ORNL/TM-2017/035

Acceptance Test Data for
BWXT Coated Particle Batch 93164A

John D. Hunn
Grant W. Helmreich
Darren J. Skitt
John A. Dyer

February 2017

Approved for public release.
Distribution is unlimited.

OAK RIDGE NATIONAL LABORATORY

MANAGED BY UT-BATTELLE FOR THE US DEPARTMENT OF ENERGY



DOCUMENT AVAILABILITY

Reports produced after January 1, 1996, are generally available free via US Department of Energy
(DOE) SciTech Connect.

Website http://www.osti.gov/scitech/

Reports produced before January 1, 1996, may be purchased by members of the public from the
following source:

National Technical Information Service

5285 Port Royal Road

Springfield, VA 22161

Telephone 703-605-6000 (1-800-553-6847)

TDD 703-487-4639

Fax 703-605-6900

E-mail info@ntis.gov

Website http://www.ntis.gov/help/ordermethods.aspx

Reports are available to DOE employees, DOE contractors, Energy Technology Data Exchange
representatives, and International Nuclear Information System representatives from the following
source:

Office of Scientific and Technical Information
PO Box 62

Oak Ridge, TN 37831

Telephone 865-576-8401

Fax 865-576-5728

E-mail reports@osti.gov

Website http://www.osti.gov/contact.html

This report was prepared as an account of work sponsored by an
agency of the United States Government. Neither the United States
Government nor any agency thereof, nor any of their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that
its use would not infringe privately owned rights. Reference herein to
any specific commercial product, process, or service by trade name,
trademark, manufacturer, or otherwise, does not necessarily constitute
or imply its endorsement, recommendation, or favoring by the United
States Government or any agency thereof. The views and opinions of
authors expressed herein do not necessarily state or reflect those of the
United States Government or any agency thereof.




ORNL/TM-2017/035

Fusion and Materials for Nuclear Systems Division

ACCEPTANCE TEST DATA FOR
BWXT COATED PARTICLE BATCH 93164A

Defective IPyC Fraction and Pyrocarbon Anisotropy

John D. Hunn
Grant W. Helmreich
Darren J. Skitt
John A. Dyer

Date Published: February 2017

Work sponsored by
US DEPARTMENT OF ENERGY
Office of Nuclear Energy
under the
Advanced Gas Reactor Fuel Development and Qualification Program

Prepared by
OAK RIDGE NATIONAL LABORATORY
Oak Ridge, TN 37831-6283
managed by
UT-BATTELLE, LLC
for the
US DEPARTMENT OF ENERGY
under contract DE-AC05-000R22725






ORNL/TM-2017/035-R0O

CONTENTS
L0711 153 1L USRS iii
5] A0 0 ¥ 1 (T SRR v
F & 10)11 7 11 OO PSPPSRSO v
ACKNOWIEAZMENLS. .....eiiiiieeiie ettt ettt s e et e ettt et e e sateesnteesnteesnbeeenteeenseeenseeesnseennnas Vi
R 13 oY 11 o1 o) o USSP 1
I B 1<) 1ot A 1 o USSP 2
3. PyroCarbON ANISOITOPY . .veeerieiiierriieeeiieesieeeteeeteeeteesteeeteeestteessseessseesaseesnseeanseeenseesasseesnseesnseenns 9
I 7+ o1 1313 T USSR 13
R T S ) (4 7 USRS 14

iii



ORNL/TM-2017/035-R0O

LIST OF FIGURES

1. Inspection report for defective IPYC. ........oiiiiiiieciiece e 3
2. Data report for average particle weight measured for subsample riffling. ........cccccooceevieinnne. 3
3. Data report for particle heat treatment to simulate compact heat treatment. ............cccccoceereennn. 4
4. Data report for defective IPyC analysis of subsample NP-C1364-CO1.........cccccoveeneeninnenneennen. 5
5. Summary of anomalies observed during defective IPyC analysis of

