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EXECUTIVE SUMMARY 

 
The Mixed Oxide Fuel Fabrication Facility (MFFF) will use Colemanite bearing concrete neutron 
absorber panels credited with attenuating neutron flux in the criticality design analyses. The 
Savannah River National Laboratory is tasked with measuring the total density, partial hydrogen 
density, and partial boron density of the colemanite concrete. 
 
Sample 04 May 12/Test/S1-1, S1-2, and S1-3 was received on 5/9/2012 and analyzed. The total 
density measure by the ASTM method C 642 was 2.00 g/cm3, within the lower bound of 
1.88 g/cm3. The partial hydrogen density of 6.35E-02 g/cm3 as measured using method ASTM E 
1311 met the lower bound of 6.04E-02 g/cm3. The measured partial boron density of 
1.88E-01 g/cm3 exceeded the lower bound of 1.65E-01 g/cm3 when the sodium peroxide fusion 
dissolution method was used in place of the prescribed ASTM C 1301 method. 
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1.0 Introduction 
The Mixed Oxide Fuel Fabrication Facility (MFFF) will use Colemanite bearing concrete neutron 
absorber panels credited with attenuating neutron flux in the criticality design analyses1. Table 1 
is an excerpt from Table 2.1.2.3 in Reference 1. 

Table 1 Acceptable Material Neutron Absorber Characteristics 

Material Type 
Total Density Lower 

Bound (g/cm3) 
Hydrogen Partial Density 

Lower Bound (g/cm3) 
Boron Partial Density 
Lower Bound (g/cm3) 

Borated Concrete 
(Colemanite) 

1.88 6.04E-02 1.65E-01 

 
Table 2 is the design mix per cubic yard from Reference 1. Included in the table are densities of 
the individual components. The projected density was calculated for each water to cement ratio to 
determine a range of acceptable concrete densities. 

Table 2 Mix Design and Density Ranges for Colemanite Concrete. 

Mix Component 
Mass 
(lb) 

Density 
(g/cm3) 

Mix Density 
(g/cm3) 

Cement 700 3.11 -- 
Colemanite Aggregate 2175 2.42 -- 

Water to Cement    
0.45 315 1 2.22 
0.82 560 1 2.04 

 
The Savannah River National Laboratory/E&CPT Research Programs/Engineering Process 
Development Group is tasked with measuring the properties of the colemanite concrete identified 
in Table 13. Table 3 is the actual mix prepared for the sample May 4, 2012, see Appendix A. 

Table 3 Mix Design used to Prepare the May 4, 2012 Sample. 

Mix Component 
Mass 
(lb) 

Cement 456 
Colemanite Aggregate 1422 

Water 421 

These values represent a calculated density of 1.99 g/cm3 and a water to cement ratio of 0.92. 
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2.0 Experimental Results 
Sample 04 May 12/Test/S1-1, S1-2 and S1-3 was received on May 9, 2012. The sample 
identifications were inconsistent with those provided from MOX and were corrected upon receipt 
to reflect the as received labels, Appendix B. Figure 1 is a photograph of the samples as received. 
The sample was divided into three subsamples by the customer to provide sufficient material for 
the requested analysis. 
 

Figure 1 Colemanite Concrete Samples Poured May 4, 2012. 

2.1 Total Density 

The total density of the sample was determined by the ASTM method for density in hardened 
concrete4. Subsamples S1-1 and S1-2 were crushed and placed in labeled bags. A portion of each 
of these samples was used for the density determination, Figure 2. Subsample S1-3 was reserved 
if reanalysis was needed. 
 

 

Figure 2 Portions of S1-1 and S1-2 Used for density Determination. 
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The ASTM method was followed with the exception of sample size. Section 4.1 of the procedure 
specifies a sample size of approximately 800 grams. As each subsample weighed between 
300-400 grams, a reduced sample size was used. Mass measurements were taken after each 
treatment with the masses being designated A through D, where; 
A = mass of oven-dried sample in air, g 
B = mass of surface-dry sample in air after immersion, g 
C = mass of surface-dry sample in air after immersion and boiling, g 
D = apparent mass of sample in water after immersion and boiling, g, Table 4. 

Table 4 Mass Measurements of Subsamples After Each Treatment. 

