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This document is a compilation of characterization data for the AGR-1 variant 1 coated particle 
composite LEU01-47T, a composite of three batches of TRISO-coated 350 μm 19.7% low 
enrichment uranium oxide/uranium carbide kernels (LEUCO). The AGR-1 TRISO-coated 
particles consist of a spherical kernel coated with a ~50% dense carbon buffer layer (100 μm 
nominal thickness) followed by a dense inner pyrocarbon layer (40 μm nominal thickness) 
followed by a SiC layer (35 μm nominal thickness) followed by another dense outer pyrocarbon 
layer (40 μm nominal thickness). The coated particles were produced by ORNL for the 
Advanced Gas Reactor Fuel Development and Qualification (AGR) program to be put into 
compacts for insertion in the first irradiation test capsule, AGR-1. The kernels were obtained 
from BWXT and identified as composite G73D-20-69302. The BWXT kernel lot G73D-20-
69302 was riffled into sublots for characterization and coating by ORNL and identified as 
LEU01-## (where ## is a series of integers beginning with 01). 
 
The AGR-1 variant 1 coated particles were similar to the AGR-1 baseline coated particles with 
the exception that the inner pyrocarbon (IPyC) coating was deposited at ~25°C higher 
temperature. A data compilation for the AGR-1 baseline coated particle composite LEU01-46T 
can be found in ORNL/TM-2006/019. 
 
Additional particle batches were coated with only buffer or buffer plus inner pyrocarbon (IPyC) 
layers using similar process conditions as used for the full TRISO batches comprising the 
LEU01-47T composite. These batches were fabricated in order to qualify that the process 
conditions used for buffer would produce acceptable densities as described in sections 8 and to 
measure the IPyC density as described in section 9. The buffer qualification batches were the 
same as used to qualify the baseline buffer conditions and used 350 μm natural uranium 
oxide/uranium carbide kernels (NUCO). The NUCO kernels were obtained from BWXT and 
were identified as composite G73B-NU-69300. The use of NUCO surrogate kernels is not 
expected to significantly effect the density of the buffer coating. A confirmatory buffer-only 
batch using LEUCO kernels from G73D-20-69302 was coated and characterized to verify this 
assumption. The IPyC qualification batches used LEUCO kernels from G73D-20-69302. 
 
The AGR-1 Fuel Product Specification and Characterization Guidance (INL EDF-4380, Rev. 6) 
provides the requirements necessary for acceptance of the fuel manufactured for the AGR-1 
irradiation test. Sections 5.2 and 5.3 of EDF-4380 provide the property requirements for the 
coated particle batches and coated particle composite. The Statistical Sampling Plan for AGR 
Fuel Materials (INL EDF-4542, Rev. 6) provides additional guidance regarding statistical 
methods for product acceptance and recommended sample sizes. The procedures for 
characterizing and qualifying the particles are outlined in ORNL product inspection plans: AGR-
CHAR-PIP-01, AGR-CHAR-PIP-02, AGR-CHAR-PIP-03, and AGR-CHAR-PIP-04. The 
inspection report forms generated by these product inspection plans document the product 
acceptance for the property requirements listed in sections 5.2 and 5.3 of EDF-4380.  
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1 Summary of acceptance test results for LEU01-47T 
 
 
This section contains all the inspection report forms (IRF) associated with the coated particle 
composite LEU01-47T. These inspection report forms summarize the acceptance testing 
performed according to the product inspection plans: AGR-CHAR-PIP-02, AGR-CHAR-PIP-03, 
and AGR-CHAR-PIP-04. The information in these forms covers all the property specifications 
listed in sections 5.2 and 5.3 of the AGR-1 Fuel Product Specification and Characterization 
Guidance document INL EDF-4380, Rev. 6. The coated particle composite, LEU01-47T, was 
found to meet all the requirements in these two sections of EDF-4380 with the exception of the 
IPyC density. The IPyC coatings for variant 1 were deposited at ~25°C higher temperature than 
was used to deposit the IPyC coatings for the baseline fuel particles, and are not required to meet 
the baseline IPyC density specification in section 5.3 of EDF-4380. The expected IPyC density 
according to section 3.2 of EDF-4380 was ~1.85 g/cc. 
  