SUbSAMPIE NP-C13604-COL. ...oooiiiiiiiiiiieeiie ettt ettt sre e s te e s teesseeeseeenes 6
6. Data report for defective IPyC analysis of subsample NP-C1364-DO1. ......ccccocvririiiniinicnncns 7
7. Summary of anomalies observed during defective IPyC analysis of

subsample NP-C1364-DO01. .....cccooiiiiiiieiie ettt re e st esteesseeeseeenes 8
8. Inspection report for pyrocarbon aniSOrOPY .......ccueerreerrieerieerieerieeeteeereeeieeeeeeenseeesneeesnseesnnes 10
9. Data report for IPYC aniSOtrOPY ... .ccecveeerieeriirerieerteeeieesteesteeeeeeesteeesseeessseesseesnseesseeenseeessseenns 11
10. Data report for OPYC aniSOtrOPY. ..cveeecureerieeriiieiieeeieeeieeeieeesieeeieeeeneeessreesnseessseesseesneeesseeenns 12

v



2-MGEM
AGR
AGR-5/6/7
ATR
BWXT
CVD
DAM
DRF
INL
IPyC
IRF
MTS

N
OPTAF
OPyC
ORNL
PIP
PyC
QC

SiC
TRISO
uco

ACRONYMS

Two-Modulator Generalized Ellipsometry Microscope

ORNL/TM-2017/035-R0O

Advanced Gas Reactor (Fuel Development and Qualification Program)

Fifth/sixth/seventh AGR program irradiation experiments

Advanced Test Reactor

BWX Technologies

Chemical vapor deposition

Data Acquisition Method

Data Report Form

Idaho National Laboratory

Inner pyrolytic carbon (TRISO layer)

Inspection Report Form

Methyl-trichlorosilane

Diattenuation

Optical anisotropy factor [OPTAF=(1+N)/(1-N)]
Outer pyrolytic carbon (TRISO layer)

Oak Ridge National Laboratory

Product Inspection Plan

Pyrolytic carbon or pyrocarbon

Quality control

Silicon carbide (TRISO layer)
Tristructural-isotropic (coated particles)
Uranium carbide/uranium oxide mixture (fuel kernels)



ORNL/TM-2017/035-R0O

ACKNOWLEDGMENTS

This work was sponsored by the U.S. Department of Energy, Office of Nuclear Energy, through the Idaho
National Laboratory Advanced Reactor Technologies Technology Development Office as part of the
Advanced Gas Reactor Fuel Development and Qualification Program. Special thanks to Jeff Pryor and
Eric Vidal for performing x-ray radiography on particles as part of the analysis to determine the fraction
of particles with defective inner pyrocarbon.

vi



ORNL/TM-2017/035-R0O

1. INTRODUCTION

Coated particle fuel batch J520-16-93164 was produced by Babcock and Wilcox Technologies (BWXT)
for possible selection 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), or may be used as demonstration production-scale coated particle fuel for other experiments. The
tristructural-isotropic (TRISO) coatings were deposited in a 150-mm-diameter production-scale fluidized-
bed chemical vapor deposition (CVD) furnace onto 425-pm-nominal-diameter spherical kernels from
BWXT lot J52L-16-69316". Each kernel contained a mixture of 15.5%-enriched uranium carbide and
uranium oxide (UCO) and was coated with four consecutive CVD layers: a ~50% dense carbon buffer
layer with 100-pm-nominal thickness, a dense inner pyrolytic carbon (IPyC) layer with 40-pm-nominal
thickness, a silicon carbide (SiC) layer with 35-pm-nominal thickness, and a dense outer pyrolytic carbon
(OPyC) layer with 40-um-nominal thickness. The TRISO-coated particle batch was sieved to upgrade the
particles by removing over-sized and under-sized material, and the upgraded batch was designated by
appending the letter A to the end of the batch number (i.e., 93164A).

Two samples riffled from upgraded TRISO batch 93164A were shipped to the Oak Ridge National
Laboratory (ORNL) for quality control (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 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].

Additional analysis of the x-ray images obtained for determination of the defective IPyC fraction was
performed to identify and quantify any other obvious microstructural anomalies in the TRISO-coated
particle sample. This additional analysis is briefly summarized in this report for information-only and is
provided in greater detail in a separate report [Helmreich et al. 2017].

' Note that succeeding coater batches produced for possible use in the AGR-5/6/7 irradiation test were
fabricated from BWXT kernel lot J52R-16-69317.
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2. DEFECTIVE IPYC

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 (H,) and methyl-trichlorosilane (MTS) precursors. This HCI 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. 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. The ORNL Data
Acquisition Method (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.

The fraction of particles with defective IPyC was determined for two subsamples riffled from TRISO
Batch 93164A, Sample NP-C1364, which was a 130-gram sample riffled by BWXT and shipped to
ORNL for analysis. Riffling of Sample NP-C1364 was performed according to the sampling instructions
in Product Inspection Plan PIP-28 to obtain subsamples for analysis. The combined number of particles
with defective IPyC in these two subsamples is reported on Inspection Report Form IRF-28A (Figure 1)
with a determination as to whether the particle batch satisfied the specified parameters for this property.
Batch 93164A does not meet the AGR-5/6/7 Fuel Specification requirements for the maximum defective
IPyC fraction.

