mechanism contributes to the electrical

conductivity.
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3.4. Discussion

The electrical properties of UO2 without irradiation have

been studied by several investigators, and it is well known that

single-phase U0 without any precipitation of Uy04 is & p-type

2+x
extrinsic semi-~conductor. The conductivity of such UO2+X arises

from the positive holes due to deviation from stoichiometry.

Aronson et al. £51 proposed the conduction mechanism in UO2+X

+
in terms of an activated Jjumping of localized holes between U5

ol in U02+x’ and thus introduced the concept of hopping

mechanism to UO

and U

2+x*

The initigl decreagse of conductivity in irradiated UO2 has
been studied by Nagels et al.” '/ anl the results of them are
shown in fig.3-3. They explained the decrease in conductivity
as a trapping of holes with defect centres by irradiation.

They found that the conductivity was saturated at 4x101° rissions/cm
and explalned this saturation in terms of overlagpping of fission
tracks. According to theilr consideration, the fraction of

volume affected by the fission track, taking into account over-
lapping, was given by the formulg:

foop =1 -e voN, (3-5) -

where N is the number of tracks per cm3 and VO the volume of

o
a track. Introducing V, = ll-.5><10-16 (@ = 100 A, 1 = 6‘pm);

one found that 97 % of the volume was affected by fission tracks
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for N = 8X1015 /cm3 (or 4X1015 fissions/cmB), and 100 % for

N = 1016/0m3. There was a good agreement between the experiment-
ally observed and the calculated value of the number of fission
tracks at which saturation of damage occurred. In our measure-
ment, however, the saturation of electrical conductivity is not
clearly observed at this dose, and the conductivity gradually
increases after the initial decrease. The explanation by

Nagels et al. is, therefore, not adequate to explaln our results.

Lee £6,137 investigated the following two conduction

mechanisms:

v (5e) + 02 (2p%) = UM (5¢2) + 07 (2p9) E, = 0.78 eV (3-6)

Yo oMy ut ey 1 02 (950) = (00 oMt (£r2) + o
(0;0.07)-u7* (58) + 077 (20%) = (0}0_0})-u*"(5¢%) + 0™ (2p7)

E, = 0.32 eV (3-7)

] ”
where (0.0_0.) is an oxygen interstitiagl-vacancy complex, which

17v7i
£147

is similgr to Willis complex , and E, and E_, are energy

1 2
differences between both sides of eqs.(3-6) and (3-7).

He concluded that the oxygen interstitial-vacancy complexes
associated with U5+ ions could play an important role on fast
transport of holes. | Because the activation energy‘of conduction
in p-type extrinsic region is compzgrable to EZ' ﬁuring irradiationl

the complexes might be decomposed (thus causing the decrease of

hole mobility).
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On the other hand, the thermoelectric power Q of the UO

cell was represented by the following équation.[53:

2+x

eQ = -dY, /dT = -eXgrad V/grad T - op, /9T, (3-8)

where Yh is the electrochemical potential of holes, grad V the
potentigl gradient, Pn the chemical potential of holes, and e and

T have the usual meanings. In eq.(3—8) the term of eXgrad V/grad T
is assumed to be constant in this measurement. Then, the thermo-
electric power depends on only the chemical potentigl of holes.

It should be noticed that the large value of E in egs.(3-6) and
(3-7) corresponds to the state that the chemical potential of

holes is low. Comparing eq.(3-6) with eq.(3-7) it is considered
that the chemical potential of holes becomes low in accordance with
the decomposition of the complexes. Consequently, fronm eq.(3—8)
it is reasonably expected that the thermoelectric power decreases

in the early stage of irradiation.

This concept that the oxygen interstitial-vacancy complexes
are decomposed during irradiation qualitatively explains our
results up to 1%1015 figsions/cmd. Decomposition of the complexes
into unassociated defects also supports the recovery of lattice
strain at the beginning of‘irradiation, which has been already

described in Chapt. 1. Of course, the trapping of holes with

primary defects also contributes to the decrease of conductivity.

A thermoelectric power decrease was also found by Gevers et al.
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up to about 1x10'° rissions/om3. These authors pointed out
that the decrease of thermoelectric power was due to impurities
changing the conduction mechanism to the n-type conduction,
though the exact nature and origin of the impurities were not

given.

At a certain dose, the steady state will be attained between
the complexes in eq.(3-7) and the unassociated defects in eq.(3-6).
Thus the thermoelectric power becomes glmost constant in the dose
rangé (1X1015 to 6X1017 fissions/omB), however, the electrical
conductivity slightly increases. The behavior of thermoelectric
power and electrical conductivity changes corresponds to the

results of non-irradiated UO in the temperature range from

2.003
700 to 1100 K by Wolfe “ 97, The results of Wolfe was shown in
fig.3-4. Possibly, the effect of irradiation was similar to that
of temperature increase. If this is the case, it may be proposed
that fission-induced vacancies and the incident heat produced by
fission damage cause the lattice to relax, and as a result the.

energy lever of holes becomes shallow; Thus, this corresponds

to the fact that holes become thermally activated.

The dose dependences of electrical conductivity and thermo-
electric power at higher dose over 1x1018 frissions/cm? (i.e.,
the further increase of conductivity and decrease qf thermoelectric
power) also corresponded to the results reported by Wolfe [97;
who observed a trend similar to our results for non-irradiated

Uo in the intrinsic region above 1100 K. According to his

2.003
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report, at temperature above 1100 K (~800 °C) intrinsic conducti-
vity with an energy gap of 1.9 eV was observed. Comparison of
these results with the optical absorption dats for UO2 [167 showed

a corresponding small gbsorption peak at 1.9 eV, indicating a

narrow conduction band. The observation of the dose dependence

of electrical properties at higher range, though only based on
one‘data point, might indicate that at higher irradiation dose,

the conductivity could change from extrinsic- to intrinsic-conductio:

due to the proposed mechanism gbove mentioned.