These inspection report forms also appear in later sections of this compilation, accompanied by 
the associated data report forms showing the results of each individual measurement. 
 
Table 1-1 is provided for quick reference. It gives the mean values of key properties of the 
coated particle composite, LEU01-47T. For standard deviations of the distribution of the 
measured values see the appropriate IRF. For discussions on the uncertainty in these values, see 
the associated data acquisition methods and data report forms. The kernel diameter and density 
values are from ORNL measurements made for information only. The buffer and IPyC densities 
in the table are averages of the means for the individual interrupted batches (including buffer 
confirmation batch on LEUCO), rather than direct measurements on the composite. The OPyC 
density in the table is an average of the mean OPyC density for each batch weighted by the 
fraction of each batch in the composite. 
 
 

Table 1-1: Quick reference table for key variable properties of LEU01-47T. 

 
Property Mean 

Average kernel diameter (μm) 349.7 
Kernel envelope density (Mg/m3) 10.924 
Average buffer thickness (μm) 102.5 
Average IPyC thickness (μm) 40.5 
Average SiC thickness (μm) 35.7 
Average OPyC thickness (μm) 41.1 
Buffer envelope density (Mg/m3) (interrupted batches) 1.10 
IPyC sink/float density (Mg/m3) (interrupted batches) 1.853  
SiC sink/float density (Mg/m3) 3.2060 
OPyC sink/float density (Mg/m3) (weighted average) 1.898 
IPyC anisotropy (BAFo equivalent) 1.014 
OPyC anisotropy (BAFo equivalent) 1.013 
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Table 1-2 is also provided for quick reference. It gives the upper limit of the 95% confidence 
interval of the defect fraction for key attribute properties of the coated particle composite, 
LEU01-47T. In other words, these values are the lowest tolerance limits for which the composite 
would be deemed acceptable at 95% confidence based on the particular sample that was 
measured. For the actual number of trials and number of failures observed, see the inspection 
report form for the coated particle composite. 
 

Table 1-2: Quick reference table for key attribute properties of LEU01-47T. 

 
Property Defect Fraction 

Particles with SiC gold spot defects 8.2 x 10-4 
Particle aspect ratio 1.7 x 10-3 
Particles with burn-leach defects 4.0 x 10-5 
Particles with missing OPyC 9.7 x 10-5 
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2 Product ID’s associated with LEU01-47T 
 
 
 
Kernels 
 
LEU01-## (from BWXT G73D-20-69302) 
NUCO350-## (from BWXT G73B-NU-69300) 
 
Buffer-only particles 
 
NUCO350-25B 
NUCO350-36B 
NUCO350-54B 
NUCO350-58B (composite of 25B+36B+54B, for information only) 
LEU01-16B (confirmation on LEUCO kernels, for information only) 
 
IPyC coating process qualification 
 
LEU01-38I 
LEU01-30I 
LEU01-34I 
 
 TRISO-coated particles 
 
LEU01-43T 
LEU01-44T 
LEU01-29T 
LEU01-47T (composite of 43T+44T+29T) 
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3 Coating process conditions 
 
The following pages contain coating process conditions for all coated particle batches associated 
with the LEU01-47T coated particle composite. The AGR-1 variant 1 fuel particles are similar to 
the AGR-1 baseline fuel particles with the exception that the inner pyrocarbon (IPyC) coating 
was deposited at ~25°C higher temperature. These particles were coated within the variant 1 
process conditions listed in sections 3.1 and 3.2 of the AGR-1 Fuel Product Specification and 
Characterization Guidance document INL EDF-4380, Rev. 6. 
 
