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THE DEFECT CONCENTRATION AND THE ELECTRIC PROPERTIES OF THE
UO, CERAMIC SAMPLES
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The correlation between the defect concentration and the el ectric propertieswasinvestigated for UO,
samples placed in controlled atmosphere. The experimental values of the diffusion coefficient were
discussed and interpreted in connection with the increase of the oxygen partia pressure and
temperature. The activation energy of the defects was calculated from the variation of the diffusion
coefficient.
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1. Introduction

Many researches have been focused on theunderstanding of the defect diffusion mechanisminsolid
samples, aswell as the effects of the diffusion upon the microstructure and the properties of thematerials[1-
5]. The defect diffusion produces a series of changes upon the basic material, both at microscopic and
macroscopic level. Thedefectsthat migrateinto a sampleinitiate a series of microscopic effects (formation of
chemical compound, dislocations, clusters, etc.), these effects determine modifications at macroscopicleve
(corrosion, flow, cracks and fissures, swelling, etc.) [10, 11].

The defect diffusionin ceramic samplesisimportant dueto their practical use, such as pdllets, fuel
cells, probeinterfaces. That iswhy aseries of experiments were performed using UO, samples, in which the
defects diffusion in controlled conditions was monitored [7-9, 19-21].

The modern techniques, recently developed, alowed to perform accurate experiments, which
succeeded in emphasizing the influence of the defects and defects’ migration upontheinter- andintragranular
conductivity.

A series of experiments were carried out on yttria-doped zirconia[12, 13, 18-21]. These experiments
demonstrated that the samples Z¢ sintered from freeze-dried powders show highest conductivity. A
homogeneous microstructure of the ceramics determines an improved conductivity. Theintergranular oxygen
in conductivity takes place through the clean grain boundary viathe same mechanism probably controlled by
complex defects.

These results suggested the possibility to use other basic materials in which, by a suitable
technological processing, larger and cleaner intergranular surfaces be obtained that determine a significant
increase of theionic conductivity.

For the experiments, UO, was selected from the series of tested materials, because arich volume of
technologic knowledge on its processing exists (based on the multiple utilisations of the UO; in the nucl ear
reactors) and becauseit has the optimal dimensional parameters of thegrain structure related to the proposed
goal [15,16].

The purpose of the experiments was to analyse the corrd ation between the defect concentrationand
theelectrical resistance of the samples. Thetheoretical model based on the theory of diffusion was adapted to
the experimental specific conditions, thus resulting the parameters of interest that are to be measured. We
have studied the dependence of theionic conductivity versus temperature and versus oxygen partial pressure
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in controlled atmosphere.
2. Theoretical background

Theissueof thediffusion processin the context of adefect concentration gradient will be analysed.
Thiswill dlow to establish the relationship between the dectrical conductivity a(t) and thechemicd diffusion
coefficient D, into aparallel epipedic samplein which theevolution of the electrical resistanceversustimewill
be measured.

Let haveH, L and| thedimensions of the sample. Diffusion analysiswill be donein the directions x
andy. The dectric current passes through the sample’' s volumein the direction x (Fig. 1).

X
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Fig. 1. The model of the investigated amples.

With these hypotheses, Fick’ s second law will be written as follows:
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At themoment t, the defects concentration c(X, y, 2) inthepoint (x, y) isaproduct of functions with

asinglevariable:
c(x,y,)=X(X)[Y(y)[Z(2)

2
O<x<H ; O<y<L; O<z<l @)

Taking into account thisrel aI_l on, the eqm@tion (¢D)] beg)mes: _
1dT_Dd’X, DY _Dg’X_1dT D’y @

Td X d¢ YdP X d Td Y dy

Thisequation hasto bevalid for any x, y and t; therefore, the different functions havetobeequa toa
constant, thus:
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From the above equation results:
1dT _ —
— = =-D(\2+p? 5
" (A" +p) (5)