Roake‘ij measured the electrical conductivity of UOZ at
higher doses, found an abrupt increase of conductivity (see fig.3-3)
and concluded that this increase was due to a change from the
p~type to the n-type. His speculagtion is in conflict with our
result. However, it should be noted that the dose in his study

was higher by an order of magnitude than in our investigation.
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CHAPTER 4. TIRRADIATION INDUCED LATTICE DEFECTS IN UO2
4.1. Introduction

One of basic effects of irradigtion in solids (pure metals,
metal compounds and fissile materigls) is displacement of gtoms
from their lattice sites, the resultant interstitials and vacancies
being responsible for various radiation damage phenomensa, including
densification in U0,. Kinchin-Pease £17 and Lindhara £2797
models are available for the displacement of atoms. Using these
models many investigatorsestimate the quantities of elementary
lattice defects in metals irradiated by electron, fast neutron
and heavy 1lons. But in the case of fissile materiagls the damage
process 1is very complicated because it is the fission fragments
damage. Consequently there is a few results concerning with
the fission damage. Brinkmann £6d calculgted the number of
Frenkel pairs per fission in uranium metal. According to his
calculation total of 5.8X105 Frenkel palirs are produced per

£77

fission event. Nelson reported that the number of uranium

atoms displaced per fission fragment in UO, is nearly one order

2
of magnitude less than in pure uranium. Recently, MacEwen and

Hastings £87 calculated the time-dependence of vacancy and

R

interstitial concentrations for analyzing densification of UO2

£9-127

during irradiation using rate theory equations .. -
According to the rate theory equation the rate of defects
concentration change is expressed as the difference between

the production rate and the rates of annihilation and recombing-
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tion.

In this paper concentrations of lattice defects such as
interstitigls and vacancies at various dose levels were estimated
from changes of lattice parameter, density and porosity after
irradiation mentioned in the previous chapters (Chapts. 1 and 2).
An equation for dose dependence of the concentrations of lattice
defects was also proposed. Moreover results obtained here,
particularly to vacancy concentration, might be applied to
diffusional properties such as diffuéion, creep and densification.
The application to irradigtion-induced diffusion and creep 1is
described in this chapter. Main purpose in this chapter is
an estimgtion of the interstitial and vacancy concentrations
from experimental data of lgttice parameter, density and porosity

on the basis of elastic continuum model in crystals.
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4.2. Theoretical consideration

Concentrations of interstitials and vacancies are estimated
from lattice parameter and bulk volume changes by following

brocedure: In g crystal of NO atoms, N_. displaced atoms are

f
formed gs Frenkel defects and end up in interstitial positions,

while (NG + ND + Nc

irradigtion. NG’ ND, NC P

which go to grain boundaries, dislocations, clusters and pores,

+ NP) displaced atoms migrate to sinks during
and N, represent the numbers of atoms
respectively, leaving a surplus of vacancies in the lattice.
Sinece a Frenkel defect occupies the volume of g vacancy and an
interstitial and a Schottky defect 2) that of a vacancy and
a lattice gtom, the overall bulk volume change due to these

defects 1s
AVy = N(Avy + Av)) + N (Av + 2) + Ny(Av + Avy)
+ N (Av + Avc) N Ay, (4-1)

where AVy is bulk volume change after irradiation, f2 is the mean
lattice atomic volume, AV, and,,avi are decrease and increase of
lattice atomic volume due to a vacancy and an interstitial,
respectively, and zij and.'AvC are volumes occupied by the dis—"

Placed atoms which migrate to dislocations and clusters.

a) In this model, a Schottkt defect represents an isolated vacancy
in one of the two sublattice with an adatom at a sink and/or
at the surface.
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Avp is volume change related to pore shrinkage. Though this
cannot be exactly estimated, the pro.bability of migrgtion of
displaced gtoms to pores is expected to be very small in low

dose range, that is,
NP Avp ~ 0,

In general, lattice atomic volume is defined as follows: unit
cell volume is devided by total number of atoms which belong to
the unit cell. For a compound such as UOZ’ the values of AV,
AV AV and AV are also given as mean values. For simpli-
city of calculations the values of AvVy and AV, are assumed to

be 2. Therefore, AVd is rewritten in low dose range as follows,
AVy = N L Av, + Avy) + No(Av, + 2) + Nylav, + 2) + N(Av, + 2

= +
NfAVi-’r(Nf-l—N N. + N

G D o) av, + (N + Np + NC)Q‘

When the sum of Nf, NG’ ND and NC is replaced by N,

AVy = No Avy + Nav, + (N - N.) 2.

The original volume V is NOQ/(l - Py), hence,

-

AVy ) N. Avy . N AV, . N - N, | o (ie2)
(1 - PV N, 52 N, 2 N, ’
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where PO igs g porosity for an original specimen.

Nf and N represent the numbers of interstitials and vacancies,
respectively. The sum of NG’ ND and NC is equal to (N - Nf)
which corresponds to the number of excess vacancies (Schottky

type defects). When the concentrations of interstitials,

vacancies and excess vacancies (i.e., Schottky type defects) are
L

v eq.(4-2) can be rewritten as

represented by CI’ C;; and C

Vv

AVy

‘(‘1——:—P-0—)-—V~ = CI( AVl/fZ) + CV( AVV/_.Q) + CV ’ (4"3)

where

Co = Q. = C (4-4)

On the other hand, the volume change in the crystal lattice
ig given by
1
AV = Nf AV + NAVV,
assuming that the defects which migrste outside the original lattice
mgtrix do not contribute to the increase in volume of the crystal
lattice. Since the number of lattice sites is N,, the volume -

increase per lattice site (i.e., lattice volume) is‘given'éé follows
t
AS2 = AV /Ny = (N./Ng) Avy + (N/Ng) v,
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= CI AV + CV Avv. (4-5)

