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1 INTRODUCTION AND SUMMARY 

Coated particle composite J52R-16-98005 was produced by Babcock and Wilcox Technologies (BWXT) 
as fuel for the Advanced Gas Reactor Fuel Development and Qualification (AGR) Program’s AGR-5/6/7 
irradiation test in the Idaho National Laboratory (INL) Advanced Test Reactor (ATR). This composite 
was comprised of four coated particle fuel batches J52O-16-93165B (26%), 93168B (26%), 93169B 
(24%), and 93170B (24%), chosen based on the Quality Control (QC) data acquired for each individual 
candidate AGR-5/6/7 batch. Each batch was coated in a 150-mm-diameter production-scale fluidized-bed 
chemical vapor deposition (CVD) furnace. Tristructural isotropic (TRISO) coatings were deposited on 
425-µm-nominal-diameter spherical kernels from BWXT Lot J52R-16-69317 containing a mixture of 
15.5%-enriched uranium carbide and uranium oxide (UCO). The TRISO coatings consisted of four 
consecutive CVD layers: a ~50% dense carbon buffer layer with 100-µm-nominal thickness, a dense 
inner pyrolytic carbon (IPyC) layer with 40-µm-nominal thickness, a silicon carbide (SiC) layer with 
35-µm-nominal thickness, and a dense outer pyrolytic carbon (OPyC) layer with 40-µm-nominal 
thickness. The TRISO-coated particle batches were sieved to upgrade the particles by removing 
over-sized and under-sized material, and the upgraded batches were designated by appending the letter A 
to the end of the batch number (e.g., 93165A). Secondary upgrading by sieving was performed on the 
A-designated batches to remove particles with missing or very-thin buffer layers that were identified 
during previous analysis of the individual batches for defective IPyC, as reported in the acceptance test 
data report for the AGR-5/6/7 production batches [Hunn et al. 2017]. The additionally-upgraded batches 
were designated by appending the letter B to the end of the batch number (e.g., 93165B). 

Composite 98005 was blended by first riffling each chosen batch into four equal aliquots and then 
blending one aliquot from each chosen batch into a composite aliquot, resulting in four composite 
aliquots. Samples were riffled from two of the composite aliquots and shipped to the Oak Ridge National 
Laboratory (ORNL) for QC acceptance testing and analysis. The AGR-5/6/7 Fuel Specification, 
SPC-1352 [Marshall 2016], provides the requirements necessary for acceptance of the fuel manufactured 
for the AGR-5/6/7 irradiation test. The kernel QC acceptance testing and most of the coated particle 
composite QC acceptance testing was performed at BWXT and is not contained in this report. Two 
specified TRISO particle properties were measured at ORNL: pyrolytic carbon (PyC) anisotropy and 
defective IPyC fraction. The procedures for the ORNL characterization and QC acceptance testing of the 
particles are outlined in the ORNL Product Inspection Plan for AGR-5/6/7 Coated Particles, 
AGR-CHAR-PIP-28 [Hunn 2016], which is consistent with the INL Statistical Sampling Plan for 
AGR-5/6/7 Fuel Materials, PLN-4352 [Lybeck 2016]. 

Particles with excessive IPyC permeability can allow the infiltration of HCl into the buffer region of a 
TRISO particle during the initial stages of SiC deposition. HCl is a byproduct of the SiC CVD process 
when using hydrogen (H2) and methyltrichlorosilane (MTS) precursors. This HCl can react with the 
kernel and disperse uranium into the surrounding buffer and IPyC layers, especially when particles are 
heated to 1800°C during the compact manufacturing process. Excessive uranium dispersion can be 
detected by x-ray radiography of the TRISO-coated particles because the higher relative x-ray absorption 
of uranium versus carbon makes it easy to detect small concentrations of uranium in the buffer and IPyC 
layers. Visual standards for what constitutes excessive uranium dispersion are included in the AGR-5/6/7 
Fuel Specification, and particles that exhibit excessive uranium dispersion are counted as having a 
defective IPyC coating. Data Acquisition Method AGR-CHAR-DAM-47, Counting of TRISO Particles 
with Excessive Uranium Dispersion Inside SiC [Hunn 2013], provides the detailed procedures and 
requirements for the analysis that was performed to determine the defect IPyC fraction. 

