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ABSTRACT 

 
The Brazilian nuclear facilities must dispose of measurement systems that allow the determination of their 

nuclear material inventories. The main goal of this work is the characterization of enriched uranium dioxide 

(UO2) pellets to use as test sample to evaluate and verify these systems through the participation of the involved 

laboratories in interlaboratorial comparison programs. The programs are formed by a network of specialized 

laboratories in determining materials of the nuclear fuel cycle. Therefore, before being sent to laboratories, the 

materials must have their homogeneity confirmed. The homogeneity study of the UO2 pellets has being carried 

out in the Safeguards Laboratory (LASAL) of Brazilian Nuclear Energy Commission (CNEN) through 

Destructives Analysis technique. The technique used was Davies & Gray/NBL titrimetric method. For this 

purpose, 25 pellets of enriched uranium dioxide from two different batches were randomly chosen. The model 

for homogeneity study between-unit variation (between-bottle homogeneity study) and minimum sample intake 

(within-bottle homogeneity study) adopted is a one-way ANOVA. No statistical significant differences were 

observed in the results of total uranium concentration for both batches. Thus, the UO2 pellets are considered 

homogeneous and can be used in a Brazilian measurement systems evaluation program. 

 

1. INTRODUCTION 

 

The nuclear materials accountancy and control in Brazil are guaranteed by the Federal 

Constitution, which stipulates the use of nuclear materials only for peaceful purposes. The 

Brazilian Nuclear Energy Commission (CNEN) must be able to check independently the 

inventories reported by operators of nuclear facilities. The Brazilian nuclear facilities must 

dispose of measurement systems that allow the determination of their nuclear material 

inventories. 
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One way to evaluate and verify the measurement systems of each laboratory can be carried 

out through the participation in interlaboratorial comparison programs. Based on this 

premise, a project that aims to characterize enriched UO2 pellets to use as test sample in a 

Brazilian measurement systems evaluation program has been developed. Therefore, before 

being sent to laboratories, the materials must have their homogeneity confirmed. 

 

The homogeneity study of the UO2 pellets has been carried out in the Safeguards Laboratory 

(LASAL) of CNEN through Destructives Analysis (DA) technique. The technique used was 

Davies & Gray/NBL titrimetric method. This technique is used, routinely, for evaluation of 

the operator’s measurement systems. 

 

2. METHODS AND MEASUREMENTS 

 

To evaluate the heterogeneity degree of uranium compounds, it was proposed an action plan 

based on ISO Guide 35 [1]. This action plan had as main steps: preparation and sample 

collection, homogeneity testing by DA technique and statistical evaluation of the results 

obtained. 

2.1. Preparation and Sample Collection 

 

The element uranium has a great importance in the nuclear area, mainly in fuel composition 

for power and research reactors. At the nuclear fuel cycle, it can be found in the forms of 

yellowcake, ammonium diuranate (ADU), uranium hexafluoride (UF6), ammonium uranyl 

carbonate (AUC), uranium dioxide (UO2), among others. The UO2 pellets, considered 

sufficiently homogeneous and stable, are used in assembly of the fuels elements. 

 

The UO2 pellets used in this homogeneity study were selected in a Brazilian nuclear facility. 

In step sample collection, two batches named as Batch A and Batch B were selected. 

Randomly, 25 UO2 pellets were taken from each batch, where only tiny amounts of samples 

were available to be analyzed.  

 

According to data provided by the nuclear facility operator, the Batch A and the Batch B has 

total U concentration of 0.84121 kgU/kg and 0.84136 kgU/kg, and enrichment of 

3.199 %
235

U and 1.902 %
235

U, respectively. 

2.2. Homogeneity Testing 

 

The homogeneity testing was used to evaluate if the variability of samples can be considered 

negligible when compared to the variability of the essay method. According to the ISO Guide 

30 [2], a material is considered homogeneous when the value of a specific property is within 

the established uncertainty levels. 

 

The measurement method used for the homogeneity testing should have a good repeatability 

and selectivity. The measurements should be carried out under repeatability conditions. Two 

kinds of homogeneity studies may be necessary, one used to determine between-unit variation 

(between-bottle homogeneity study) and the other to determine the minimum sample intake 

(within-bottle homogeneity study) [1]. 
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The basic model for homogeneity testing is a one-way ANOVA [1] in which statistical 

significance is tested for by comparing the F test statistic. When the observed value of F is 

less or equal the critical value of F determined from tables (F ≤ Fcritical), which is a function of 

the numerator degrees of freedom, the denominator degrees of freedom, and the significance 

level (α), then it is acceptable to consider the samples as being homogeneous. The p-value 

shows the level of the value of F determined. 

 

In order to ensure that the pellets of the batches were representative with minimum sampling 

error, we analyzed the degree of homogeneity as the total U concentration by Davies and 

Gray/NBL Titrimetric Method [3]. 

 

The homogeneity uncertainty (uhomogeneity) was calculated based on one-way ANOVA [1] in 

which mean square within each group (MSwithin) and among the groups (MSbetween) were 

calculated. 

