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1. INTRODUCTION . 1

Achievement of high quality standerd in the design and development of
fuel rods end assemblies of modern nuclear plents requirss espzcial many
facturing techniques as well as rigorous testing procedures after the
fabrication of fusel elements. 'In mest thermal reactors the U02 pellet'has
been the source of a large number of defects arising from chemical - and ma

chanical effects.

In our laboratory we are presently engaged in organising quality een -
trol and quality assurance activities for PWR fuel productions. As a part
af thase activities, ths laboratory has developed various chemical and

shysical methods to0 be employed for fuel characterization of - UD2 pellets,

The technigques develﬁped ars/the determination of total * residual
cases by vacuum fusion methed, determination of impurity slemsnts by opti
cel spectrograph and chéracterization metheds by Xeray diffraction, The
cdevelopment and the implementation of tnsse technigues under tha  general
scheme of carscterization and qualily caontrol is tha major theme af this
papar.

1I. DIRECT SPECTROGRAPHIC DETERMINATION OF IMPURITIES IN URANIUM TETRA~
FLUORIDE

The presence of certaln micro constituerts, mailry zlements with high |
reutron absorption cross section, inhibit the proger parformance of the

vuels, Some of these elemenis are Scron, Zacdmium and Silver.

The majority of tha spectragrapnic tecnpnigues used for  the dmpurity

datermination of UF, {nvolves & conversion of 0 3

i 4 /olves & cenversion of UF4 to Uaus by pyrahy
drolise "', So the {ime of aralysis bgcaemes rathaer len; Zue to slow reac
tion of L!F4 o USDS' ~lso there is a passivility of W0sses of  verias

2

elevents (like 5 and 5%  due to the volatllity of their fluorides). For

a

tris reason 1f i neceszary to develc

II.1. STUZY OF SPECTROCICIMINTAL SAPRIERS
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II.1,1. CARRIERS YIEDING LOW VOLATILE FLUDRIDES

The efficiency of several substances used as spectro
chemical carriers in the volatilization of residual elements in a matrix
of UF4
rine in UF4 with a metal (carrier]) during the discharge inside the eilec

has been tested. The main idea, consisted in reacting the fluo

trode cavity, a fluoride compound with low valatility has been obtained
it possible to
This 1is interest

as 3 subproduct from the reaction. This procedure makes

avoid the presence of UF4 inside the discharge region.

ing because its spectrum would interfere with the other chemical elements
spactra otherwise.

Several carriers in the proportion of 25% relative

to the UF4 matrix have been tested {Table I).

TABLE T =~ LOW YDLATILE FLUORIDES
BOILING POINT OF
=4 NEC
CARRIERS FLUDRICES THE FLUORIDES (°C)
- i=

| UE, 960
Cad CaF2 1360
100, LiE 1676
cd0 cdF . 1758
BaCo, BaF 2137
mg” S 723¢
= an
Lazﬂa war 4 233C

The results were cbtained through a visual comparison

of the uranium spectra with the trace elements spectra in the sample.

The efficiency of the carrier in the suppression af

the volatilization of the uranium as well as its action on the microcons

The carriers showing the best affi

tituentes volatilization were testec.

_—
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ciency on the suppression of the UF4 volatilization are Mg0O.

II.1.2. TESTS! WITH MIXTURES OF CARRIERS

These tests were made adding a salt of on alcaline

metal in the sample besides the carrier MgO.

The alkaline salts, like NaCl, stabilize the discharge
and decrease the temperqture of the electric arc as a conssguence the
entrance of the’ uranlumffn the discarge regions‘ becames very dificult.