Prior to x-ray imaging for determination of defective IPyC based on the presence of excessive uranium 
dispersion, data acquisition method AGR-CHAR-DAM-41 [Kercher 2010] was performed to simulate 
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compact heat treatment and induce uranium dispersion in particles with defective IPyC. The AGR-5/6/7 
Fuel Specification specifies heat treatment of the compacts for at least 1 h between 1650°C and 1800°C. 
Particles were heated with the furnace schedule used for the compacts produced for the previous three 
AGR irradiation experiments (~20°C/min ramping and a one-hour hold at 1800°C). The loose particles 
were heated in a bed of graphite powder to minimize stress from temperature gradients. 

Pyrocarbon anisotropy is a key parameter that can influence the radiation behavior of the IPyC and OPyC 
layers in TRISO-coated particle fuel. Excessive preferred orientation of the graphene planes within the 
pyrocarbon layers can lead to overall asymmetric shrinkage and fracture under irradiation. Because of the 
very large anisotropy for the reflection of light polarized parallel to the graphene planes versus light 
polarized perpendicular to the graphene planes, determination of the PyC optical anisotropy (OPTAF), 
defined as the ratio of the maximum to minimum reflectivity of polarized light, can be used as a relative 
measure of the preferred orientation of the graphene planes within the layer. The ORNL Two-Modulator 
Generalized Ellipsometry Microscope (2-MGEM) uses advanced ellipsometry techniques to measure the 
diattenuation (N) of a material, which is related the optical anisotropy by OPTAF = (1+N)/(1-N) [Jellison 
and Hunn 2008]. Data Acquisition Method AGR-CHAR-DAM-18, Measurement of Pyrocarbon 
Anisotropy Using the Second Generation Two-Modulator Generalized Ellipsometry Microscope [Hunn 
and Jellison 2016], provides the detailed procedures and requirements for the analysis that was performed 
to determine the optical anisotropy of the IPyC and OPyC layers. 

Results of the determination of average IPyC and OPyC anisotropy are reported for the two samples from 
Composite 98005 in Sections 2.2 and 3.2; Table 1-1 is a summary of the results. Both analyzed sublots 
satisfied the AGR-5/6/7 Fuel Specification for pyrocarbon anisotropy, with average diattenuation values 
sufficiently below the specified upper limits of ≤0.0170 for the IPyC layer and ≤0.0122 for the OPyC 
layer. The higher allowable IPyC diattenuation is related to the fact that pyrocarbon anisotropy is 
measured after all TRISO coatings are deposited. During SiC deposition, the IPyC layer is heated to 
around 1550°C for over 2 h; this heat treatment after pyrocarbon deposition at lower temperatures 
increases the average anisotropy of the layer [Hunn et al. 2007]. Further increase in the average 
pyrocarbon anisotropy can be expected when compacts are heated to even higher temperatures. For 
additional information, anisotropy was measured again on particles heated to 1800°C to simulate 
compacting as described above. Table 1-1 shows that the average anisotropy of both the IPyC and OPyC 
layers increased as expected. The fractional increase in the OPyC diattenuation (~44%) was greater than 
for the IPyC (~22–27%), and this was at least partially due to the fact that the OPyC had not already 
experienced the period of heating to around 1550°C during SiC deposition. However, the fact that the 
OPyC and IPyC diattenuation values did not converge after the 1800°C heat treatment indicates that there 
was probably some microstructural differences between these two layers. 