There is a simple relation between the lattice constant change,

Aa, and the lattice volume change, Af2:
AS2/S52 = 3(aa/a). (4-6)

Inserting eq.(4-5) into the above relation gives -
3(aa/a) = CI(Av.l/fZ) + CV( Avv/ﬁ). (4-7)

The values of (AV-l/fZ) and (Avv/jz) in eqs.(4-3) and (4-7) are
estimated for UO2 in Appendix 1. By inserting the estimated
values of AV, (1.2852) and AV, (=0.2752) into eqs.(4-3) and
(4-7), the following equations are obtained from the three
equations, (4-3), (4-4) and (4-7) for the concentrations of

: 1
interstitials (CI), vacancies (Cv) and excess vacancies (CV):

2.97(Aa/a) + 0.27{( AV, /V)/(1 = By) - 3(Aal/a)},  (4-8-1)

Q
1

v = 2.97(Aa/a) + 1.27 {( AV /V) /(1 - By) - 3(Aa/a)}, (4-8-2)

Q
t

and.

ey = (AV,/V)/(1 = By) - 3( As/a). (4-8-3)
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These equations (eqs.(4-8-1), (4-8-2) and (4-8-3)) are based on
the assumption that both uranium and oxygen defects are produced
in a certain proportion. Actually, oxygen defects are probably
produced in much higher concentrations than uranium defects, and
in this case the wvalues of AV and AV, are expected to be
different from those mentioned agbove. As a result, the numerical
coefficients of the first and second terms in eqs.(4-8-1) and
(4-8-2) vary slightly, however, the values of Cy and Cy still
remain with in the same order even if the AV and AV, values

vary within 10 %.

When pore shrinkage dominates in high dose range, the term
of Ny Av, in eq.(4~1) cannot be neglected. Np Av, and the bulk
volume change in this case are described in detall in Appendix 2.

According to Appendix 2, eq.(4-3) can be rewritten by

(1 - P) AV, P - P, '
- =cilav,/2) + c,(av /2) + ¢y, (4-9)
(1 - Py)V 1-P

where P is a post-irradiation porosity.

In order to estimate CI and CV in this case, the left-hand side
of eq.(4#-9) should be insertéd in eqs.(4-8-1) and (4-8-2) instead
of Avd/v(1 - Py).  Then, the following two equations are given .

for CI and CV in this case: - 0.



_ Jo) 4 {“‘P)Avd P - P,
Ccr = 2.97(Aa/a) + 0.27 (1= 5,07 T T-p, B(Aa/a)} ,
(4-10-1)
and
: (1 - P) AV P-P
Cy = 2.97( pAa/a) + 1.27 { : d . o . 3(Aa/a)}

(1 - P,V 1 - Py
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4.3. Results

The concentrations of interstitials and vacancles are obtalned
using eqs.(4-8-1), (4-8-2), (4-10-1) and (4-10-2) as shown in
fig.4=-1 for the dose range up to 2X1018 figsions/cmo. The concent-
rations of these defects at higher dose range (over 5.6X1016
fissions/cm>) which are calculated using eqs.(4-10-1) and (4-10-2)
are less religble than those at lower dose range because there

are less data points in the pore analysis.

The interstitial concentration increases with fission dose
and 1s saturated at about 1X1016 fissions/omB. After this dose,

017 3

it increases again and is saturated at gbout 3X1 fissions/cm
and about 1X1017 f‘i'ssions/cm3 for the specimens of 5 and 2.5 pm
grain sizes, respectively. At higher dose range over about
3x1017 fissions/cmd the interstitial concentration abruptly
decreases. The interstitial concentration in the specimen with
smaller grain size 1s saturated earlier with lower values than

that with larger grain size. These trends are similgr to those

of lattice parameter. On the other hand, the vacancy concentratior
gradually increases with doss to 5X1015 fissions/cm>. In the dose
range where the saturation of both interstitial concentration

and lattice parameter continues in the first stage, the vacancy -
concentration continues to increase and is saturated. After

saturation the vacancy concentration seems to decrease gradually,

and the behavior of the decrease is different between two kinds
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Fig.4-1.
tials versus fission dose.
the vacancy concentration for both specimens of 2;5 and
5 pm grain sizes were calculated by means of eq.{4-14),
The dot-dash curve represents the’conoentiation of inter-

‘stitials for specimen of 5 pm grain size, and the broken
curve that for specimen of 2.5 pm. These curves for CI

were calculated by means of eq.(4-12).
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of specimens of 2.5 and 5 um grain sizes.

The dose dependence of the concentrations of interstitials
and vacancies is predicted in the low dose range using the first
order kinetic equation as follows:

For the interstitial concentration (CI),
acp/at = vy X ., (1 - ¢, (4-11)

where VI is an effective volume for producing interstitials per
fission event, and Zf, ¢th and t have the usual megnings.
By integrating eq.(4-11) with the boundary condition, Cr =0 at

t = 0, the following equation is obtained,
_ S '
c; = ¢ {1 - exp(-v; 3.9, )} , (4-12)

where CS is the concentration of intergtitials at saturation{

I
Values of C? and VI were calculated by agpplying a least square

method to the eq.(4-12). Estimated values of C% and Vi up to

1X1016 f‘issions/cm3 are indicated in table 4-1.

For the vacancy concentration (CV),

dcy/dt = Vi T P (1 - o), (4-13)

where Vi 1s a constant similar to V. By integrating eq.(4-13)

with the boundary condition, C., = 0 at t = 0,

\'
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le 4-1

Saturagtion values of CI and C., and effective volumes for

v
bProducing interstitials and vacancies based on g first
order kinetic resction per fission event for both specimens

of 2.5 and 5‘pm grain sizes.