Buffer Qualification Batches 
 
NUCO350-25B 
NUCO350-36B 
NUCO350-54B 
LEU01-16B 
 
IPyC Qualification Batches 
 
LEU01-38I 
LEU01-30I 
LEU01-34I 
 
TRISO Batches 
 
LEU01-43T 
LEU01-44T 
LEU01-29T 
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4 Classification of coated particles 
 
 
Fully-coated batches of particles were sorted employing a sizing technique described in AGR-
ROLLER-SOP-1, Rev. 0 and a tabling method described in AGR-TABLER-SOP-1, Rev. 1 as 
required in section 5.1 of the AGR-1 Fuel Product Specification and Characterization Guidance 
document INL EDF-4380, Rev. 6. The purpose of this classification is to remove aspherical 
particles and particles outside a specified diameter range. Details regarding the application of the 
procedures to the classification of coated particle batches can be found in the logbooks 
referenced on the summary sheets.  
 
Particles can be sized using a set of sieves, with diameter ranges and limits determined by the 
selected mesh openings. As an alternative to sieving, the roller technique uses rotating sloped 
rollers with a diverging gap to size classify particles. Particles are fed onto the gap between the 
rollers. The rollers are tilted or angled downward away from the feed point to create an inclined 
track. The rollers rotate with an upward and outward motion. A particle travels down the 
gradually widening gap until it reaches a point equal to its diameter upon which it drops through 
the gap into a collection bin. The gap between the rollers is adjusted to separate different sizes of 
particles or to classify particles within a specific range of diameters. A schematic illustrating the 
relationship between roller gap and particle size is shown in Figure 4.1.  
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Figure 4.1. Schematic of the collection bins and roller spacing showing relationship between 
roller gap and particle size. 
 
From EDF-4380, Rev 6, section 5.1.1, Sieving or Rolling to Remove Undersize and Oversize 

Particles, “Each batch of coated particles shall be double-sieved with electroformed sieves to 

remove all particles that pass through a 700 μm sieve and all particles that do not pass through an 
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850 μm sieve. . . . Alternately, the particles can be size-classified using a roller micrometer that 

achieves results equivalent to or better than sieving." To size separate the batches of coated 

particles, the gaps between the rollers above bins #1 and #10 were set at 680 and 880 μm, 

respectively, producing the size distribution shown in the figure. Only particles from Bins #3 - 

#8, with a particle size range of 715 to 845 μm, were retained with the majority of the particles 

being from Bins #4 through #7 with a nominal particle size range 735 to 825 μm.  
 
The following pages contain records of the classification performed on the TRISO-coated 
particle batches associated with the LEU01-47T coated particle composite. 
 
TRISO batches 
 
LEU01-43T 
LEU01-44T 
LEU01-29T 
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5 Blend of coated particle composites 
 
Three batches of TRISO-coated particles were blended into composite LEU01-47T. The mass of 
each batch added to the composite is shown in the following table. 
 

Batch ID Amount added to LEU01-47T composite (g) 
LEU01-43T 153.1087 
LEU01-44T 149.2793 
LEU01-29T 153.6930 

Total 456.0810 
 
 
Three batches of buffer-coated particles were blended into composite NUCO350-58B. The mass 
of each batch added to the composite is shown in the following table. 
 

Batch ID Amount added to NUCO350-58B composite (g) 
NUCO350-25B 54.4356 
NUCO350-36B 55.8622 
NUCO350-54B 56.0934 

Total 166.3912 
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6 Characterization of LEUCO kernel composite 
 
This section contains data on the kernel composite used for LEU01-47T. The data was obtained 
according to product inspection plan AGR-CHAR-PIP-01R1. Some of the kernel data in this 
section was used as input for subsequent measurements of coating properties (e.g., buffer density 
and burn-leach defects). This is only a partial analysis of the kernel composite and was not used 
for product acceptance. Characterization of the kernel composite for acceptance according to the 
specific requirements listed in section 4 of INL EDF-4380 is documented in the BWXT data 
package for G73D-20-69302. The BWXT kernel lot G73D-20-69302 was riffled into sublots for 
characterization and coating by ORNL and identified as LEU01-## (where ## is a series of 
integers beginning with 01). 
 