I

The following mixtures were studied with: -

15% Mgt -~ 15% NaCl = 70% UF4

205 Mg0 - 10% NaCl =~ 70% UF,

25% Mg - 5% NeCl =~ 70% uF,

The mixtures 10% NaCl, 20% MgQ and 70% UF, give the
best conditions with respect to the low background, diminishes the entrance
of uranium in the arc and increases the volatilization of the impurities
in the UF4.
particles could be observed and mores material was ejected than in the
case when USDB was used as the matrix. To eliminate this problem, a
series of tests (unpublished results) were taken. It consisted in drapp
ing a gelatine sclution on the electrode, over the already perforated UF4
pellets. The best results (absence of sample ejecticn and an improved
impurity detection) were obtained with the addition of ons drop of gela

tine solution at 0,.5% (Fhoto 1}.

Even when an adequate carrier was used, ejection of uranium

II.2. EQUIPMENT AND EXPERIME™TAL CONDITIONS

aj Emission spectrograpgner: Jarrell=Ash Co., Ebert 3,4 m, sup
plied with & diffraction reticule of lSUUD lines/in perfor
ming a linear reciprocal dispersion of 2,47 A/mm on second

arder spsctrum.

b) Excitation source: standard model varisource Jarrell-Ash Co.

c] Microphotometer: Digital comparer - Jarrell-Ash lc.
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i
il
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’l RN

PROTO 1 =~ UF4 SPECTRA WITH AND WITHOUT UTILIZATION OF CARRIERS AND
GELATINE SOLUTION,

A =

[}
[}

Fe spectrum.
lJse of Mg0 and NaCl carriers with addition of droo of
gelatine solution.

Use of Mg0 ang ~aCl carriers,

UF, sample without addition of carriers and drop of

gelatine solution,

The Photo 1 shows:

1) -

2) -

3) -

-

The hight intens’zy of the I spectrum shows the high vda
tility of UF,.

The T spectrum s~cws the suppression of the UF4 vola

tility when tne ™z0 and NaCl are used.

The B spectrum shows the great reduction the background
and the interferences produced by the uranium  spectrum
as drops of galatine sclution are added. An  iraroved
1mpu§ity detection in the sample could be abservsao toc.
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d) Glass dispositive : <odak Spectrum Analysis N® 1 (SA=1).

@) Electrodes : Anode =~ AGKSP 9086
Cathoce = SPKL 4238
Suppor: - AGKSP 9068

) Dif*raction Laztics pzsition : 10.00 to envolve an wave
lengtn ramge From 270 & te 3500 R (an order spectrum),

i) Prepurn : S =~ “c  and Ni.

= [t-~sr elements,

J! Expositicr +ime : 7" <« Fe and Ni.
2t = Jthar elements.
k) Anpze lzad ¢ LIL s
1) Analyticai gac @ & ~m
Table Z shows zne analytical lines, concentration range and

the precision o

II.3. ANALYZIS OF "HE PELLETS 3Y X~RAY DIFFRACTION

In order to determine -2 reactions cccuring intc the  cavity
. of the electrode a2t higr vtemperaturss, en analysis of the pellet after the

excitation was made by X=Ray Ciffraction.

The powder diagram (JeoyewScherrer! obtained was compared *o

e standard UQ,_, diagram. It mace possible the igentification of several

2
lines and the cnarecterization of tre sample as being UDZ' from " the

diagram the other interplanar distances (d} were calculated.Thes comparison

)|
(2] file made possible the identifi-

of these values witr those of the ASTM
cation of the lines as being the magnesium fluoriae (Mg le. it proves

the initial idea gf formation of a low volatility fluoride.
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*

ELEMENT

Ag

ARl

Fe

Mm

Mo

Ni

Fb

In

WAVELENGTH
( a°%)

3382,89
3082,16
2497,73

2288,02

3050,82
2833,06
2506,90
2429,49
3183,98

3345,02

CONCENTRATION RANGE |

ug FLEMENT/g

£,25

o]

5,0

110

50

200

4006

UF4“

COEFICIENT OF
VARIATION (¥

,

20,0

16,2

1g,8

15,0

19,0

13,4

15,2

e i
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IIT. RESIDUAL GASES PRESENT IN UD2 PELLETS

Quantitative analysis of residual gases present in nuclear fuel ele
ments are of primary importance in the evaluation of fuel element perfaorm -~
ance, Trace amounts of residusl gases cén significantly alter the mecha
nical properties of the fuel elemerts. Further, the amount of gases pre

sent as well as produced in the fuel =lement determines the internal pres
sure, wich may eventually lead to the mechanical failure and consecuent

release of fission gases into the orimary coolant circuit.