Subsample A (g) B (g) C (g) D (g) 
Treatment dry saturated boil/saturated suspended 

Date 21-May 23-May 24-May 24-May 
S1-1 38.991 46.506 46.703 23.5536 
S1-2 31.425 38.019 38.177 18.9882 

 
Using the calculations in the ASTM method, the following properties were measured; 
 
Absorption after immersion, % = [(B – A)/A] X 100,      (1) 
Absorption after immersion and boiling, % = [(C – A)/A] X 100,    (2) 
Bulk density, dry = [A/(C – D)] X density of water (~1g/cm3),    (3) 
Bulk density after immersion = [B/(C – D) X density of water (~1g/cm3),   (4) 
Bulk density after immersion and boiling = [C/(C – D) X density of water (~1g/cm3), (5) 
Apparent density = [A/(A – D) X density of water (~1g/cm3),     (6) 
Volume of permeable pore space = (C – A)/(C – D) X 100.    (7) 
 
The results of the calculations performed with equations 1-7 are tabulated and averaged in Table 
5 

Table 5 Calculated Results of Equations 1-7 for the Colemanite Concrete. 

Sample 
ID 

Absorption 
Eq (1) (%) 

Absorption 
Eq (2) (%) 

Bulk 
Density 
Eq (3) 
(g/cm3) 

Bulk 
Density 
Eq (4) 
(g/cm3) 

Bulk 
Density 
Eq (5) 
(g/cm3) 

Apparent 
Density 
Eq (6) 
(g/cm3) 

Permeable 
void % 
Eq (7) 

S1-1 19.3 19.8 1.68 2.01 2.02 2.53 33.31 
S1-2 21.0 21.5 1.64 1.98 1.99 2.53 35.19 

Average 20.1 20.6 1.66 2.00 2.00 2.53 34.25 
 
Equations (4) and (5) are the most appropriate to represent the density of the Colemanite concrete 
as the concrete is saturated with water during placement. 

2.2 Hydrogen Partial Density 

The hydrogen partial density of the colemanite concrete was determined using the ASTM method 
for determining volatile content using thermogravimetric analysis5. The ASTM E 1131-08 defines 
highly volatile matter as components that will volatilize <200°C and medium volatile matter as 
components that will degrade or volatilize in the range 200 - 750 °C. In an evaluation of the 
thermal decomposition of colemanite, Waclawska et al, determined that the release of water from 
colemanite was complete at 600 °C and that melting and crystallization of a calcium borate phase 
occurred above 650 °C 6 . A Netzsch STA 409 Luxx, which couples Differential Scanning 
Calorimetry (DSC) with Thermal Gravimetric Analysis (TGA), was used for TGA of the 
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colemanite concrete samples. After loading the sample, the chamber was purged with nitrogen at 
60 mL/min prior to heating. Samples from S1-1 and S1-2 were heated at 5 °C/min up to 650 °C in 
a flowing nitrogen atmosphere of 60 mL/min, Figure 3. Table 6 is the mass change for the four 
samples.  

Table 6 Mass change Over Temperature Ranges for S1-1 and S1-2. 

Sample ID 
Mass Change
25 – 175 °C 

Mass Change
350 – 650 °C 

Total Mass  
Change 

S1-1A 15.17 % 9.83 % 25.86 % 
S1-1B 17.25 % 12.28 % 30.74 % 
S1-2A 16.99 % 9.43 % 27.44 % 
S1-2B 17.62 % 10.36 % 29.36 % 

Average 16.76 % 10.48 % 28.35 % 
 

 

Figure 3 TGA Curve Showing Mass Loss of S1-1 and S1-2 Heated at 5 °C/min Under 
Flowing Nitrogen. 

Attributing the weight loss in Table 6 to water results in 28.35 wt% water, and using a measured 
colemanite concrete density of 2.00 g/cm3, the partial hydrogen density is calculated to be 
6.35E-02 g/cm3. 
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2.3 Boron Partial Density 

Approximately 20 grams of Sample S1-2 was crushed in an Angstrom TE250 laboratory ring 
pulverizer with tungsten carbide components to ensure homogeneity of the sample. The sample 
was then digested in triplicate using the ASTM method for trace metals analysis in limestone7. 
Three aliquots of sample (1.0035 g, 1.0065 g, 1.0085 g) were weighed in separate beakers and 
then 10 ml of HCl and 4 ml HNO3 were added. The acid mixture was heated at 85 °C for 30 
minutes on a hotplate, with the sample covered with a watch glass. The sample was then diluted 
up to a final volume of 100 ml with deionized water. The samples were analyzed on the Agilent 
730 Inductively Coupled Plasma-Optical Emission Spectroscopy (ICP-OES). Boron was 
calibrated using a High Purity NIST traceable standard (Lot 1204016). An internal standard 
(Yttrium) was used to compensate for matrix effects. A High Purity NIST traceable mixed 
aqueous standard (expected boron value - 20 mg/L, Appendix C: Certificate of Analysis) was run 
to verify the calibration. The dissolution method prescribed in the ASTM method did not result in 
complete dissolution of the samples. Undissolved solids remained in the container. Table 7 is the 
analytical results of the dissolution of colemanite concrete using the prescribed ASTM method. 