Note that the average kernel weights were remeasured using a revised procedure which improved 
the accuracy of the reported value by improving the randomness of the measured samples. The 
measured value of the LEUCO average kernel weight changed from (2.47±0.01)·10-4 grams per 
kernel to (2.418±0.006)·10-4 grams per kernel. On data report form DRF-15 for the measurement 
of average kernel envelope density, the average kernel weight is used to approximate the number 
of kernels in a sample from the weight of the sample. The approximate number of kernels in a 
sample is divided into the sample envelope volume to determine the average kernel envelope 
volume. The change in average kernel weight resulted in a significant change in the calculated 
average kernel envelope volume. The data in this section shows the new average kernel weight 
and average kernel envelope volume. Records showing the original values are included in section 
14.  
 
The following pages shows the inspection report form (IRF-01). Following IRF-01 are the 
individual data report forms for the measurements that were performed. 
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7 Characterization of NUCO kernel composite 
 
This section contains data on the kernel composite used for buffer process qualification batches. 
The data was obtained according to product inspection plan AGR-CHAR-PIP-01R1. Some of the 
kernel data in this section was used as input for subsequent measurements of coating properties 
(e.g., buffer density). This is only a partial analysis of the kernel composite and was not used for 
product acceptance. Characterization of the kernel composite for acceptance according to the 
specific requirements listed in section 4 of INL EDF-4380, is documented in the BWXT data 
package for G73B-NU-69300. The BWXT kernel lot G73B-NU-69300 was riffled into sublots 
for characterization and coating. The ORNL identification for these kernels was NUCO350-## 
(where ## were a series of integers beginning with 01). 
 
Note that the average kernel weights were remeasured using a revised procedure which improved 
the accuracy of the reported value by improving the randomness of the measured samples. The 
NUCO average kernel weight changed from (2.39±0.03)·10-4 grams per kernel to 
(2.308±0.009)·10-4 grams per kernel. On data report form DRF-15 for the measurement of 
average kernel envelope density, the average kernel weight is used to approximate the number of 
kernels in a sample from the weight of the sample. The approximate number of kernels in a 
sample is divided into the sample envelope volume to determine the average kernel envelope 
volume. The change in average kernel weight resulted in a significant change in the calculated 
average kernel envelope volume. The data in this section shows the new average kernel weight 
and average kernel envelope volume. Records showing the original values are included in section 
14. 
 
The following pages shows the inspection report form (IRF-01). Following IRF-01 are the 
individual data report forms for the measurements that were performed. 
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8 Characterization of buffer on interrupted batches  
 
This section contains data on the buffer coating density and other buffer properties for particles 
removed from the coater after deposition of only the buffer layer. The data was obtained 
according to product inspection plan AGR-CHAR-PIP-02R4. The buffer on these particles was 
deposited under similar conditions as the buffer on the particles in composite LEU01-47T and 
should therefore be representative of the buffer on the particles in that composite. Density 
measurements were made on these interrupted batches because it was not feasible to measure the 
buffer density after all coating layers were applied. According to section 5.3 of EDF-4380, Rev. 
6, three representative buffer layers from interrupted batches which meet the specification for 
buffer density are sufficient to qualify the process for buffer density. The qualifying batches used 
350 μm natural uranium oxide/uranium carbide kernels (NUCO). The kernels were obtained 
from BWXT and were identified as composite G73B-NU-69300. The use of NUCO surrogate 
kernels was not expected to significantly effect the density of the buffer. A confirmatory batch 
using LEUCO kernels from G73D-20-69302 was coated and characterized to verify this 
assumption. 
 
Note that the average kernel weights and volumes for both the LEUCO and NUCO kernel 
composites were remeasured after coated particle composite characterization was underway in 
order to improve the accuracy of the reported value, as discussed in sections 6 and 7. On data 
report form DRF-16 for the buffer envelope density, the average kernel weight and volume are 
used to calculate the buffer density. The change in average kernel weight and volume resulted in 
a significant change in the calculated buffer densities previously used to determine acceptability 
of the buffer deposition conditions. The data in this section shows the new average kernel 
weight, average kernel volume, and buffer densities. Records showing the original values are 
included in section 14. The new values for buffer density were about 10% higher than the 
originally reported values, but both were within the range specified in INL EDF-4380, Rev. 6.  
 