Figure 2 through Figure 7 are copies of the data report forms generated as part of the completion of
Product Inspection Form PIP-28. Figure 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 1). Figure 3 is a
record of the conditions of the particle heat treatment procedure, AGR-CHAR-DAM-41 [Kercher 2010],
performed to simulate compact heat treatment and induce detectable 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. The loose particles were heated in a bed of
graphite powder to minimize stress from temperature gradients. Figure 4 and Figure 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. Figure 5 and Figure 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 prediction of the maximum fraction in the TRISO particle
batch, 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].



ORNL/TM-2017/035-R0O

Procedure:|AGR-CHAR-PIP-28 Rev. 1

Coated particle sample ID:|NP-C1364

Coated particle sample description:|TRISO particles from BWXT coating

batch J520-16-93164A

Measured Data | Specification

Acceptance Data
Propei Acceptance Criteria or
pecty # of particles | INL SPC-1352 & TestValue | .. | Records
Defective IPyC coating fraction g <2 with excessive U dispersion in 262956 particles
(fraction of total particles) HERER <1.0x10 or <6 with excessive U dispersion in 2118422 particles 25 fail DRF-47
Comments

See NP-C1364-C01_DRF47R0 and NP-C1364-D01_DRFA47RO for individual results of defective IPyC measurement and summary of other anomalies observed by x-ray radiography.
Sample also failed Stage 1 testing with 9 particles with excessive U dispersion out of 64007.

L

[-27-171

Figure 1. Inspection

], Vv
// : QC Supervisor Date
/)
. 7 /36// F
QA Reviewer ¢ . Date °

report for defective IPyC.

Procedure:

AGR-CHAR-DAM-22 Rev. 1

Operator:

Grant Helmreich

Particle sample ID:

NP-C1364-B00

Particle sample description:

Particles from BWXT coating batch 1520-16-93164A

Filename:|\\mc-agr\AGR\ParticleWeight\W16102801_DRF22R1.xls
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5
Weight of particles (g): 0.1469 0.1440 0.1212 0.1067 0.1397
Number of particles: 149 149 123 108 142
Average weight/particle (g):|  9.86E-04 9.66E-04 9.85E-04 9.88E-04 9.84E-04
Mean average weight/particle (g):[9.819E-04
Standard error in mean average weight/particle (g):|3.92E-06

A

10/2%/16

Operator

Date

Figure 2. Data report for average particle weight measured for subsample riffling.



ORNL/TM-2017/035-R0O

Procedure:|AGR-CHAR-DAM-41 Rev. 0

Operator: |Darren Skitt/John Hunn

DRF filename:|\\mc-agr\AGR\Furnaces\H16103101_DRF41R0.xls

Particle loading procedure |AGR-CHAR-PIP-28-R1

Particle weight (g) | 118.0566 | Additional Material | Graphite [ AMweight (g) | N/A

Details [1520-16-93164A, AGR-5/6/7 TRISO pre-production batch.

Furnace calibration due date | 10/13/17 | Sample loading (top to bottom)
Sample ID [NP-C1364-C01 (63.0067 g) | Crucible Marking] X

Thermal schedule Sample ID [NP-C1364-D01 (55.0499 g) | Crucible Marking Y.
Ramp 1 20 [‘Gminto [ 1800 [°C Sample ID Crucible Marking
Dwell 1 1 hr Sample ID Crucible Marking
Ramp 2 -20 |‘C/min to | 700 | °C Sample ID Crucible Marking
Dwell 2 0 hr
Ramp 3 N/A ['Uminto| 50 |'C 3 vacuum / gas purges e )
Dwell 3 0 hr Heat-treatment atmosphere Vacuum
Ramp 4 | *C/min to [Ee Flow rate N/A
Dwell 4 hr

Comments

Optical pyrometer calibration due 5/31/17.

N
/] /
[/ /11
/] [/

/ |/ A / i M - |
L M (0-31- 6

// Operator Date

/i

Figure 3. Data report for particle heat treatment to simulate compact heat treatment.
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Procedure:|AGR-CHAR-DAM-47 Rev. 0
Operator: |John Hunn/Grant Helmreich
Particle sample ID:|NP-C1364-C01
Particle sample description:| TRISO particles from BWXT coating batch 1520-16-93164A
DRF filename: |\\mc-agr\AGR\DefectiveIPyC\T161101\NP-C1364-C01_DRF47R0.xIsm

Weight of particles in sample (g):|63.0067
Number of particles in sample: (64007
Average weight/particle (g):|9.8437E-04

Number of particles with excessive U dispersion: |9 |

Comments

Tape mounts T16110101 thru T16110118.