Consequently, the concentration becomes:
e, ¥, 0= D [AmSNAnX+BmCOSALX] O
m=0n=0 (6)
[ICn SN, Y + Dy COSH, Y] D ARt +
Theinitial and final limit conditions are:

at - oo, [AXY): (X, Y,t - @)= Cw (Cisthefinad concentration of the defects), from wherek = c.,
b) [Jt— x= 0, Jy — ¢ = cresulting:
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and consequently: B, = 0.
Analogous, 7/t —y= 0, /X — c= ¢4 resulting D, = 0.
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coOt,Jy —» x=H, c= cwand)\m—ﬁ.
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d) t= 0, 7(xY), ¢ = ¢ (initial defects concentration). The relation (6) will be written, according to the
previous results, as follows:

Co= cm+ZZAmS|n DX [Ty S n—y (®)

m=0n=
By multiplying each member of the equation (8) by the quantity (sin p%x ($inq Ey) and by

integrating x from 0 toH andy from O to L, it results:

" T miT 0, m#p
anp—xEﬁn—xdxz H 9
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and it one obtains:
HIL(co-Ca) p7 [E
—— = =2 Cc0S— X Ed:os 10

All the terms corresponding to even p and q are zero. For odd p and q, havlng theform
ApCy= He07Co) 1. (aypy1- (1) 1y
prelo
p=2n+landq=2m+ 1,itisobtained A,C, # 0. From here, it results:

1

c(x,y,t += O——.
by, 0=ce nz(co Cm)g‘o;oZ“*l 2m+1 (12)
(2n+1) (2m+1)2
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The measurement of the electrlc conductivity allows the monitoring of the thermodynamic
equilibrium established inside the oxide. If in the crystal, the existence of single type point defects (having
the charge ze) is considered, and if the e ectro-neutrality condition (valid in al the points of the crystal) will
be taken into account too, for each moment of time, the following equation can be written:

p(x,y,t)=zlc(x,y,1t) (13)

in which p(x, y, t) and c(x, y, t) represent the void concentration and respectively the point defect
concentration, in the point (x, y) at the moment t.
Taking into account that:

o=p,lple (14
if thevariations of the charge mobility g, with the concentration will be neglected, on the basis of the former
relations, it results that:

0(x,y,t)=z[e[up[c(x,y,t) (15)
To determine the eectrica conductivity variation with the temperature, the tota resistance of the

anaysed sample has to be measured.
Thefollowing relations will be used:
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For atimet long enough, only thefirst term of the sumis preserved (n = m= 0), thus:
ot)-o., _64 1,115
() Ow _ 4e"2[ LZ}DDI (20)
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Taking into account thethree dimensions that intervenein diffusion, the defect concentration canbe
easily deduced:
c(x,y,z, t)=
et 5w Y Y Y S
Tl3 m=0n=0p= O(2n+1) (2m+1) (2p+1)

(21)
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and by following areasoning similar to that oneused beforefor the previous two-dimensional problem, for
the three-dimensional case the next result will be obtained:

O(t) “Ow _ 64 -2 {i+i+l}DD
-  — g€ H2 L% |
0o-0w TC
Having the values of the dectrical resistance of the sample from the experimental determinations

(and thus, implicitly, its conductivity) at various moments of time, the chemical diffusion coefficient can be
calculated by using the equation (22).

(22)

3. Experimental

We have designed and used an installation containing the following elements to perform the
experiments:
- electric source;
- eectric furnace;
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- work-vessd;
- monitoring and controlling system of the atmosphere inside the work-vessd;
- dectric resistance measuring system.
A sample of UO,, having the dimensions: L =9.08 mm; | =2.5mm; H = 2.26 mm has been used to carry
out the experiments.
For this sample the ectric resistance values versus time were monitored, at various temperatures
(maintained for along time, asin the graphics below) and at various partial oxygen pressures.
Thetemperature sinfluencewasfelt by the appearance of adefect concentration gradient, whichled
to the modification of the sampl€e s e ectric resistance.
During the experiments the el ectric resistance of the sampleat different times could bemeasured and
from these values, the electric conductivities were ca cul ated.
Having these dependencies, and taking into account the expression between emf, E, (the
eectromotiveforce) on thetwo sides of the sample, perpendicular to the diffusion direction, and the oxygen
partial pressures on the two sides, whose expression is:

__RT n _Po, (23)
4F p0O2
and also having in mind the relation:

o(t) - 0w _64e_n2[i+i+i}ﬁu (24)

_—— H2 L2 |2
00-0w TC
it was finally possible to deduce the dependence of the diffusion coefficient D as a function of the defect
concentration gradient in the UO, sample.
In the previous relations, the significance of the symbolsis:
H, L and | represent the height, the width and the length of the parallel epipedic sample;
o isthe eectric conductivity at thet moment;
o, istheinitial eectric conductivity;
0. 1S the fina eectric conductivity, in the new equilibrium conditions;
Po2 is the oxygen partial pressure, in equilibrium with the sample, and P°o, a referential oxygen partial
pressure (of theair);
E (mV) isthe dectromotive force measured at the terminals of the oxygen probe (ZrO, yttrium-doped tube).