Table 1-1. Summary of pyrocarbon anisotropy for coated particle composite J52R-16-98005 

Sample 
Average anisotropy of as-deposited TRISO Average Anisotropy after heating to 1800°C 

IPyC OPyC IPyC OPyC 

NP-C1498 N=0.0149 
OPTAF=1.0303 

N=0.0103 
OPTAF=1.0208 

N=0.0182 
OPTAF=1.0370 

N=0.0148 
OPTAF=1.0300 

NP-C1504 N=0.0157 
OPTAF=1.0318 

N=0.0100 
OPTAF=1.0203 

N=0.0200 
OPTAF=1.0407 

N=0.0144 
OPTAF=1.0291 

Combined* N=0.0153 
OPTAF=1.0311 

N=0.0102 
OPTAF=1.0205 

N=0.0191 
OPTAF=1.0388 

N=0.0146 
OPTAF=1.0296 

*Inspection report form for combined results is provided in Appendix A. 
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The upper limit on the defective IPyC fraction is specified as ≤10-4 with a requirement that statistical 
sampling demonstrate with at least 95% confidence that the composite has a defect fraction less than this 
limit. Acceptance testing was performed by riffling, per PIP-28, two random subsamples from each 
sample provided by BWXT containing the appropriate number of particles to apply two predetermined 
acceptance criteria derived using binomial distribution statistics. The Stage 1 acceptance criteria was ≤2 
defects in a random group of at least 62956 particles. The Stage 2 acceptance criteria was ≤6 defects in a 
random group of at least 118422 particles. The analysis results from the first riffled subsample were used 
for Stage 1, and the combined results from both subsamples were used for Stage 2. Target weights for the 
riffled subsamples were determined based on the average particle weight, with a sufficient margin based 
on the uncertainty in the average particle weight to ensure the subsamples provided at least the required 
minimum number of particles, while minimizing overshoot. Minimizing overshoot is important because 
the probability that a sublot with an acceptable defect population will satisfy the acceptance criteria 
decreases as a function of increasing difference between the actual number of particles analyzed and the 
minimum required. The exact number of particles in each subsample was determined by using image 
analysis to count the particles in the x-ray radiographs acquired for the defective IPyC analysis. 

As shown in Table 1-2, both samples passed the Stage 2 criteria (Sample NP-C1498 also passed the 
Stage 1 criteria). Detailed results of this analysis are reported in Sections 2.1 and 3.1. Since both samples 
were randomly-selected representative samples from the same source material (coated particle composite 
J52R-16-98005), the results may be combined for a single statistical analysis (see Appendix A for 
inspection report form for combined data). This has the effect of significantly reducing the statistical 
penalty involved in calculating the 95% confidence value by doubling the total number of particles that 
were sampled. The results for both samples combined are given in Table 1-2, and due to the reduction in 
the statistical penalty, the combined sample shows that the composite passes the upper limit on defective 
IPyC fraction with greater margin. 

Table 1-2. Summary of Defective IPyC for coated particle composite J52R-16-98005 

Sample Number of particles in 
analyzed sample 

Number of particles with 
Defective IPyC 

Measured defect 
fraction in sample 

Max defect fraction 
at 95% confidence 

NP-C1498 121018 5 (pass) 4.13×10-5 8.69×10-5 

NP-C1504 120804 6 (pass) 4.97×10-5 9.81×10-5 

Combined* 241822 11 (pass) 4.55×10-5 7.53×10-5 

*Inspection report form for combined results are provided in Appendix A. 
 
Additional particles were identified with uranium dispersion that were not counted as particles with 
Defective IPyC and not included in the defect totals in Table 1-2. The AGR-5/6/7 Fuel Specification 
[Marshall 2016] defines particles with Defective IPyC using a visual standard that depicts the 
characteristic uranium dispersion which occurs in these defective particles after heating to 1800°C. Based 
on consensus of the technical leads, particles with uranium dispersion localized near the kernel or near an 
embedded kernel fragment do not meet the visual standard for Defective IPyC, which has a characteristic 
of radial symmetry. High-resolution x-ray tomography confirmed this localized uranium dispersion was 
associated with reactive fracture surfaces on the kernel or reactive kernel fragments embedded in the 
buffer. It was decided based on the additional analysis that only particles with radially-symmetric 
uranium dispersion characteristic of HCl infiltration through an unacceptably permeable IPyC layer 
would be counted as having Defective IPyC. Although particles with uranium dispersion due to reactive 
kernel fragments or surfaces were not counted for the defective IPyC specification, their presence may be 
of concern for fuel performance and should be considered for inclusion in the fuel specification. 
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As mentioned above, secondary upgrading by sieving was performed to remove particles with missing or 
very-thin buffer layers that were identified during previous analysis of the individual batches for defective 
IPyC [Hunn et al. 2017]. A population limit on particles with very-thin or missing buffer was not included 
in the AGR-5/6/7 Fuel Specification [Marshall 2016]. However, the observation of this anomaly in 
samples riffled from individual coater batches at fractional populations as high as 2.1×10-4 produced 
significant concern due to the high likelihood of TRISO-coating failure during the irradiation test. No 
particles with very-thin or missing buffer were found in either sample from Composite 98005 (Table 1-3), 
while approximately 12 would have been expected in each sample, based on the individual batch data 
[Hunn et al. 2017], had the secondary upgrading not been performed. This indicates that the additional 
sieving to upgrade each batch was effective in removing these anomalous particles. 