 

The equation 1 was used to calculate the uncertainty inherent to the heterogeneity of the 

samples when the variation between the samples is higher than the variation within the same 

sample (MSbetween  MSwithin), where n represents the number of measurements per sample: 
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In the case of insufficient repeatability of the measurement method, MSwithin  MSbetween, the 

homogeneity uncertainty was estimated according equation 2, where df represents the degree 

of freedom for MSwithin: 
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2.2.1. Davies & Gray/NBL titrimetric method 

 

The DA technique selected for homogeneity study was the potentiometric titration. The 

analytical method is used to determine the total uranium concentration, without chemical 

separation, in solutions containing iron, plutonium, and nitrate. It is widely used in safeguards 

measurements of nuclear material and the results of the analyses can be reported as 

percentage or content by mass. 

 

This highly precise and accurate method was originally proposed by Davies and Gray [4]. 

However, the procedure actually used was the NBL Modified Davies and Gray [3], which has 

a semi-automatic version with combined standard uncertainty of 0.01 %, required for the 

uranium characterization [5]. 

 

Pellets, weighing about 5-7 g, were crushed by a mechanical process to obtain fragments of 

different sizes. Then, before starting the titration procedure, the fragments were dissolved in 

concentrated nitric acid.  
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The principle of the method is the following: uranium in concentrated phosphoric acid 

medium is reduced to U (IV) with ferrous sulfate; the excess Fe (II) ions are removed by 

molybdate-catalyzed oxidation with nitric acid. The nitrite formed in the above reaction is 

removed by sulfamic acid. The critical step in this method is the titration, where the U (IV), 

in the presence of vanadyl sulfate, is titrated against a standard potassium dichromate 

(K2Cr2O7). The end point of the titration is determined through the measurement of the 

electrode potential of the solution. The uranium content is calculated from the amount of 

K2Cr2O7 used, according equation 3. 

 

To convert volume into ‘mass of titrant’, 6 sets of weighing with 20 mL of potassium 

dichromate standard solution were performed on a calibrated analytical balance using 

differential method. The variation coefficient of the measurements is an indicator of the 

repeatability of the burette and, therefore, is an indicator of calibration quality. 
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Where: Vi is the volume of standard solution of 0.025 N K2Cr2O7 added to each sample (mL), 

fb is the calibration factor of the burette (g/mL), TD: is the concentration of the standard 

solution of 0.025 N K2Cr2O7 (mg/g), TS: is the concentration of the each sample solution 

(mg/g) and mS is the aliquot mass (g). 

 

The traceability of measurement was established through the K2Cr2O7, standard reference 

material with oxidimetric assay (99.9847 ± 0.010) wt% certified by National Institute of 

Standards and Technology Certificate of Analysis [6] which was used throughout the 

analysis. The potassium dichromate used conforms to specifications of the American 

Chemical Society and meets the primary standard criteria of the International Union of Pure 

and Applied Chemistry [7]. 

 

The Davies and Gray/NBL titrimetric method has great advantages as repeatability, with 

levels of combined standard uncertainty of about 0.1 % associated with high selectivity. To 

achieve this level of uncertainty is necessary to perform the method based on weight and use 

automatic potentiometric titrators to avoid the influence of the analyst and ensure the 

realization of titration within the time required [8]. 

 

3. RESULTS AND DISCUSSION 

 

The homogeneity study by Davies and Gray/NBL Titrimetric Method was used to determine 

the between-unit variation (between-pellet) and the minimum sample intake (within-pellet). 

 

The between-pellet and within-pellet variance were evaluated by analyzing two pellets 

selected from 25 pellets of each batch. The pellets were sub-fractioned and after divided in 

six aliquots. 

 

The measurement results of the total U concentration are presented in Table 1 for Batch A and 

Table 2 for Batch B. 
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Table 1: Total U concentration results for pellets of the Batch A 

 
a. mean and standard deviation of each subsample analyzed (kg U/kg), b. mean and standard 

deviation of each pellet analyzed (kg U/kg) and c. mean and standard deviation of batch (kg 

U/kg). 

 

Table 2: Total U concentration results for pellets of the Batch B 

 
a. mean and standard deviation of each subsample analyzed (kg U/kg), b. mean and standard 

deviation of each pellet analyzed (kg U/kg) and c. mean and standard deviation of batch (kg 

U/kg). 
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The Grubbs test was applied to total uranium concentration, and no data were rejected. The 

one-way ANOVA associated to F test statistic were used to evaluate the heterogeneity degree 

of UO2 pellets. For both batches (Table 3 and Table 4), the observed value of F was less the 

critical value of F determined from tables (F  Fcritical), so was acceptable to consider the 

samples as being homogeneous. 

 

Table 3: ANOVA for total U concentration results of the Batch A 

 

 
a. 95 % confidence interval. 

 

Table 4: ANOVA for total U concentration results of the Batch B 

 

 
a. 95 % confidence interval. 
 

The homogeneity uncertainty (uhomogeneity) for Batch A (uhomogeneity = 0.011 kg U/kg) and Batch 

B (uhomogeneity = 0.007 kg U/kg) were calculated according equations 1 and 2, respectively. 

 

4. CONCLUSIONS 

 

The UO2 pellets from Batch A and Batch B had their homogeneity confirmed according to the 

statistical tests used. Therewith, it becomes possible to continue the characterization process. 

 

The characterization of enriched UO2 pellets will provide additional capabilities to 

LASAL/CNEN: to ensure adequate safeguards measurements accuracy and repeatability, to 

identify areas within each facilities laboratories needing improvement, and to improve the 

traceability and reliability of safeguards measurements through the participation of the 

nuclear analytical laboratories in a Brazilian intercomparison program. 
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