4. Results and discussion

The measurements were carried out for various temperatures and the results were compared with
those of other authors [20, 21].

The chemical diffusion coefficient D was determined by measuring the ectric conductivity of the
sampleat different moments of time. Therdation (24) was processed by introducing thefollowing notations:

00w~ p) @9)
0o~ 0O
1 1 1

It iseasy to noticethat g isaconstant depending only on the sample dimensions. Thesampleusedin
the experiments had the following dimensions: L = 9.08 mm; | =2.5 mm; H = 2.26 mm.
With the above notations, the relation (24) becomes:

A() =6—T§egﬂ> 1= (ct.) @901 @)

To calculate the chemical diffusion coefficient, the logarithm function was applied totheexpression
(27) and then the graphic of the dependence InA(t) = f(t) was drawn.
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In A(t)=(ct.) OgD [

(28)

Fromtheslopeof the straight-line (28) the value of the chemical diffusion coefficient was deduced.
The graphic representationsfor various experimental conditions (temperatures and partial oxygen pressures)
and also the results of their processing are shown

in the next diagrams. 0,0
0,4 0=1100°C
0=1100°C ~. In Po,=-7,7
InP.=-65 =0 = B D=9,2-10% cm’s’
0,35 @ > = L
D=4,3-10® cm?™! | g i .
— ' ' o2 \\
% 03 S—
5
025 -0’36000 8000 10000 12000 14000 16000 18000
~ t(s)
02 Fig. 3. Dependence of InA(t) versust at 1100°C
710000 20000 30000 40000 .
t(s) at another oxygen partia pressure
Fig. 2. Dependence of InA(t) versust at 1100°C.
-0,05 0,0 -
e=1113 OC 6=1204°C
. -0,1 In P,,=- 8,46
010 \ In P, = '715’52 1 | D=8,910" cm’s"
’ \ D=1-10" ecm’s’ = -0,2 i
N Z
e e g 03 2
:EQO,IS '~\;\\ e
E \ - '0a4 .\
* 0 n\
-0,20 \ 05 10000 20000 30000 40000
a t(s)
256000 10000 12000 14000 16000 18000  Fig. 5. Dependence of INA(t) versust at 1204°C.
t(s)

0,0
Fig. 4: Dependence of INA(t) versust at 1113°C.

0,0 = . ]
0=1204°C
-0,1 In Py,=-10,85
D=8,610" cm’s™ -0,2
= -0,2 N Jermrs
< <
—= -0,3 \ E 03
-0,4 \
205 N 0,4
™0 10000 20000 30000 40000
t(s)
0,5

Fig. 6. Dependence of INA(t) versust at 1204°C
at another O partia pressure.

0=1300°C
D=12,96:10" cm’s™

6000 8000 10000

2000

4000

t(s)

Fig. 7. Dependence of InA(t) versust at 1300°C.



The defect concentration and the el ectric properties of the UO, ceramic samples 65

0’0 1 -
02 e 0=1400 °C
l_n Py,=-12,18
C-OA \_\' D=5,5810"7 cm?’s™
-’ .
<-0.6 .
= N
0.8 \
W
1,0 <
e
hC
12 10000 20000
t(s)
Fig. 8. Dependence of InA(t) versust at 1400°C.
The dependence of the conductivity by the oxygen partial pressure The dependance of the diffusion coefficient by temperature
6.2
194 P 3 & °
1] ﬁ"* :j
] A
' 09 ¥ // —~*
Qo7 » 66
7 EZ N F /{ E67
o1 > 368
a9 T a
=L ok =69
074 -7
09+
sl In p O, (atm) 2
15 T T T T T T T T T T T T T T T T e
-25 -24 -23 -22 -21 -20 19 -18 -17 -16 <15 -14 -13 12 -11 -10 -9 -8 -7 -6 -5 4 -3 -2 -1 O 73
—@— 854 °C (our data) —a— 1006 °C (our data) 74 L]
ot 1006 °C (Ref. [20]) 59 6 61 62 63 64 65 66 67 68 69 7 71 72 73
° 1000/T (K™
Fig. 9. Dependence of Ina(t) versus In Py, at 854°C Fig. 10. Dependence of InD(t) versus 1000/T .
(original results), 1006°C (original results) and 1006°C
(references data).