Table 1-3. Summary of Missing Buffer* for coated particle composite J52R-16-98005 

Sample Number of particles in 
analyzed sample 

Number of particles with 
Missing Buffer 

Measured defect 
fraction in sample 

Max defect fraction 
at 95% confidence 

NP-C1498 121018 0 0 2.48×10-5 at 95% 

NP-C1504 120804 0 0 2.48×10-5 at 95% 

Combined 241822 0 0 1.24×10-5 at 95% 

* Missing buffer fraction was not a specified parameter for AGR-5/6/7 fuel but is included here as important 
information acquired during the defective IPyC analysis. 
 
The careful examination of the x-ray radiographs required for determination of defective IPyC fraction 
provided an opportunity to also inspect the two samples for other microstructural anomalies. A 
supplemental Data Report Form (DRF-47 Supplemental) is included in Sections 2.1 and 3.1 for each 
sample analyzed for defective IPyC. Anomalies that were specifically noted and quantified were missing 
kernels, thin-appearing SiC, extra coating layers, various non-spherical kernel shapes, white spots in the 
radiographs not obviously related to uranium dispersion, and kernel migration from excessive 
kernel-buffer interaction at 1800°C due to CO gas release through cracked TRISO coatings. White spots 
were typically related to debris on the particles surface. Particles with cracked TRISO coatings are 
identified as defective fuel particles in the AGR-5/6/7 Fuel Specification but defect fraction determination 
and acceptance criteria are based on the leach-burn-leach (LBL) analysis method, so data obtained by 
x-ray radiography is considered to be for information-only. Nevertheless, the x-ray imaging provided 
valuable additional information on these defects and the fraction of particles observed compared well with 
the official defect fraction values acquired with LBL. Particles with defective IPyC and example particles 
exhibiting the other anomalies were extracted from the Kapton tape holders used for radiography, and 
these particles were subjected to additional analysis by higher-resolution x-ray tomography. Results of the 
x-ray analysis are presented and the observed anomalies are discussed in greater detail in a separate report 
[Helmreich et al. 2017]. 
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2 COMPOSITE 98005 SAMPLE NP-C1498 

Sample NP-C1498 was a 130-gram sample riffled by BWXT from AGR-5/6/7 Composite J52R-16-98005 
and shipped to ORNL for determination of Defective IPyC fraction and measurement of pyrocarbon 
anisotropy as part of the AGR-5/6/7 irradiation test fuel QC acceptance testing. 

2.1 COMPOSITE 98005 SAMPLE NP-C1498: DEFECTIVE IPYC 

The number of particles with defective IPyC was determined for two subsamples from Composite 98005 
Sample NP-C1498. Subsamples were riffled at ORNL according to the sampling instructions in Product 
Inspection Plan PIP-28. The combined number of particles with defective IPyC in these two subsamples 
is reported on Inspection Report Form IRF-28A (Figure 2-1) with a determination as to whether the 
particle composite satisfied the specified parameters for this property. Composite 98005 Sample 
NP-C1498 meets the AGR-5/6/7 Fuel Specification requirements for the maximum defective IPyC 
fraction. 

 
Figure 2-1. Inspection report for Composite 98005 Sample NP-C1498 defective IPyC. 

