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DETERMINATION OF CRYSTALLITE SIZE IN UOt+, POWDER BY X-RAY DIFFRACTION 

H.G. RIELLA, L.G. MARTINEZ and K. IMAKUMA 
Diretoria de ~ate~~ais N~cleares, I~st~t~t# de Pesquisas E~e~g~t~c~ e Nucleares, ~NE~/~~, Sao Pa&, Brazil 

An X-ray diffraction method was applied to measure the mean crystallite size (MCS) of the UO,,, powder, where x varied 
from 0.10 to 0.20. The MCS determination of UO z+x powder plays an important role in the process control of UOz pellets 
productions. The method is based on the Fourier analysis of X-ray diffraction profiles corrected for instrumental line broadening. 
The MCS was derived after performing appropriate correction of the diffraction profile to minimize the effect due to the presence 
of very low amount of the U,09 phase in UOzcx powders. 

1. Introduction 

Uranium dioxide is used as a reactor fuel and can be 
prepared by several different methods. Once the dioxide 
is formed, characterization becomes impo~ant in order 
to evaluate both the product and its reactivity as we1 as 
the methods of preparation. The uranium dioxide prop- 
erties which can be used for characterization include 
chemical composition, crystallite size, surface area, O/U 
ratio, flowabihty and bulk density. Evaluation of these 
properties can be accomplished with varying degrees of 
difficulty. For example, accurate measurement of powder 
surface areas requires specialized apparatus and can be 
time consuming, 

An important measure for the sinterability of powder 
is its surface area [ I 1. However, the specific surface area 
does not provide an absolute standard but only gives a 
relative comparison ofpowders which came from the same 
production line but have undergone different thermal 
treatments [ 21. Several powders of equal surface areas, 
which, however, were prepared by different processes, 
have been found to exhibit strong differences in sintering 
behavior. 

The crystallite sizes determined by X-ray diffraction are 
said to allow a general statement concerning the sintering 
behavior. The X-ray powder diffraction method is a non- 
destructive technique and it averages a reasonable vol- 
ume. From the analysis of X-ray diffraction line profiles 
measures for deviations from the perfect crystal structure 
can be obtained. Principal impe~ections are crystallite size 
and lattice distortions. For the analysis of the peak shape 
several methods have been proposed. Much work has been 
done using the integral breadth and full width at half 
maximum [ 31. For a more detailed analysis a variance 
method [ 41 and a Fourier series method [ 51 are avail- 
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able. In this paper, we will confine our attention to crys- 
tallite size analysis using Fourier series representations of 
the measured line profiles. 

2. X-ray method 

A line profile h measured on a specimen containing 
structural imperfections is determined by [ 51: 
(a) the structural imperfections to be investigated which 

cause line broadening effects contained in the struc- 
turally broadened profile, 

(b) the non-ideal geometry of the diffractometer, and 
(c) the wave length distribution. 

Usually(a) and (b) are taken together into a function 
g called the standard line profile. The line profile h can be 
described by a convolution [ 61 

h(x) = ~+?lvMw~ dv . (1) -co 

Since convolution of functions is equivalent to multipli- 
cation of the complex Fourier coefficients of these func- 
tions, deconvolution can be accomplished using 

~(~)=~(~)/G(~), (2) 

where F(n), G(n) and N(n) are the Fourier coefficients 
of the profiles J g and h respectively, normalized such that 
F( 0) = G( 0) =H( 0) = I, and n is the harmonic number. 

X-ray diffraction peaks are represented in the Warren- 
Averbach analysis [ 7) by a Fourier series, and the coeffi- 
cients of the sample and standard peaks are used to com- 
pute the coefficients for the broadening function by the 
method of Stokes [ 81. All forms of instrumental broad- 
ening are eliminated from the broadening function by this 
technique. The intensity of an X-ray diffraction peak ex- 
pressed as a Fourier series is given by 



72 H.G. Rlella ei al./Crysrullire .sczej 111 C:O,, , powder 

+ II2 

I(h,)=K(B) 1 A(n) cos(2nh,)+B(n) sin(2nh,).(3) 

where 19 is the Bragg angle and hx is a continuous variable 

characterizing a position in reciprocal space in a direc- 

tion perpendicular to the diffracting planes. If A(n) and 
B(n) are coefficients derived for the broadening func- 

tion, they can be defined by the expression 

F(n)=A(n)+ iB(n), 

with 

(4) 

A(n) = exp( -n/N,) cos( ZnnHe,) 

and 

(5) 

B(N)= exp( -n/N,) sin(2nnHPn) , (6) 

where I?~ is the strain average in a column of n cells, N, 
the average number of cells of a column normal to the 

diffracting planes and His the order of the reflection. 
The mean crystallite size in nanometer (nm) units is 

then given by [ 51 

D=0.1N3a3 (7) 

The pseudo lattice parameter a3 is computed from the 

expression 

a3 =1/4( sin0, - sine,) , (8) 

where i is the X-ray wavelength in angstrom units, 2e0 is 
the position of the peak ofthe line radians; and ( 2e2 - 20,,) 
is one-half the total interval (20, - 202) of the Fourier 

expansion of the line profile. 

3. Experimental procedure 

The diffraction profile measured on a U02+~?, where x 
ranges from 0.10 to 0.20, consists of an equipment broad- 
ening function and the physical profile whose broadening 
is caused by the limited size of the coherently scattering 
domains, the lattice distortion, O/U distribution inside 

each powder particle and presence of U409 phase. 
The line profile due to the instrumental conditions was 

obtained from measured line profile of the silicon stan- 
dard. Fig. la shows the measured (111) profile of the 
standard silicon specimen. The elimination of instru- 
mental effect is the first step of the calculation to achieve 
the pure diffraction profile from the observed profile. 