C? Cs VI(omB) VV(cmB)
jam b.5x1073 o.75><1o'2 3.22X10"16 4.15X10‘16
m 5.5%1072 0.75%10"2 2.97%x10716 I.15%x10"16
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Cy = C‘S/. {1 - exP(—VVZf¢tht)} ; (4-14)

where Cs is the vacancy concentration at saturation. Values of

Cs and. VV are obtained by the procedure similar to that for C§
and VI’ and these values are also shown in table 4-1. The fitting
curves obtained by use of eqs.(4-12) and (4-14) are illustrated

in fig.b4-1. The prediction of the dose dependence of the concent-

rations in high dose range cannot be done for lack of data points.
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L,4. Discussion

Both the concentrations of interstitials and vacancies
increased with fission dose up to about 1%1017 rissions/cmo.
In this dose range, the vacancy concentration increased faster
than that of interstitials, probably because some of interstitials
migrated to sinks such as grain boundaries and dislocations.
The rapid increase of vacancy concentration was observed in
the dose range between 4'><1015 and 1X1016 fissions/om3 as 1illust-
rated with dotted line in fig.4-1. Since the first saturation
of interstitials occurs in this range and continues to the dose
where thes secondary interstitigls begin to be produced, author
suggests that in this stage almost all interstitials miérate to
sinks, especially to clusters. Interstitial clusters had been
observed by Whapham gnd SheldonﬂleJ with electron microscope
in this dose range. Furthermore, considering no lattice parameter
change, the vacancies aiso must form clusters. However, vacancy
clusters have not been observed in this dose range by electron

[13,1@.

microscope Therefore, two cases are suggested.

(1). The size of the vacancy clusters is too smgll to distinguish
the nature. (2). The vacancy clusters might be absorb intersti-
tials from the beginning of their origin and form interstitial
clusters. Author supposes the second case might be probable. -
Anyhow, CV calculated by eq.(4-8-2) above this stage is an.apparént
concentration as that of isolgted vacancies. PésSibly,vthe con-

centrgtion of isolated wvacancies should be smaller than the calcu-
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lated concentration.

The decrease of the interstitial concentration in higher
dose was due to the annihilgtion with vacancies mentioned in
Chapt. 1. The same trend of vacancles in high dose seemed to
contradict to the model for the third stage of lattice parameter
change in Chapt. 1. In that model the vacancy concentration
increased to saturation. This contradiction may be explained
as follows: The vacancy concentration calculated by eq.(4-10-2)
in higher dose was also an gpparent concentration as that of
isolated vacancies as mentioned above. Probably the calculated
vacancy concentration involves both concentrations of wvacanciles
which exist in the lattice matrix and outside of the lattice.
Thz former type of vacancies almost correspond to interstitials,
and, therefore, it 1s supposed that the number of the former
type of wvacancies is much less than that of the latter type.
The apparent decrease of the vacancy concentration is possibly
related to the bulk volume decrease which is due to annihilation
of interstitial clusters. Consequently the effect of the annihi-
lation of interstitial clusters in higher dose, the concentration
of vacanclies which exist outside of the lattice might decrease.
Considering the.observation of vacancy clusters by Whapham and
SheldonzrlBJ and Golyanov and Pravdyu.kz[ll"U in electron microscope,
these vacancies tend to be clustering. As a result; the apparent
concentration of wvacancies decreases. On the other hand, the

former type of vacancies (i.e., isolated vacancies existiné»in
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the lattice matrix) is expected to increase to the saturation.

In order to estimate irradiation-induced diffusion and creep,
the uranium vacancy concentration must be calculated. Vacancy

concentration in thermal equilibrium is generally given as

C% = exp(zss/k)exp(-Ef/kT), | (4-15)

where the first exponential term is the entropy factor and Ef is
the formation energy of a vacancy. In calculating the vacancy

the value of 10 was taken for the entropy
[15,16]

concentration in UOZ’
factor of both uranium and oxygen vacancies, and 2.1 eV
and 1.3 eV £15,177 were used for the formation energies of uranium
and oxygen vacancies, respectively. Both energies for hyper-

stoichiometric UO2 were estimated by use of the following relation:

m’

where Ef, Em and Q are the activation energies of vacancy formation,

migration and diffusion, respectively. Em for uranium and
oxygen in UO2 has been determined experimentally by other
£127

workers as 2.4 eV and 1.3 eV, respectively, and Q was chosen

in the aboundant thermal diffusion data in U0 £ 167257 .o 4.5 oy =

2
and 2.6 eV for uranium and oxygen, respectively. ..

V=

correspond to that in thermal equilibrium, the followitig relation

If the irradiation-produced vacancy concentration (Cl?f) would be

- 92 -



is held:

10exp(-2.1/kT) + 10exp(-1.3/kT) = c\i,“", (4-16)

where the first and second terms correspond to the concentrations
of uranium and oxygen vacancies, respectively, and C%rr is
calculated by eqs.(4-8-2) and (4-10-2). By solving eq.(4-16),
the temperature calculated at various doses. The temperature
calculated above will be called the "corresponding temperature".
Putting the "corresponding temperature" into the first term of
eq.(4-16), the concentration of uranium vacancies is obtained.

The concentration gnd the "corresponding temperature" were plotted
as a function of dose in fig.4-2.

£87 had calculgted the concentrations of

MacEnen and Hastings
interstitials and vacancies of uranium in irradiated UO2 at 900 K.
Their calculagations showed that in very short irradiation time
the concentrations of interstitials and vacancies increased at
the same rate. Then, the interstitial decreased rapidly while
the vacancy increased slowly to a steady state wvalue. However,

their calculations mgy be misleading because they used a too small

migration energy (0.3 eV) for uranium interstitials.