Table 7 Boron Results of Colemanite Concrete Analyzed using ASTM C 1301. 

Sample ID Boron Content 
Custom 20.01 mg/L 
S1-2 (A) 6.25 wt% 
S1-2 (B) 6.98 wt% 
S1-2 (C) 7.03 wt% 

 
The aqua regia sample digestions did not provide a complete dissolution, so the sample was also 
digested using a fusion technique (Na2O2/NaOH/HCl) – SRNL Technical Reference L29-ITS-
0040. The sodium peroxide is used to oxidize the sample to increase the solubility of the sample 
in acid. The method allows for complete dissolution of materials such as glass, cement, and soils 
for elemental analyses by ICP or atomic absorption. 
 
The crushed sample was digested in triplicate by adding 0.1524 g, 0.1515 g and 0.1505 g to 
platinum crucibles. 1.5 g of sodium peroxide and 1.0 g of sodium hydroxide were fused with the 
sample for 15 minutes at ~650 °C in a muffle furnace. The sample flux was cooled and then 
digested with 25 ml of hydrochloric acid and deionized water. The sample was diluted to a final 
volume of 250 ml with deionized water. The dissolution resulted in a clear liquid with all the 
colemanite concrete digested. 
 
The samples were analyzed on the Agilent 730 ICP-OES. Boron was calibrated using a High 
Purity NIST traceable standard (Lot 1204016) in a matrix matched solution. A glass standard 
with a known amount of boron (2.41 wt%) was also digested and analyzed to verify the 
calibration. Table 8 is the boron results from the same sample lot in Table 7 using a more 
aggressive dissolution method. 

Table 8 Boron Results of Colemanite Concrete Analyzed using L29-ITS-0040. 

Sample ID Boron Content 
Glass Std 2.47 wt% 
S1-2 (A) 9.31 wt% 
S1-2 (B) 9.46 wt% 
S1-2 (C) 9.55 wt% 
Average 9.44 wt% 
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The results show that the Na2O2/NaOH/HCl fusion digestion is a more thorough technique in 
dissolving the colemanite concrete and thus determining the boron content. 
 
Attributing the weight loss in Table 6 to water results in 28.35 wt% water, and using a measured 
colemanite concrete density of 2.00 g/cm3, the partial boron density is calculated to be 
1.88E-01 g/cm3. 

2.4 Colemanite Boron Content 

A one kilogram sample of colemanite aggregate was received into the PSAL on June 7, 2012. The 
entire sample was distributed evenly in a shallow pan. Ten samples of approximately 10 g each 
were collected from various area of the pan. The samples were combined and size reduced in an 
Angstrom TE250 laboratory ring pulverizer with tungsten carbide components. Three subsamples 
of the size reduced colemanite were digested using the fusion digestion technique described in 
Section 2.3 and analyzed for boron using an Agilent 730 ICP-OES. Table 9 is the results of the 
boron analysis of the colemanite aggregate. 
 

Table 9 Boron Results of Colemanite Analyzed using L29-ITS-0040. 

Sample ID Boron Content 
Glass Std 2.52 wt% 

Colemanite AREVA (A) 12.41 wt% 
Colemanite AREVA (B) 12.84 wt% 
Colemanite AREVA (C) 12.67 wt% 

Average 12.64 wt% 
 
Lab notebook SRNL-NB-2012-00063 was used for this activity. 

3.0 Conclusions 
The limits and measured values for the total density, hydrogen partial density, and boron partial 
density are presented in Table 10. The total density, the hydrogen partial density, and the boron 
partial density exceeded the lower bounds specified in Reference 1.  
 

Table 10 Lower Bounds and Measured Values for the Total Density, Hydrogen Partial 
Density, and Boron Partial Density for the Colemanite Concrete Sample, 04 May 2012. 

Material Type 
Total Density Lower 

Bound (g/cm3) 
Hydrogen Partial Density 

Lower Bound (g/cm3) 
Boron Partial Density 
Lower Bound (g/cm3) 

 Limit Measured Limit Measured Limit Measured 
Borated Concrete 

(Colemanite) 
1.88 2.00 6.04E-02 6.35E-02 1.65E-01 1.88E-01 

4.0 Recommendations 
The ASTM C1301-95 procedure using aqua regia is for the analysis of limestone and should not 
be considered a viable method for colemanite concrete. SRNL recommends using the boron 
results from the Na2O2/NaOH/HCl fusion digestion as the true result in sample 04 May 
12/Test/S1-2. 
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Appendix B. Correspondence Clarifying Sample Labels  
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