The following page shows the inspection report form (IRF-02A). Following IRF-02A are the 
individual data report forms for the measurements that were performed. Additional data at the 
end of this section is provided for information only. 
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9 Characterization of IPyC on interrupted batches  
 
This section contains data on the inner pyrocarbon (IPyC) coating density and other properties 
for particles removed from the coater after deposition of only the buffer and IPyC layers. The 
data was obtained according to product inspection plan AGR-CHAR-PIP-02R4. The IPyC on 
these particles was deposited under similar conditions as the IPyC on the particles in composite 
LEU01-47T and should therefore be representative of the IPyC on the particles in that 
composite. Density measurements were made on these interrupted batches because it was not 
feasible to measure the IPyC density after all coating layers were applied.  
 
The IPyC coatings for variant 1 were deposited at ~25°C higher temperature than the baseline 
IPyC coatings. The variant 1 IPyC coatings are not required to meet the IPyC density 
specification in section 5.3 of EDF-4380, Rev. 6. However, the expected mean IPyC density 
according to section 3.2 of EDF-4380 is ~1.85 g/cc. The observed mean IPyC densities for the 
three interrupted batches were in good agreement with the expected value. 
 
The following page shows the inspection report form (IRF-02B). Following IRF-02B are the 
individual data report forms for the measurements that were performed. Additional data at the 
end of this section is provided for information only. 
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Summary of "info only" measurements

Coating Thickness

Buffer thickness ( m) IPyC thickness ( m)

Batch 1 LEU01-38I 110 37.2

Batch 2 LEU01-30I 104 36.5

Batch 3 LEU01-34I 111 37.5

Average 108 37.1

Open Porosity between 250 psi and 10000 psi

Average particle weight (g) Open porosity (ml/m
2
)

Batch 1 LEU01-38I 4.16E-04 1.88

Batch 2 LEU01-30I 4.09E-04 1.53

Batch 3 LEU01-34I 4.19E-04 1.86

Average 4.15E-04 1.76

Open Porosity between 250 psi and 5000 psi

Average particle weight (g) Open porosity (ml/m
2
)

Batch 1 LEU01-38I 4.16E-04 1.47

Batch 2 LEU01-30I 4.09E-04 1.15

Batch 3 LEU01-34I 4.19E-04 1.44

Average 4.15E-04 1.35

Note: The open porosity measurement on the IPyC was calculated from the mercury intrusion between 

250 psi and 10000 psi per table 5.3 in EDF-4380, Rev. 6. In the upper half of this pressure range, there 

is some compression of the buffer layer that results in a value for open porosity that is higher than the 

actual value. The open porosity of the IPyC, calculated from the mercury intrusion between 250 psi and 

5000 psi, is shown in the table below. Studies have shown that the open porosity measurement for this 

pressure range is less affected by buffer compression and more appropriate for measurements on IPyC.
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10 Characterization of first batch of TRISO-coated particles  
 
This section contains data on LEU01-43T, the first batch of TRISO-coated particles used for the 
LEU01-47T particle composite. The data was obtained according to product inspection plan 
AGR-CHAR-PIP-03R2.  
 
Note that some of the carbon deposited for the buffer layer reacted with the kernel to form a 
uranium carbide layer between the kernel and the buffer. The uranium carbide layer was not 
included in the measurement of the buffer thickness. The thickness of this carbide layer varied, 
but was typically around 6 μm thick and effectively increased the kernel radius by that amount. 
 
The following pages show the inspection report form (IRF-03). Following IRF-03 are the 
individual data report forms for the measurements that were performed. Additional data at the 
end of this section is provided for information only. This batch was determined to satisfy the 
specifications in section 5.2 of EDF 4380, Rev. 6. 
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11 Characterization of second batch of TRISO-coated particles  
 
This section contains data on LEU01-44T, the second batch of TRISO-coated particles used for 
the LEU01-47T particle composite. The data was obtained according to product inspection plan 
AGR-CHAR-PIP-03R2.  
 