The irradiation-induced diffusion coefficient was estimaﬁ?d

as follows: It was assumed that the migration of uranium

vacancies was enhanced by the irradiation, and the irradiation
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Fig.4-2. Variation of uranium vacancy concentration versus fission

dose. These are calculated by using eq.(4-16).
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induced diffusion coefficient might be obtained by putting

the "corresponding temperature" into the usual diffusion equation;
the procedure is based on the assumption that lattice atoms are
relaxed by irradiation. This assumption will be supported by

the measurement of Debey Temperature decrease in irradiated UC‘[26J.

Therefore, the irradiation-induced diffusion coefficient of

uranium is obtained as

i = L/cggexp(-Em/kT), (4-17)
D%rr = L’Céﬁrexp(~E;rr/kT), (4-18)
= b’C%ﬁrexp(—Em/ch), (4~19)

where Dgh and Dérr are the thermgl and irradigtion-induced diffusion

coefficients of uranium, YV is Jjumping frequency, ng, C%ﬁr are

the thermal and irradiagtion-produced vacancy concentration of

irr

- is the migration energy under irradiation.

uranium, and E
The dose dependence of the irradiation-induced diffusion coefficient
are shown in fig.4-3. The comparison of it with the data of

£27-307 are indicated in fig.4-4. Many workers

other workers
considered that the irradiation-induced diffusion depended on
mainly fission rate, while the present study showed that it depended
on total fission dose (i;e;, the vacancy concentration).

They considered that the irradiation-induced diffusion was caused

by the atom diffusion along fission spike (i.e., short circuit
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diffusion). On the contrary, it is considered in this paper
that the irradiation-induced diffusion occurs due to high

concentragtion of vacancies.

The irradiation-induced diffusion coefficient estimgted above
was applied to the irradigtion-~induced creep behavior.

The irradiation-induced creep rate is represented as follows

using Herring-Nabbaro :f‘ormula[Bl-7 ’

: _ 3.irr .2 -

€ ipp = 200Db7Dy /L*kT, (4‘20)

where éili.is the irradiation-~-induced creep rate,n S an gpplied
irr

stress, b a distance between atoms; DU the irradiation-induced
diffusion coefficient of uranium estimagted above, L the grain
size, and k and T have the usual meanings. The irradiation-
induced creep rate can be calculated by use of values of ¢ , b,
L, T (which are shown in table 4-2) and D%rr_ The calculated
creep rates by eq.(4-20) were plotted in fig.4-5 together with
the experimental data of Clough £3%7, This figure showed that
the creep rate decreased with increasing dose in high dose range,
and it depended remarkagbly on gralin size. In addition, since
the trend of the estimated creep rate corresponds to that of

the experimental results of creep rate, the estimation of

irr

irradigtion-induced diffusion coefficients, DU

y in this"paper'

might be reasonable.
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Table 4-2 Parameters, G , b, L and T which are used in

calculating creep rate.

o 20 MN/m?

b 0.7x10710
L 5 pm

T 150 °¢
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Appendix 4.1. Estimation of the values of Av; and AV,

In view of the elzstic continuum model, Eshelby L3371 deduced

the following relations for AV and AV 2

3(1 - 67)
2
AV, = 4nrs . .
i 0 Y0i 1+ o5 ’
and
3(1 - o)
2
AV, = Lnrs § )
v 0 “0v 1 + o

where To is the nearest-neighbor separation distance in the
perfect lattice, G Poisson's ratio and d,, and S, are the
displacements at a center of dilatation and contraction, respect-
ively. It is assumed that both U and O defects in UO2 are
broduced in a certain proportion of the components. The values
of ry is (V3/4)a as shown in table A.4-1 and corresponds to the
separation distance between uranium and oxygen atoms.

The values of O ,; and 0oy fOr U0, could not be found in the
literature and were, therefore, estimated by comparison of the bulk
modulus of UO, £3%7 itn that of copper.. The values of J,, and
EOV for copper were thesoretically calculated by Tewordt [353 and
Johnson and Brown £3%7.  The values of Gs dgi» Oogy» AVy and

AV, for uranium dioxide are summgrized in table A.4-1.
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Table A.4-1 Parameters &, Tys 50.1, Soy® AVy and Av, in UO,.

The values of J§,; and 3oy Were estimated from the
bulk modulus of UO, (2.10x1011 N/m?) L3%] compared
with that of Cu (1.35%x1011 N/m?). The relation

52 = é.3/12 has been found to hold in UO, where a is

2
the lattice parameter and 2 is the lattice atomic

volunme.
(o} (o] o . (o] (¢]
c r,(4) 5oy () Sou(8)  avi(ah)  av (ad)
0.3 (J3/4)a 0.028a -0.006a 1.2852 -0.2752
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Appendix 4.2. Bulk and pore volume changes due to pore shrinkage

in a high dose range

In this paper, it is gssumed that pore shrinkage resulting
densification in high dose range is due to irradiation-induced
diffusion of lattice atoms to pores. In this case, Np in
eq.(4-1) contains both displaced atoms and lattice atoms which-
migrate to pores during irradiation. When NP atoms migrate to
pores, the corresponding vacancies are left at the surface and/or
in the lattice matrix. The numbers of vacancies at each site

are represgented by NP1 and NPZ’ respectively, where

It is assumed that the former type of vacancies decreases the bulk
volume by (-§2), and the latter by AV . Then, Np Avp in eq.(4-1)

can be expressed by
Therefore, the bulk volume change (lava) is given by

AVy = N, Av, + (Nf+N,

+ N
£ ¢ T Np F N T Np,)Av

2 v

+ (Ng + Np + N) 82 + Np, (-52)
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1

No Avy + N Av, + (N - N, - Np, ) + Ny, (=)

= NoAvy + Nav, + (N - N - Np§2, (A.4-1)

f G D C p2°

N corresponds to the number of vacancies in the lattice.