Figure 2-2 through Figure 2-7 are copies of the data report forms generated as part of the completion of 
Product Inspection Plan PIP-28. Figure 2-2 is the particle weight determination used to ensure that each 
defect IPyC subsample had sufficient particles to meet the two acceptance test stages called out in the 
Statistical Sampling Plan for AGR-5/6/7 Fuel Materials. The minimum particle number requirements for 
this two-stage sampling appear in the acceptance criteria column in IRF-28A (Figure 2-1). Figure 2-3 is a 
record of the conditions of the particle heat treatment procedure. Figure 2-4 and Figure 2-6 are the 
individual results of the defective IPyC analysis for the two subsamples; these Data Report Forms 
(DRF-47) document the number of particles tested in each subsample and the number of particles counted 
as having defective IPyC based on their exhibition of excessive uranium dispersion indicative of particles 
with Defective IPyC. Figure 2-5 and Figure 2-7 are the associated DRF-47 supplemental data forms for 
the two analyzed subsamples and document the number of particles that had other anomalies of interest 
visible in the single x-ray radiograph image acquired of each particle. The supplemental data forms also 
report the fraction of particles in each subsample that exhibited each anomaly and a 95%-confidence 
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prediction of the maximum fraction in the TRISO particle composite, based on the observed number, the 
subsample size, and using binomial distribution statistics. Details about these anomalies and additional 
images acquired by high-resolution x-ray tomography to further characterize them, as well as the uranium 
dispersion in the particles with defective IPyC, are available in a separate summary report [Helmreich et 
al. 2017]. 

 
Figure 2-2. Data report for Composite 98005 Sample NP-C1498 

average particle weight measured for subsample riffling. 
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Figure 2-3. Data report for Composite 98005 Sample NP-C1498 

particle heat treatment to simulate compact heat treatment. 
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Figure 2-4. Data report for defective IPyC analysis of Composite 98005 subsample NP-C1498-C01. 
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Figure 2-5. Summary of anomalies observed during defective IPyC analysis 

of Composite 98005 subsample NP-C1498-C01. 
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Figure 2-6. Data report for defective IPyC analysis of Composite 98005 subsample NP-C1498-D01. 
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Figure 2-7. Summary of anomalies observed during defective IPyC analysis 

of Composite 98005 subsample NP-C1498-D01. 
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2.2 COMPOSITE 98005 SAMPLE NP-C1498: PYROCARBON ANISOTROPY 

Average optical anisotropies of the IPyC and OPyC layers were measured on polished cross sections of 
10 particles from a nominally 0.15-g subsample riffled at ORNL from TRISO Composite 98005 Sample 
NP-C1498 according to the sampling instructions in Product Inspection Plan PIP-28. The average optical 
diattenuation values of the inner and outer pyrocarbon layers are reported on Inspection Report Form 
IRF-28B (Figure 2-8) with a determination as to whether the particle composite satisfied the specified 
parameters for this property. Composite 98005 meets the AGR-5/6/7 Fuel Specification requirements for 
the IPyC and OPyC diattenuation. 

 
Figure 2-8. Inspection report for Composite 98005 Sample NP-C1498 pyrocarbon anisotropy. 

The data report forms in Figure 2-9 and Figure 2-10 show the average anisotropy data for each particle 
cross section in terms of both the diattenuation and the OPTAF. Note that the standard deviation in the 
measured anisotropy within each layer was greater than the standard deviation in the distribution of 
measured values for the ten-particle sample. This illustrates that even though there is significant localized 
variation in the PyC microstructure within each layer, the average PyC anisotropy is relatively consistent 
from particle to particle. 

The data report forms in Figure 2-11 and Figure 2-12 show the average anisotropy data for each particle 
cross section following heat treatment at 1800°C for one hour to simulate compacting. As expected based 
on prior research [Hunn et al. 2007], the anisotropy of both the IPyC and OPyC layers increased 
following this heat treatment. The AGR-5/6/7 Fuel Specification for pyrocarbon anisotropy is defined for 
particles which have not undergone further heat treatment, and as such these results are provided for 
information only. 