Mass spectrometers are generally employed for the quantitative  analy
sis of the gases in the fuel elements because of their high sensivity- of
detection and the ability for the positive idenfitication of each gas.Total
amount of residual gases released from UD2 pellets has been determined in
this laboratory using a combinatior of vacuum fusion apparatus and a Mcleod
gauge. Presently we are engaged ir the identification and the gquantitative

analisis of individual residual geseos using a cuadrupcle mass spesctrometer.

The high temperature gas extraction and analisis apparatus was dasing
ed and assembled for sequentiel! anzlisis of up to four uranium dioxide
pelletst3). The system consists of three major units (Figure I), namely,
outgassing unit, transfer unit and analytical unit. The whole system is
evacuated to a final pressure of less thén 10-5 Torr using a mercury dif

fusion pump and a mechanical pump.

The outgassing unit consists of = pellet loading and unloading arm
with an externally operated magnet feed, a quartz furnace glass tube heated
with induction coil from a "Pelitron®” model 1-5 (450 KHz = 10 Kw)induction

furnance.

The transfer unit, consis%ting oF two glass difusion pumps and a cold
trap cooled to a temperature of -36°C is capable of transfering the 1libe

rated gas inté the ana.ytical unrit,

The analytical unit consists of a Tospler pump and calibrated Mcleod
gauge. ' _
A weighed pellet is transfered into the outgassing unit for subsequent
dropping into a platinum-rhodium or graphite crucible wich is heated induc
tively up to 1700% during 20 minutes., The released pgases ars immediately
transfered from the outgassing unit to the anelytical unit passing throug-
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a cold trap {(at -96°C) to remove water vapor., The gases are transfered to
previously calibrated volumetric oulb where the total pressure and tempera
ture are determined. For accurate measurement of ths low gas pressure 3
Mc Leod is used. A measurement of the lHlank of the whole system is carried
out before sach run. Ffor this purpose the crucible, without pellets, is
heated up to 1700% during 20 minutes and the total pressure of the re

leased gases is measured.

An estimate of the gas contert i~ the pellets at STP condition ie

obtained from the measursd volume, —=ressure and temperature of the zas

-~

mixture by aoplying icdeal gases ecvation. The lower detection limit -+

this technigue is 9,002 em'vz UZ. STP).

Analysis of one lot of uraniur pellets by this methed indicater =
ta ]

LI ,' o 3 a
mean gas content of 2,02 er'/~ U7 s+ temperature oFf 1700°C, This resuit

represents a good perfurmanrce in t-e faprication of U02 nellete. Theze
pellets were fabricated by lentrc o= “Metalurgia Nucleer [CMN) cf tne  Irg

tituto de Pesquisas Enerséticaes e Vucleares [IPEN),

Quantitative and qualitetive gzas analysis can be performes usirr- B

‘cay
(42 e -
Juadrupole Mass Spectrometry . ne experimental unit is built up oF e

-

following parts (Figure 2}: sample i-troduction system and Juacrupo’:

W
b3
D]
i

Spectrometer ‘including assceiztes 2isctronics ano recording unite’ .

The sample introduction s

bulk coupleg to a coid trap,

pulh can be evaruates ang filled witr gas 2t cesir=z fressure from e

1

container. The gas from the bulc =nters ths vacuur inlet of the jorn  zouw

[

ce through a bakcable leak valve, that car cperatz from atmospheric nre

1

- -
3

~1 . . . . 5
sure to belaow 10 corr. The minimun leak taat can be achieved is 1lx1T
torr litre/sec. The cold trac is .sexz iz remove condensible gases Suring
the analysis of non-condensible =zss:=. T-s whole system can be baked.