On the other hand, the pore volume change (zgvp) is given by
AV = Np(-12). (A.4-2)
From eqs.(A.4-1) and (A.4-2), we obtain the following equation:
AVy = N Avy + N av + (N - N2+ AV,
i.e.,
AV, - Avp = N. 4v; + NAv + (N - Nf)_Q.' | ‘(A..Llf—j)

The original bulk volume V is NOJ?/(l - Py), hence, eq.(A.4-3) :is

rewritten by

AV /(1 = PV = AV /(1 = POV = C(Av,/R) + Cyl av /) + ¢,

(A.L-4)
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Eq.(A.4-4) indicates that the difference between the fractional
bulk volume change (zﬁVd/V) and the fractional pore volume

change (zSVP/V) is due to defects and defect clusters.

While, the pore volume change can be expressed using a porosity

obtained by pore analysis as follows:
AV, = P(v + AVy) - PyV,
i.e.,

AVp/V = (P - Py) + B Avd/v). (A.L-5)

By inserting eq.(A.4-5) into eq.(A.4-4) we obtained the following

relgtion:
1-P AV, P - P, .
- ——— =cqlav,R) + cylav [A2) + ¢y,
1-P, v 1 - P,
‘ (A.L4-6)

which is equation (4-9).
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Nomenclatures

NO : the number of atoms in the original crystal

Nf ¢ the number of atoms which form a Frenkel defect

NG ¢ the number of atoms which migrate to grain boundaries

ND : the number of atoms which migrate to dislocations

NC : the number of atoms which migrate to clusters

NP : the number of atoms which migrate to pores

NP1 : the number of atoms which migrate to pores leaving a surplus
vacancy at the surface

NP2 ¢ the number of atoms which migrate to pores leaving a surplus
vacancy in the lattice matrix

N : the sum of Nf, NG’ ND and NC in the low dose range

N ! the sum of Nf, NG’ ND’ NC and NP2 in the high dose range

L1

a mean lattice atomic volume

AV.: the increase of lattice atomic volume due to an interstitial
AV_: the decrease of lattice atomic volume due to a vacancy

AVp: the volume change due to pore shrinkage

AV.: bulk volume change due to defects and defect clusters

AV_: pore volume change due to pore shrinkage

PO ! pre-irradiation porosity

P ¢ post-irradiation porosity

CI ! interstitial concentration
CV ! vacancy concentration
t
CV ! excess vacancy concentration (Schottky type defect concentratic
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CHAPTER 5. IRRADIATION INDUCED DENSIFICATION IN UO2

5.1. Introduction

In 1972 densification, which means that UO2 fuel pellets
densify during irradiation, was observed in Presurized Water
Reactors (PwRs) (Ginna,.Beznau, Point Beach and Robinson reactors)
1—1-43{ The densification makes the increase of pellet tempera-
tures caused by radial shrinkage and flux peaking due to axial

gaps in the fuel column.

The fuel densification depends on its microstructure, total
fission dose and temperature during irradiation. Parametric
surveies of these dependences have been carried out by a vast
investigators‘[S-ZOJ. For example, Chubb et al. £53 reported
that in-pile densification could be controlled by the microstruc-
ture of the fuel, particularxy its pore size distribution and
porogity. Ferrari et al. £167 showed that the fuel densification
occurred quite rapidly at the initigl stage of irradiation and
was saturated at approximately 6000 MWD/TU. According to ref.[197,
sintering porosity was removed with densification in pile at lower
temperatures than those for out of pile thermal sintering.

Hastings £207 pointed out that densification occurred in the twoO
temperature regions except the midle of the three (i.e., (1) at

<1300 K, where densification occurred, (2) from 1300 to 1900 K,

where swelling predominated and (3) at 2 1900 K, where swelling
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and densification were observed) in irradiated UO2 pellets.

Many theories have been proposed.[8’21_25J to explain the in-

Pile densification. It is reasonably considered that the densifi-

[213. However;

[223,

cation depends on irradiation-enhanced diffusion
other concepts are proposed for the densification by Carlson
Stehle and Assmannﬁ[23’2@3 and MacEwen and Hastings [251.

The models of these authors will be described in the section 5.3.2..
Though many models are probable, an available explanation to

the in-pile densification has not been made at present. In addi-

tion, reasonable explanagtion of dose dependence of densification

is scarce.

In this chapter, a model for densification is proposed, and
we try to make a prediction of the dose dependence of densifica-

tion. To such purpose two sets of UO, specimens with different

2
microstructures are lrradiated up to a dose about 2X1019 fissions/cm

3

(corresponding to about 1000 MWD/ton U02) and the changes of

bulk density, porosity and pore size distribution are investigated.
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5.2. Experimental

Specimens used in this study are the same as those for lattice
pParameter, density and electrical properties measurements.
The microstructures of the specimens are shown in photo 5-1.
As shown in these photographs, specimen With_the grain size of
2;5‘pm has many small pores less than 1 pm, while specimen with

5 pm grain size has less.

The irradiation procedure up to 3X1018 fissions/cm’ has been
already described in detail in Chapt. 1 (section 1.2.2).
The highest irradiations (about 2x101% rissions/cm3) were performed
to specimens, which have 10 mm diameter and 2 mm of thickness,
by using JMTR (Japan Materisl Testing Reactor) with a thermal

2sec™l., The irradiation tempera-

neutron flux of about 1.5X1014 cm
ture in JMTR was estimated to be at most 300 °C, because surface
temperature of the cludding was measured to be aboﬁt 70 oC and
the UO2 disks were sandwiched with stainless steel and in this

case heat release from the UO, pellets would be expected to be

2
large.

Porosity measurements have been alresdy described in Chapt, 2

(section 2.2.2).

- 111 -



Photo 5-1. Microstructure of both specimens of 5 and 2.5.pm‘grain

sizes, respectively, before irradiation.