The obtained values for the chemical diffusion coefficients, at various temperatures and partial oxygen
pressures, were used to determine the activation energy of the defects, according to the relation:

InD
£,=-RECMD) (29)
1
dl =
(T j
The value of the activation energy, E,=1.36 + 0.03eV, was obtained from the slope of the Arrhenius
type dependence;

In D = f(10000/T).

shown in the Fig. 10. Thisisin agreement with the results reported by other authors [17, 18, 20, 21].

In these experiments the dependence of the e ectric conductivity of the stoichiometric UO, was followed
as function of several factors: temperature, exposure time in controlled atmosphere and the values of the oxygen
partial pressure. Theexperimentsled to aset of resultsin agreement with those reported by other authors[7-11]. It
was hoticed that the oxygen partial pressure does not signifi cantly influences the time dependence of the dectric
conductivity of theinvestigated samples (see the slope of the diagrams in Figs. 3 and 4). Therefore, it seemsthat
therate of the Frenke pair formation, like mobile defects of oxygen, is not affected by the increases or decreases of
the oxygen partial pressure. On the other hand, the changes in the oxygen partial pressure, at the sametemperature,
have a major influence upon the chemical diffusion coefficient. The doubling of this coefficient’s value is
remarkablefor avariation with oneexponential order in the size of the oxygen partia pressure (asinthediagrams
2 and 3) or even the one order sizeincreasing of the diffus on coefficient with theincreasing of the oxygen partial
pressurewith two exponential ordersinitssize (diagrams5 and 6). Thisfact could be ascribed to theincressing of
the oxygen ion mobility, and as aresult, to the accel eration of the Frenke pair formation like oxygen defedts. This
acceleration is favoured by the increased concentration of the oxygen ions on the first interface of the exposed
samples.

These results, although obtained by a totally different experimental pathway, lead to similar
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condusionsto those obtained by T. Matsui et a. [17]. Thetests were carried out on stoichiometric undoped
UO, and taking into consideration the results reported by other authors [18], there is a good correlation
between them. The results we obtained on undoped UO, al so fit those obtained in other comparable studies
(performed for undoped UO, and UO, doped with Ti, La, Sc, and Eu [2, 6,14]), in which thetemperature at
which the slope of the conductivity changes is independent of the kind of dopant and the dopant content,
being aimost the sameto that of undoped UO,. A good correspondence with other reported results[19] was
obtained regarding the transport mechanism, concluding that the intergranular oxideion conductivity takes
place through the clean grain boundary, the mechanism being controlled by the complex defects.

5. Conclusions

The experiments firmly proved theinfluence of defect concentration gradient and the effects of the defect
diffusion on theionic conductivity of the analysed ceramic samples.

These effects also allowed for the determination of the chemica diffusion coefficient of the sample at
various temperatures and partial oxygen pressures. It was thus demonstrated that the increase of the ionic
conductivity is due to the intensification of the diffusion process, in various temperature and atmosphere
conditions. The obtained results are useful in re-designing theinstallations for the catalytic treatment of the cars’
exhaust gases. Thus, the difference between the partial pressure of the oxygen inside and outside the catalytic
installation isthe magjor input factor for the e ectronic controller of the engineignition. The results of the present
paper might improve the sensibility of this installation, of its main device, which isin fact a ceramic piece, by
increasing the activation energy for which the inter-granular ionic conductivity of the oxygen ions occurs. This
improvement will be possible by changing the actua type of ceramics with a new one, based on UQO..

Another direct application of the actual results is the development of solid cells, able to store high
quantities of ions such as oxygen, hydrogen and deuterium.
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