Operator / Date

Figure 4. Data report for defective IPyC analysis of subsample NP-C1364-C01.
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Procedure:|AGR-CHAR-DAM-47 Rev. 0
Operator: |John Hunn/Grant Helmreich
Particle sample ID:[NP-C1364-C01
Particle sample description:|TRISO particles from BWXT coating batch 1520-16-93164A
DRF filename: |\\mc-agr\AGR\DefectiveIPyC\T161101\NP-C1364-C01_DRF47R0.xlsm

Number of particles in sample:|64007
Number of radiographs analyzed: [18

Defect or anomaly classification Number observed Sample fraction Magr;;-ny:g:;;zirnacc;lon
Uranium dispersion 9 1.41E-04 2.5E-04
White spots 26 4.06E-04 5.7E-04
Thin or low density SiC 4 6.25E-05 1.5E-04
Extra layers 0 0.00E+00 4.7E-05
Missing kernel 5 7.81E-05 1.7E-04
Kernel migration 0 0.00E+00 4.7E-05
Missing buffer 0 0.00E+00 4.7E-05
Particles with kernel anomalies 1222 1.91E-02 2.1E-02

Dimple or facet 494 7.72E-03 8.4E-03
Severe dimple or facet NA NA NA

Notched kernel 778 1.22E-02 1.3E-02
Irregular kernel 77 1.20E-03 1.5E-03
Multi-kernel 4 6.25E-05 1.5E-04

Comments
Severe dimple or facet not categorized for this analysis.
Operator 5 (Saepate

Figure 5. Summary of anomalies observed during defective IPyC analysis of subsample NP-C1364-C01.
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Procedure:|AGR-CHAR-DAM-47 Rev. 0
Operator: [John Hunn/Grant Helmreich
Particle sample ID:[NP-C1364-D01
Particle sample description:|TRISO particles from BWXT coating batch 1520-16-93164A
DRF filename: |\\mc-agr\AGR\DefectiveIPyC\T161101\NP-C1364-D01_DRF47R0.xIsm

Weight of particles in sample (g):|55.0499
Number of particles in sample:|55937
Average weight/particle (g):[9.8414E-04

Number of particles with excessive U dispersion:|16 |

Comments

Tape mounts T16110119 thru T16110134.

W

Operator " Date

Figure 6. Data report for defective IPyC analysis of subsample NP-C1364-D01.
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Procedure:|AGR-CHAR-DAM-47 Rev. 0
Operator: [John Hunn/Grant Helmreich
Particle sample ID:|NP-C1364-D01
Particle sample description:|TRISO particles from BWXT coating batch 1520-16-93164A
DRF filename:|\\mc-agr\AGR\DefectiveIPyC\T161101\NP-C1364-D01_DRF47R0.xIsm

Number of particles in sample:|55937
Number of radiographs analyzed: |16

Defect or anomaly classification Number observed Sample fraction Ma);n;n;srgksgg;;zgrnac?on
Uranium dispersion 16 2.86E-04 4.4E-04
White spots 23 4.11E-04 5.9E-04
Thin or low density SiC 5 8.94E-05 1.9E-04
Extra layers 0 0.00E+00 5.4E-05
Missing kernel 0 0.00E+00 5.4E-05
Kernel migration 2 3.58E-05 1.2E-04
Missing buffer 1 1.79E-05 8.5E-05
Particles with kernel anomalies 1590 2.84E-02 3.0E-02

Dimple or facet 641 1,15E-02 1.3E-02
Severe dimple or facet NA NA NA

Notched kernel 1030 1.84E-02 2.0E-02
Irregular kernel 87 1.56E-03 1.9E-03
Multi-kernel 2 3.58E-05 1.2E-04

Severe dimple or facet not categorized for this analysis.

I /1% 6

2y Opera'tor‘ Date

Figure 7. Summary of anomalies observed during defective IPyC analysis of subsample NP-C1364-D01.
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3. PYROCARBON ANISOTROPY

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]. The ORNL Data Acquisition Method (DAM-18), Data Acquisition Method for
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.

Average optical anisotropies of the IPyC and OPyC layers were measured on polished cross sections of
10 particles from TRISO Batch 93164A Sample NP-C1305, which was a 0.41-gram sample riffled by
BWXT and shipped to ORNL in advance of TRISO Batch 93164A Sample NP-C1364. Anisotropy
measurements were not repeated on a riffled subsample from TRISO Batch 93164A Sample NP-C1364
per Product Inspection Plan PIP-28 because the measurement had been satisfactorily completed on the
earlier sample.