Varian model VBA=~100 cuadruncls mass snectrometer was ysed for the

n

analysis. The spectrometer consiszzs ~f an eletron impact source, =2 four
rod quadrupale system anc 2 farada, colletor. The out put fram the collec
tor can be displayesd on an gscilicscope, as well as recorded on a poten
tiometer chart recorder. The total pressure in the icn source region is
measured Dy *the repeller ion current produced in the Bayard = Alpert type
electran impact scurce.

A weigntac¢ least squares procedure has been utilized to analyse <ne
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masa spectra of gas sample in order to determine ths species and quantitiss
of gases in the sample. This procedure needs a precalibration with various

types of gas mixtures (H2. N,, CO and CGZJ. The least squarses solution

reproduces the original speczrum to within 10%. Aralysis of mass apectra
of gas samplss should be done by a weighted least squares procedure on a
computer because of the speed, reproducibility and accuracy obtained with
it.

The realeased gases from !5, cellets were studied in function of tem
perature by mass spectrometric te;hnic and by weighted least squares method.
The raesults shows (Table 3) tnat nhygdrogen is one of the highest contributor

in the total gas volume relsasec by the UU2 pellets.

IV. X=RAY DIFFRACTION

The uranium oxides are now widely used as nuclear fuel. The ceramic
materials choice for nuclear fuel is mainly due tc their favourable proper
ties at high temperatures. These high temperature properties strongly in

fluence the perfermance of & nuclear power reactor.

One of the important fuel property is related to its nonstoichiometry
due to the propensity of the ceramic fuel materials to become nonstoichio
metric at high temperatures with their properties tending to modify signi

ficantly with the extend of deviztion from stoichiometryts).

The X«ray diffraction is one of the potential physical method to per
form the oxygen metal ratic (0/M) analysis in U02 based fuels by associat
ing the lattice parameter to its 0/M value. However, the establishment of
a workable method of psrforming such measurements must be provided by a

well defined annealing and analysing cunditionsllu].

Some relevant results of high temperature X-rays diffraction studies
being conducted in U02+x sintered samplas, &8 well as the estimate oM

ratio by means of accurate lattice constants will be presented hare.

IV,1., EXPERIMENTAL

. IV,1.1. SAMPLE PREPARATION

Ths semple was prepared by Centro dge Metalurgia Nucie
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ar~IPEN from DUA calcination. The oxide was traated with hydrogen at
750°C for 30 min. After compactation, the sample was sintesdzsd in hydro
gen at 1700°c for 1:30 hour, The sinterized pellet was cut to yield a
15 x 24 x 1.5 mm plate. The plate surfsce was polished and positioned in
the platinum sample holder. Spectroscopic analysis showsd the follesrding
impurities in uranium weight ppm: Si, 82; Al, 200; Ni, 6; Cr, 12; Fe,
203 Mn, 3.6y Cu, 0.9y Mg, 2.4; Cd, 0.1.

IV.1.2. HIGH TEMPERATURE X=-RAYS OIFFRACTION

X=Ray diffraction data were obtained on a diffracto
meter [(Rigaku Denki Co.) sguiped with a platinum resistance furnace (lﬂaﬁai
A.4),

Three high-temperature X-ray diffraction experimental
sets were performed in three U02+X plates.

Seriss 1) - The (511), (531) and (600) Kbeta reflec
tions were measured by step scanning method, at intervals of 0.02°. for
succesive isothermal treatments at 165°C, 3s0°c, 4sp”c, 620%, s00%c ,
810°C and 950°C. An argon gas flux was kept at 180 ec/min during the
experiments. .