 



ORNL/TM-2017/037-R0 

13 

 
Figure 2-9. Data report for Composite 98005 Sample NP-C1498 IPyC anisotropy. 
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Figure 2-10. Data report for Composite 98005 Sample NP-C1498 OPyC anisotropy. 
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Figure 2-11. Data report for Composite 98005 Sample NP-C1498 IPyC anisotropy after heating to 1800°C. 
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Figure 2-12. Data report for Composite 98005 Sample NP-C1498 OPyC anisotropy after heating to 1800°C. 
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3 COMPOSITE 98005 SAMPLE NP-C1504 

Sample NP-C1504 was a 130-gram sample riffled by BWXT from AGR-5/6/7 Composite J52R-16-98005 
and shipped to ORNL for determination of Defective IPyC fraction and measurement of pyrocarbon 
anisotropy as part of the AGR-5/6/7 irradiation test fuel QC acceptance testing. 

3.1 COMPOSITE 98005 SAMPLE NP-C1504: DEFECTIVE IPYC 

The number of particles with defective IPyC was determined for two subsamples from Composite 98005 
Sample NP-C1504. Subsamples were riffled at ORNL according to the sampling instructions in Product 
Inspection Plan PIP-28. The combined number of particles with defective IPyC in these two subsamples 
is reported on Inspection Report Form IRF-28A (Figure 3-1) with a determination as to whether the 
particle composite satisfied the specified parameters for this property. Composite 98005 Sample 
NP-C1504 meets the AGR-5/6/7 Fuel Specification requirements for the maximum defective IPyC 
fraction. 

 
Figure 3-1. Inspection report for Composite 98005 Sample NP-C1504 defective IPyC. 

Figure 3-2 through Figure 3-7 are copies of the data report forms generated as part of the completion of 
Product Inspection Form PIP-28. Figure 3-2 is the particle weight determination used to ensure that each 
defect IPyC subsample had sufficient particles to meet the two acceptance test stages called out in the 
Statistical Sampling Plan for AGR-5/6/7 Fuel Materials. The minimum particle number requirements for 
this two-stage sampling appear in the acceptance criteria column in IRF-28A (Figure 3-1). Figure 3-3 is a 
record of the conditions of the particle heat treatment procedure. Figure 3-4 and Figure 3-6 are the 
individual results of the defective IPyC analysis for the two subsamples; these Data Report Forms 
(DRF-47) document the number of particles tested in each subsample and the number of particles counted 
as having defective IPyC based on their exhibition of excessive uranium dispersion indicative of particles 
with Defective IPyC. Figure 3-5 and Figure 3-7 are the associated DRF-47 supplemental data forms for 
the two analyzed subsamples and document the number of particles that had other anomalies of interest 
visible in the single x-ray radiograph image acquired of each particle. The supplemental data forms also 
report the fraction of particles in each subsample that exhibited each anomaly and a 95%-confidence 
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prediction of the maximum fraction in the TRISO particle composite, based on the observed number, the 
subsample size, and using binomial distribution statistics. Details about these anomalies and additional 
images acquired by high-resolution x-ray tomography to further characterize them, as well as the uranium 
dispersion in the particles with defective IPyC, are available in a separate summary report [Helmreich et 
al. 2017]. 

 
Figure 3-2. Data report for Composite 98005 Sample NP-C1504 

average particle weight measured for subsample riffling. 
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Figure 3-3. Data report for Composite 98005 Sample NP-C1504 

particle heat treatment to simulate compact heat treatment. 
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Figure 3-4. Data report for defective IPyC analysis of Composite 98005 subsample NP-C1504-C01. 
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Figure 3-5. Summary of anomalies observed during defective IPyC analysis 

of Composite 98005 subsample NP-C1504-C01. 
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Figure 3-6. Data report for defective IPyC analysis of Composite 98005 subsample NP-C1504-D01. 
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Figure 3-7. Summary of anomalies observed during defective IPyC analysis 

of Composite 98005 subsample NP-C1504-D01. 
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3.2 COMPOSITE 98005 SAMPLE NP-C1504: PYROCARBON ANISOTROPY 