- 112 -



5.3. Results and discussion
5.3.1. Porosity change after irradiation

Figs.5-1 and 5-2 show pore size distribution of pre-~ and
post-irradiated samples of 2.5 and 5 pm graiﬁ sizes, respectively.
Removal of pores of less than 10 pm in diameter is clearly observed.
This result is good agreement with those reported by other

[5,163.

workers Our analysis, however, showed that pores having

more than 10 pm in diameter tended to shrink.

Porosity changes after irradiation are summarized in table 2-2.
The pore volume change has been already described in the chapter 2

in connection with the bulk volume changes.

Though the exact mechanism for pore annihilation is still
unknown, the kinetics of pore annihilation are proposed on the
basis of irradiation enhanced diffusion process £26-307
Our proposal on pore annihilation is that lattice gtoms agnd
displaced atoms easily migrate to pores due to irradiation-
induced diffusion. This might be supported by the fact that
removal of pore starts apparently at a dose where vacancy
concentration is enough high to enhance the diffusion during

irradiagtion. The irradiastion-induced diffusion has been

mentioned in the preceding chapter (Chapt. 4).
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Fig.5-1. Pore size distribution of pre- and post-irradiation

sgmple of 5 )Am grain size.
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Fig.5~2. Pore size distribution of pre- and post-irradigtion

sample of 2.5 pm grain size.
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5.3.2. Model for densification

Many models for the densification have been presented.
Marlowe‘[zij proposed that irradiation induced diffusion controlled
the densification to which the model for the thermal sintering
of intermediate stage proposed by coble £ 317337 yas applied.

L2273

Carlson broposed a'mechanism that resolution of gas into .

fuel matrix resulted in the pore shrinkage. Other models Weré
proposed by Stehle and Assmannf[ZB’zuj and MacEwen and Hastings [251.
Stehle and Assmann assumed that fission fragments passing close

to the surface of a pore made many vacancies on the surface, and
these vacancies migrated away from the pore. Thus the vacancies
cause mass transfer of atoms to the pore, resulting in an eventual
disappearance of the pores (see fig.5-3). MacEwen and Hastings
proposed the model that pore shrinkage was caused by trapping
of irradiastion-produced point defects at sintering pores.
Furthermore, Skinner et al. £183 and the Halden Reactor Projects L343
have introduced the empirical equations. Among the models,
Marlowe's model is based on the assumption that the densification
occurs by means of irradiation induced diffusion. The model,
however, was based on only pore shrinkage. In addition, these

authors considered that densification started at the beginning

of reactor opergtion.

Our model is based on the fact that the density increase

occurs after an initiagl bulk volume increase, which is the second
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stage of wvolume change described in Chapt. 2. Two mechanisms have
been alresdy considered for the density increase (volume decrease)
in the chapter 2. The model, therefore; consists of two mechanisms,
i.e.y (1) annihilation of defects and defect clusters, and (2) pore
shrinkage. 1In the annihilation mechanism, defect clusters which
are less stable as mentiohed in the chapter 2 decompose and

form another type of defects, such as dislocation‘networks,

and defects (i.e., interstitials) annihilate with vacancies in the
third stage of lattice parameter change as mentioned in the

chapter 1. While, in the pore shrinkage mechanism, lattice atoms
migrate to pores by means of irradiation-induced diffusion; and

it is due to both vacancy formation and migration. These phenomena
are expected to occur under the circumstance that a large number

of vacancies are produced.

The rate equation for the annihilgtion of defects has been
already given in the chapter 1.

When the concentration of defect clusters which should have
been annihilated at time t is defined as Cc, the rate of annihila-
tion of defect clusters (dCG/dt) depends on the concentration of
the residusl defects (C5 - C_ ). Then, the following first order

c
kinetic equation is adopted for the annihilation,

dc, = kc(cz - ¢ )at, (5-1)

where kc is a rate constant for annihilgtion of defect clusters
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and Ci is the saturation value of C,. By integrating eq.(5-1)
with the boundary condition, Cc =0at t = ti (the density increase
starts at ti)’ the following equation is obtained;

— AS K ‘
¢, = ¢, [ - exp{-kc(bt -t} - (5-2)

In the other case, suppose that the concentration of pores

which have been sintered during irradiation at time t is Cs’
the sintering rate of pores (dCS/dt) depends on bhoth the concentra-

tions of vacancies (Cy) and of residual sintering pores (C: - Cg)e

Then, we obtain the following equation,
- s _
acg = kg (Cg - ¢ )cydt, (5-3)

where kS is a rate constant for sintering of pores and Cz is
the saturation values of C_. By integrating eq.(5-3) with
the boundary condition, ¢, = 0 at t = t, (it is assumed that
dominant pore shrinkage starts at ti)’ the followling equation is
given,

_ .8
Cs = Cg[1 - exp{-k o (t - t,)}]. (5-4)
Both CS and Cc correspond to the density' increases due to pore*
shrinkage and annihilation of defect clusters (AdS and Ad_,
respectively) and both C: and Cz to those at saturation (gﬁdz and

S
zldc).
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The volume change due to the annihilation of defects corres-

ponds to 3( Aa/a) in thzs third stage of lattice parameter change,

]

and this is negligibly szzll as compared with those due to the

annihilation of defect clusters, {( AV4/V) - (AV /V)} - 3(Aa/a),
and pore shrinkage, (zﬁVD/V), (see fig.2-3 in the chapter 2).
Therefore, the total density increase (Ad) is given as the sum

of .Ads and 4ddc neglecting the contribution of the annihilation

of defects to the density increase as mentioned above, i.e.,

1

Ad Ads+ Adc

"

(AaS + AaS) - paSexn{-kCylt - t,)} - AdSexp{-k (t - )
(5-5)

Eq.(5-5) 'is similar to an emprical equation obtained by the Halden
Reactor Projects 5343.