Series 2} - Under argon gas atmpsphere, the uranium
dioxide sample was submitted to a 230°C isothermal treatment. The suc
cessive transformation from U02+x to U409 was observed by measuring
(200), (220}, and (311) Kbeta reflections, by using step scanning device
at intervals of 0,0201 the counting time was 50 minutes for each angle.

Series 3} -~ Using a mixture 80% argon plus 20% oxigen
stmosphera, the transformation from UD2+X to USDB was observed by mea
suring (220) and (311) Kbeta reflaction withoutstep scanning device. The

sampls was submitted to isothermal treatments at 280°C.

X~rgy diffraction pattern of sach sampie was taksn,
befars and after the thermal treatment, by Guinier-Hegg camera at room
taiperature, in each of three sets expsriments.

I¥.2. RESULTS AND DISCUSSION

Iv.2.1. SERIES 1,
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The lattice constants of the sample 1, derived from
observed peak positions of the (S11), (531) and (800) Kbeta reflections,

ara show in the Table 4.

TABLE 4 = LATTICE CONSTANTS OF Yoy AT DIFFERENT TEMPERATURES

0
TEMPERATURE LATTICE CONSTANTS OF SAMPLE 1 IN A
o
c 4
511 531 600
25 5,467 5.463 5.466
165 £.472 £.471 5.471
350 5.480 5.480 5.480
450 £.486 5.487 5.486
625 5.436 5,539 5,537
810 5.509 £.50¢ 5.508
(G)The lattice constants found for ULZ.GD' U:Z.DE and
U02 10 by Gronvold ., together with the values for sample i are iisted

in the Table 5.
From the experimental data, lattice constants at 3if

ferent temperatures, shown in Table 4, the constant linear expansion coef

cient of u02+x was derived:

8]
The above result agree very well with those obtainec from Gronvold( in

the same range of temperature, 450° e 950°%C:

-2 =

10,8 X 10 ~/°2 for UC

Q
]

2.00

8,9~

10.5 X 10 for U0

2

2.05

The agreements of present raesults with respect to the

Gronveld's can be well visualized in *he Table 5 and ths Figure 3.
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TABLE 5 : LATTICE CONSTANTS OF UO, oo 5 U0, s 5 UD, o
AND SAMPLE 1 AT DIFFRENT TEMPERATURES. IN (R)

TEMPERATURE

GRONVOLD

Lis.08

U0,. 10

SAMPLE 1

20
25
138
165
250
260
350
397
456
460
520
522
536
599
607
625
661
724
778
785
810
946
951
969

5.5087

545153

5.4696

5.4769

5.4841

5.4896

5.5038

5.5148
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The Figure 3 shows that our experimental data lies
amongst Gronvold's UD2 05 and UDZ 19 data, leaving us to the conclusion
that the sample 1 probably has 0/M ratic of the order 2.07.

Young et a1(7) nublished the values of lattice cons ,
tants of UL'J;_,’x in the interval of X from 0.001 to 0.217 at room tempe 4
rature. The Yonung's datawere comparec with the lattice constant obtained
from Guinier pa?tern. a = 5.,4655 = 2,0002 i, yielding the 0/M ratie value

as predicted before:

/M = 2,060 + 2,005

Iv.2.2. 3ERIES 2

The sample was crepared under the same concditions des
cribed in the previous series and afterwards it was reduced in H2 at 500°C
for 5:30 hours. The lattice constants obtained from Guinier pattern, a =
5.4712 £ 0.0004 A, has indicated thz2: the sample 2 presented the 0/M ratio

practically igqual +to 2.00.

¥n this series it was observed structurel transforma-
tion U02 - U4Ug~y in argon with approximately 10 ppm oxygen at 235 s gec
The evolution of Kbeta (311) reflection profiles can be seen in the figure
4, The evolution of U409_y phase can be observed through its (311) reflec
tion. The figur: 5 presents the diffraction diagram of sample 2 after heat
treatment for 280:00 hours, The presence of the UO2 is stili noted in the
higher reflections whereas the (200), (111) and (220) peaks do not shows

any evidence of this phase,

The initial and final state of the sample 2 represen-
ted by Kbeta {311) reflection, got at room temperature, are also in the fi

gure 6.