The elimination of the effects, caused by O/U distri- 
bution and the presence of the U409 phase, was carried 
out by performing an additional heat treatment of the 
UOz+ , specimen at 500°C for 3 h under hydrogen atmo- 
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Fig. I. (a) Measured X-ray diffraction profile of the silicon stan- 

dard sample. (b) Profile of the silicon standard after correction 

for the contribution of the I(u2 line. 

sphere; the reduced U02 specimen was encapsulated, as 
to avoid reoxidation, and a new X-ray diffraction profile 
was measured. Figs. 2a and 2b show the measured profile 
of specimen I before and after reduction treatment. In fig. 
2b a decrease of the profile shape after reduction is ob- 
served. The mathematical procedure for correcting the 
effects due to O/U distribution and to the presence of 
U409 will be described later. 

The effects of strain distribution and crystallite size can 
be distinguished using eqs. (5) and (6), which gives [ 51 

e 
n 

= arctanB(n)/A(nj 

2nnH . (8) 

From eq. (8), N, can be derived with the help of eq. (5) 
and consequently the D value is obtained. 
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Fig. 2. (a) Measured X-ray diffraction profile of UO z+x (sample I). (b) Measured profile of sample I, after heat treatment (5OO”C, Hz, 
3 h). (c) Measured X-ray diffraction profile after instrumental effects separation. (d) X-ray profile of heat treated sample I corrected 

for the contribution of the I& line and instrumental effects. 

The profiles were step-scanned according to the preset 
time method on a Rigaku SG-8 diffractometer equipped 
with an X-ray tube (cooper) operated at 40 kV and 20 
mA. The line profiles of the (I 11 )-reflections from a 
standard silicon powder and UOZ+x powder were re- 
corded applying the CuK, doublet. The Cu-&, compo- 
nent was separated from the composite doublet by 
Gangulee’s procedure, fig. 1 b [ 7 1. 

The line profiles were corrected for the background by 
linear interpolations. Choosing much too low back- 
ground can cause oscillations of the Fourier coefftcients 
at low harmonic values. On the other hand, taking the 
background too high produces a large “hook effect” [ 91. 

4. Results and discussion 

Various UOZ+x powder samples, obtained from reduc- 
tion of AUC powder, were examined by X-ray diffrac- 
tion. The brief understanding of the variation of Fourier 
coefficients due to effects of O/U distribution and U409 
phase was considered to be important before starting the 
analysis of these effects on the determination of the mean 
crystallite size. 

Figs. 2c and 2d describe the intensity distribution after 
deconvolution by means of a silicon standard (fig. 1 b). It 
is observed a lower peak area (fig. 2d) than the peak area 
of profile shown in fig. 2c. This means that the O/U dis- 
tribution and U409 phase produces a significative broad- 
ening of the X-ray diffraction profile. The domain size 
function produces a symmetrical enlargement of diffrac- 
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Fig. 3. Schematical representation of an X-ray profile. The dotted line represents the profile corrected by a symmetrization method 

tion profile [ 51. Neglecting the influence of O/U distri- 
bution on the broadening of the diffraction profile, the 
effect of the presence of U409 can be corrected by a sym- 
metrization of the measured profile after performing the 
deconvolution (fig. 3). 

Fig 4. shows the variation of the Fourier coefficients 
with the harmonic number for a profile corrected by de- 
convolution. A strong decrease of the coefficients with the 
harmonic number for the non symmetric Fourier func- 
tion suggests that the U409 phase stimulates a significa- 
tive broadening of the diffraction profile. Fig. 5 shows 
another effect of peak broadening produced by O/U dis- 
tribution, which prevails even after the correction of U409 
enlargement effect. This remaining effect is elliminated 
when the U02+x p owder is heat-treated at 500’ C for 3 h 
under hydrogen atmosphere. 

Table 1 summarizes the mean crystallite dimensions of 
several UO,,, powder samples derived by different ap- 
proaches of calculation. It can be concluded, from table 
1, that the determination of the mean crystallite size per- 
formed on the as-produced powder is affected by consid- 
erable error sources. 

A possible relationship between the surface areas and 

X-ray mean crystallite sizes of uranium dioxides is dis- 
cussed. This kind of dependence could be associated to 
the X-ray mean crystallite size value and to the oxide sur- 
face area. The surface areas and the crystallite sizes inves- 
tigated in this work are summarized in table 2. 

A rough examination shows that mean crystallite size 
decreases while the surface area increases. Nevertheless, 
an empirical relationship between surface area and mean 
crystallite size in this work was not possible to be estab- 
lished since the surface area is dependent of the prepara- 
tion route. The establishment of a relationship between 
crystallite sizes and the sinterabilities of the powder ox- 
ides seems to be more significative and this is the subject 
of our future investigation. 
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Fig. 4. Normalized Fourier coefficients of deconvoluted and de- 
convoluted-symmetrized profiles. 

Table 1 
The mean crystallite size (nmf of s&era1 I.Q+., powder sam- 
ples by different approaches of calculation 
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Fig. 5. Normalized Fourier coefficients of heat treated samples 
after deconvolution and symmetrization. 
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Sample Production 

UQ?+, 

After 
symmetrization 

UOZCX 

After 
heat-treatment 

uo2.0 

References 

i 44 46 65 
IX 5Q 5.5 70 

III 60 69 75 

Table 2 
The variation ofthe mean crystallite size with the surface area of 
uranium dioxide powders 

Sample Siltface- Mean 
area crystaltite size 

(m/g) (nm) 

O/U ratio 

- I 7.0 65 2.17 
II 6.2 70 2.12 

III 5.1 75 2.09 
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