£3ds corresponds to ,AVp/V and z&dc to the difference betﬁeen
AV/V and AV /V. AQY and AdS are determined from the experi-
mental results of led/V and ASVp/V which have been shown in
the chapter 2. The value of CV has been alregdy estimated in
the chapter 4. The rate constants of k_ and k are calculatedé
from the data of AV;/V andAV /V. The values of k., k., 4a%,

z}di and ti are summgrized in table 5-1. Comparison of the

c

predicted values by eq.(5-5) using each value indicated in table 5-1
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Table 5-1. Parameters X_ kc, Ad:, Adz and ti for the specimens

of 5 and 2.3 pm grain sizes, respectively.

ks-(‘sec_l) kc(sec'—i) Adz(%) Adi(%) t’;(hour) A
5 jm o.9ox1o"4 1.33><10'6 ~1.55 1.29 15.5
2.5 pm 1.09><10‘LP o.95><1o‘6 1.80 2.18 13.7

¥ rission densities (S = Zf‘¢th) are normglized to S = 1012

fissions/cmosec
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with the experimental results is shown in fig.5-4. As shown in
fig.5-4, the calculatei curves by eq.(5-5) fit the data well
except the results in J¥VIZ. The devigtions from the calculated
curves are reasonably =xplained in terms of swelling due to fission
products. The results in JMTR indicate that in-pile densifica-
tion is saturated at about 1000 MWD/ton UO, and that at this dose
the swelling due to fission products predominates on the volume
change. The estimated swelling rate from this experimental
results is in a range from 0.5 to 5 %(‘AV/V)/iozo fissiOns/cmB.
These values are larger than those reported in literature (0.3
0.7 % Av/7) /1020 rissions/cm3) £357) and the large swelling rate
estimated above is probably due to the lower irradiation tempera-

ture than that obtained in the literature.
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CONCLUSIONS

In this study, neutron irradiation effects on uranium dioxide
(UOZ).were investigatad. Main subject was the prediction of dose
dependence of densificafion in oxide fuels. In order tO'underF
stand this phenomena, ths irradiation béhavior of lattice defects
such as interstitials and vacancies was investigated in connection
with the results of lattice parametef and density measurements.
ﬁose dependence of electrical properties which had not well

understood was also investigated.

In Chapt. 1, the dose dependence of lattice parameter changes
and their recovery annesling were studied and the results obtained
were as follows:

(1) Tt was confirmed that three stages appeared in the course of
lattice parameter and lattice strain changes and that the behavior

of these changes depended on grain size. The dissociation of oxygen
interstitial-vacancy complex which was proposed by Lee might be
responsible for the reduction of lattice strain early in the first
stage;

(2) The lattice expansion in the first stagé'completely recovered

up to 500 oC, and two kinds of defects were involved in this stage..
In the second stage more stable defects;*which could not be recovered
at 500 OC, were produced. In the third stage recovery of defects
proceeded to some extent during irradiation; and therefore, the
recovery of lattice expansion by thermal annealing of the specimen

irradiated into this stage was less than that of the specimen
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irradiated at the dose cof around the end of the second stage.

(3) The effective volumss for lattice parameter change were calcul-

e

ated at each stage bassd on kinetic consideration of defects, and
it was found that thess volumes depended on grain size which was

related to sink density.

In Chapt. 2, the dose dependence of volume changes was inves-
tigated based on the density measurement. The results were
summgrized gs follows: |
(1) There were four stages in the volume change, and the volume
inereased in the first and second stages and it decreased in the
last two stages.

(2) The dose for the maximum volume increase ( AV&/V = 1.77 %)
corresponded to the reported dose of the maximum elongation of
fuel pins in the starting period of previous BWR operation.

(3) The volume decrease (i.e., densification) occurred at the
middle level of the second stage in the lattice parameter change.
The porosity increase was also observed gt the third and fourth
stages of volume change. Therefore, two mechanisms (i.e.,

{i) the annihilation of defects and defect clusters and (11)

the pore shrinkage) were proposed for the density increase.

conductivity and thermoslectric power were measured after neutron
irradiation, and the results obtained in this chapter were
the followings:

(1) The initial decreases of conductivity and thermoelectric
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power were explained in terms of both decomposition of oxygen
interstitial—vadancy coxrliexes and trapping of holes at primary
defects; The decomposition of these complexes speculated already
by lattice strain measursments described in the chapter 1 was
confirmed to some extens.

(Zf The thermoelectric powsr measurements indicated that the p?type

conduction contributed to the electrical conductivity in UO2+
018

L
fissions/cm3. The abrupt increase in
018

irradiated up to 1.90X%1
conductivity at higher dose (more than 1X1 fissions/cmj) was
suggested to be due to the change of the conduction mechanism

from the p-type extrinsic to intrinsic behavior.

In Chapt. 4, the concentrations of interstitials and vacancies
during irradiation were estimated on the basis of the continuum-
model in crystals using the results of lattice parameter, density.
and porosity measurements. The result obtained especially for
uranium vacancies was applied to the diffusional properties such
as diffusion, creep and densification. The trend of the esti-
mated creep rate corresponded to that of the experimental results
of creep rate, and therefore, it was concluded that the concentra-

tion of uranium vacancies (C%ﬁr) and the irradiation-induced
diffusion coefficient (DEG”) estimated in this chapter might be

reagsonable.
In the last chapter (Chapt. 5), the prediction of dose depen-

dence of densification was investigated, and the kinetic equation

which consisted of two exponential terms was proposed for it.
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Two rate constants were calculated using the results of density

and porogity measuremenrnts. At the last part of this dhapter
fitted the experimental rssults well.,

Observation of defects and defect clusters by means of
electron microscope and more precise pore analysis must be needed

in future, and furthermore, the measurement of irradiation-induced

diffusion coefficients would remgin.
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