The time dependence of the intensities ratio
I, /1 is found in figure 7. The figure shows a more rapid trans
fnrmaginn through (200) than (311) reflections, On the other side, the com
plete X-ray diagram, figure 5, disclosas that degree of transformation ef
fectively is not the same in each chrystallographic direstion, For instance
the increass of (111) and (200) U409_y reflections have happened more repi

dly then (220) and (222) peak; possibly the transformation from UD, *n
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Figure4: (311) K-beta profiles for sample 2 as a tfunction of amnealing times.

(d)
31, 0,_)

g- After i9:40 hours

b- After 46:00 hours

c- After 116: 13 hours

d- After 260:05hours

51,5°
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Figue S Diffroction dicgrom of U Og_somple after 236°C

isothermal trectment for 290:00 hours (Cu K~AHfa radiation)

U,
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U409,y may have bepn completed in that directions.

It was not yet possible to sxplain the bshaviours
discussed before and observed in figures 5 and 7. The occupation mechanism
of the UDZ-U4Dg transformation when the U02 intersticial sites are prefg
rencialy occupied by new incoming oxygen atoms, as discussed by ¥Willis (3) '

for axample, may probably explain those behaviours. 4

Iv.2.3. SERIES 3

The structural transformation at 280°C by msans of
Kbeta (220) and (311) reflections, under atmosphere of 80% Ar. = 20% 02 ,
was obgerved in a §ample recognized as U02.09= Both reflections wers obser
ved by common scanning method, witrcut use of step scanning devise, where
(220) and (311) Kbeta reflex profiles were registered on the recarder as
shown in the figures & and 9 respectively,

The figure 8 shows the progress cf Kbeta (220) reflec

tion from U02 09 to tetragonal (220C) doublet reflection, The figure S shows

the U409 and U02 (311) reflex profiles transforming to the tetragonal dou
blet reflections.

From the figures 8 and 9 it can be observed that the

sample 3 transformation accurs as Tollows:
~the intensities of UQ, reflection decreases,
-the intensities of U439 phase increases,

=when the UO2

appears forming the .,2, doublets,

reflecticns hecames very weak, th2 new peacks {
. »

~the doubiets gaps increases as the annealing time increases,

=it is not pessible to arecise the exact heginning position of

the tetragonal pnase.

The indexed X=-ray diffraction diagram of the final U307
phage is presented in the figure 10. The lattice paramaters were dester-
mined with the help of Guinier pattern as:

a= 5.401 = 0,004 A,
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c* 5.506 = 0.004 A,
and was identified as a UU2 o in comparisen with the Aronson's resultsf{v),
V. CENERAL CONCLUSIONS
A

I¢ was outlined in this paper the main activities
the field of Characterization and Control of Nuclear Materials carried ¢ *
in the "Area de Prencessos Especiais” IPEN Brasil.

A direct spectrographic method using the fractinnal
destillation technique with carries has been developed for the determingt?
on of imputities in UF4
the UF4 production. An original technique was employed to avoid the prelec

such as Fe, Ni and Cr, the main contaminants

tion of the particles, from the electrode,

The total wvolume of residual gases from UU2 Jellets
was succaessfully measured with the specified accuracy for U02 pelig=s  fz
brication. A mass spectrometry apparatus is now employed for quantitative

analyses of extracted gases.

}

Routinely applicable methode of performing O/M anal:
sis by precise lattice parameter measurements on U02 pellets is beinz 2
veloped. The recommended list points related to the annealing and anaiys.: -
conditions are being develaped as 2 indispensable support to permit = sicts

ssful conclusion of the proposed method.
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