Note that some of the carbon deposited for the buffer layer reacted with the kernel to form a 
uranium carbide layer between the kernel and the buffer. The uranium carbide layer was not 
included in the measurement of the buffer thickness. The thickness of this carbide layer varied, 
but was typically around 6 μm thick and effectively increased the kernel radius by that amount. 
 
The following pages show the inspection report form (IRF-03). Following IRF-03 are the 
individual data report forms for the measurements that were performed. Additional data at the 
end of this section is provided for information only. This batch was determined to satisfy the 
specifications in section 5.2 of EDF 4380, Rev. 6. 
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12 Characterization of third batch of TRISO-coated particles  
 
This section contains data on LEU01-29T, the third batch of TRISO-coated particles used for the 
LEU01-47T particle composite. The data was obtained according to product inspection plan 
AGR-CHAR-PIP-03R2.  
 
Note that some of the carbon deposited for the buffer layer reacted with the kernel to form a 
uranium carbide layer between the kernel and the buffer. The uranium carbide layer was not 
included in the measurement of the buffer thickness. The thickness of this carbide layer varied, 
but was typically around 6 μm thick and effectively increased the kernel radius by that amount. 
 
The following pages show the inspection report form (IRF-03). Following IRF-03 are the 
individual data report forms for the measurements that were performed. Additional data at the 
end of this section is provided for information only. This batch was determined to satisfy the 
specifications in section 5.2 of EDF 4380, Rev. 6. 
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13 Characterization of TRISO-coated particle composite  
 
This section contains data on the TRISO-coated particle composite, LEU01-47T. The data was 
obtained according to product inspection plan AGR-CHAR-PIP-04R2.  
  
Note that some of the carbon deposited for the buffer layer reacted with the kernel to form a 
uranium carbide layer between the kernel and the buffer. The uranium carbide layer was not 
included in the measurement of the buffer thickness. The thickness of this carbide layer varied, 
but was typically around 6 μm thick and effectively increased the kernel radius by that amount. 
 
The following pages shows the inspection report forms (IRF-04A and IRF-04B) for the LEU01-
47T composite. Following IRF-04A and IRF-04B are the individual data report forms for the 
measurements that were performed. Additional data at the end of this section is provided for 
information only. This composite was determined to satisfy the specifications in section 5.3 of 
EDF 4380, Rev. 6. 
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14 Superceded data  
 
This section contains data related to the LEU01-47T TRISO-coated particle composite that has 
been superceded by more recent analysis. 
 
It was determined that the average kernel weight as measured using procedure AGR-CHAR-
DAM-22 Rev. 0 was of insufficient accuracy. The average kernel weight was remeasured to 
improve the accuracy of the reported value according to AGR-CHAR-DAM-22 Rev. 1. The 
measured value of the LEUCO average kernel weight changed from (2.47±0.01)·10-4 grams per 
kernel to (2.418±0.006)·10-4 grams per kernel. The measured value of the NUCO average kernel 
weight changed from (2.39±0.03)·10-4 grams per kernel to (2.308±0.009)·10-4 grams per kernel. 
On data report form DRF-15 for the measurement of average kernel envelope density, the 
average kernel weight is used to approximate the number of kernels in a sample from the weight 
of the sample. The approximate number of kernels in a sample is divided into the sample 
envelope volume to determine the average kernel envelope volume. The change in average 
kernel weight resulted in a significant change in the calculated average kernel envelope volume. 
On data report form DRF-16 for the buffer envelope density, the average kernel weight and 
volume are used to calculate the buffer density. The change in average kernel weight and volume 
resulted in a significant change in the calculated buffer densities previously used to determine 
acceptability of the buffer deposition conditions. The data in this compilation shows the new 
average kernel weights and average kernel volumes in sections 6 and 7, and the new buffer 
densities in section 8. Records showing the original values are included in this section. The new 
values for buffer density were about 10% higher than the originally reported values, but both 
were within the range specified in INL EDF-4380, Rev. 6. 
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