Average optical anisotropies of the IPyC and OPyC layers were measured on polished cross sections of 
10 particles from a nominally 0.15-g subsample riffled at ORNL from TRISO Composite 98005 Sample 
NP-C1504, according to the sampling instructions in Product Inspection Plan PIP-28. The average optical 
diattenuation values of the inner and outer pyrocarbon layers are reported on Inspection Report Form 
IRF-28B (Figure 3-8) with a determination as to whether the particle composite satisfied the specified 
parameters for this property. Composite 98005 meets the AGR-5/6/7 Fuel Specification requirements for 
the IPyC and OPyC diattenuation. 

 
Figure 3-8. Inspection report for Composite 98005 Sample NP-C1504 pyrocarbon anisotropy. 

The data report forms in Figure 3-9 and Figure 3-10 show the average anisotropy data for each particle 
cross section in terms of both the diattenuation and the OPTAF. Note that the standard deviation in the 
measured anisotropy within each layer was greater than the standard deviation in the distribution of 
measured values for the ten-particle sample. This illustrates that even though there is significant localized 
variation in the PyC microstructure within each layer, the average PyC anisotropy is relatively consistent 
from particle to particle. 

The data report forms in Figure 3-11 and Figure 3-12 show the average anisotropy data for each particle 
cross section following heat treatment at 1800°C for one hour to simulate compacting. As expected based 
on prior research [Hunn et al. 2007], the anisotropy of both the IPyC and OPyC layers increased 
following this heat treatment. The AGR-5/6/7 Fuel Specification for pyrocarbon anisotropy is defined for 
particles which have not undergone further heat treatment, and as such these results are provided for 
information only. 
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Figure 3-9. Data report for Composite 98005 Sample NP-C1504 IPyC anisotropy. 
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Figure 3-10. Data report for Composite 98005 Sample NP-C1504 OPyC anisotropy. 
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Figure 3-11. Data report for Composite 98005 Sample NP-C1504 IPyC anisotropy after heating to 1800°C. 
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Figure 3-12. Data report for Composite 98005 Sample NP-C1504 IPyC anisotropy after heating to 1800°C. 
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4 CONCLUSION 

The analyses called out in the ORNL Product Inspection Plan for AGR-5/6/7 Coated Particles, PIP-28, 
were completed as part of the acceptance testing of BWXT TRISO Composite 98005. Subsamples were 
analyzed by x-ray radiography to look for the uranium dispersion that is a marker for defective IPyC 
layers and with the ORNL 2-MGEM to measure the optical anisotropy of the pyrocarbon layers. The 
results of the QC analysis are that Composite 98005 met the AGR-5/6/7 Fuel Specification requirements 
for Defective IPyC and for IPyC and OPyC anisotropy. See Table 1-1 and discussion in Section 1 for a 
summary of the measured values and Sections 2–3 for the associated inspection report forms and data 
report forms that contain the detailed data. 

Additional analysis was performed to examine particles with defective IPyC and other interesting 
microstructural anomalies. In addition to the information extracted from the examination of the 
single-orientation radiographs, particles with defective IPyC and some particles with interesting 
anomalies were extracted from the Kapton tape holders used for radiography and imaged with 
higher-resolution x-ray tomography. The observed anomalies are briefly discussed in Section 1 and the 
number identified in each radiography sample is reported in Sections 2–3. Details of this additional 
analysis is provided in a separate report [Helmreich et al. 2017]. 
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APPENDIX A. COMBINED RESULTS 

Data from the determination of Defective IPyC and measurement of pyrocarbon anisotropy for the two 
samples from Composite 98005 (Samples NP-C1498 and NP-C1504) have been combined and are 
reported in the following inspection report forms. 

 
Figure A-1. Defective IPyC Inspection Report Form IRF28-A for Composite 98005, 

where results from Samples NP-C1498 and NP-C1504 have been combined. 
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Figure A-2. Pyrocarbon anisotropy Inspection Report Form IRF28-B for Composite 98005, 

where results from Samples NP-C1498 and NP-C1504 have been combined. 

 