The average optical diattenuation values of the inner and outer pyrocarbon layers are reported on
Inspection Report Form IRF-28B (Figure 8) with a determination as to whether the particle batch satisfied
the specified parameters for this property. Batch 93164A meets the AGR-5/6/7 Fuel Specification
requirements for the IPyC and OPyC diattenuation. The Data Report Forms in Figure 9 and Figure 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.
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Procedure:|AGR-CHAR-PIP-28 Rev. 1
Coated particle sample ID:|NP-C1305

Coated Barticle samgle descrlgtion:ITRISO particles from BWXT coating batch 1520-16-93164A

Measured Data Specification Pass
Acceptance Data
Property Mean Std, Dev. | # measured kort Acceptance Criteria Bkt Valle or Racords
(x) (s) (n) value INL SPC-923 T fail I{
1.833 oo | B=x+tvnsoot7o| o014 pass
IPyC diattenuation 0.0132 0.0008 10 5 DRF-18
ispersion =
3.981 <0.01 20,0242 D =x + ks < 0.0242 0.016 pass
1.833 . r(;‘%axnzz B=x+ts/Vn<0.0122| 0,009 pass
OPyC diattenuation 0.0086 0.0005 10 DRF-18
3981 | ooPesn | D=xtks <0022 0.011 pass
Comments

See R16080301_DRF18R3 for full results of diattenuation (N) measurements.
Mean OPTAF=(1+N)/(1-N) was 1.0265 (IPyC) and 1.0174 (OPyC).

/

/' [ —~
/W/bbw {1 ry— J<28=1"7

QC Supervisor Date

7/
/

2z

(/517
QA Reviewer Z 7/ Date

Figure 8. Inspection report for pyrocarbon anisotropy.
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Procedure:|AGR-CHAR-DAM-18 Rev. 3

Operator: [Grant Helmreich

Mount ID:[M16080201

Sample ID:[NP-C1305

Sample Description:| TRISO particles from BWXT coating batch J520-16-93164A

Folder containing data:|\\mc-agr\AGR\2-MGEM\R16080301\

Particle # Diattenuation OPTAF = (1+N)/(1-N)
Average St. Dev. Ave. Error Average St. Dev. Ave. Error

il 0.0140 0.0032 0.0017 1.0284 0.0066 0.0035
2 0.0130 0.0034 0.0017 1.0263 0.0070 0.0035
3 0.0140 0.0034 0.0017 1.0284 0.0070 0.0035
4 0.0118 0.0033 0.0016 1.0239 0.0068 0.0033
5 0.0133 0.0028 0.0016 1.0270 0.0058 0.0033
6 0.0141 0.0033 0.0017 1.0286 0.0068 0.0035
7 0.0132 0.0028 0.0016 1.0268 0.0058 0.0033
8 0.0124 0.0029 0.0016 1.0251 0.0059 0.0033
9 0.0126 0.0032 0.0016 1.0241 0.0061 0.0033
10 0.0132 0.0036 0.0016 1.0268 0.0074 0.0033

Average 0.0132 0.0032 0.0016 1.0265 0.0065 0.0034

St. Dev. 0.0008 0.0003 0.0001 0.0017 0.0006 0.0001

Comments

Sample NP-C1305 was a 0.41 gram sample riffled by BWXT and shipped to ORNL in July 2016. Because
the sample was already an appropriately-small size, no riffling was done at ORNL and particles were
selected for analysis directly from the received sample.

ﬁ [l //f// b/5/1G

Operator Date

Figure 9. Data report for IPyC anisotropy.
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Procedure:[AGR-CHAR-DAM-18 Rev. 3

Operator: [Grant Helmreich

Mount ID:|M16080201

Sample ID:|NP-C1305

Sample Description:|TRISO particles from BWXT coating batch 1520-16-93164A

Folder containing data:|\\mc-agr\AGR\2-MGEM\R16080301\

Particle # Diattenuation OPTAF = (1+N)/(1-N)
Average St. Dev. Ave. Error Average St. Dev. Ave. Error

1 0.0092 0.0034 0.0019 1.0186 0.0069 0.0039
2 0.0077 0.0027 0.0017 1.0155 0.0055 0.0035
3 0.0088 0.0033 0.0018 1.0178 0.0067 0.0037
4 0.0087 0.0033 0.0017 1.0176 0.0067 0.0035
5 0.0082 0.0030 0.0017 1.0165 0.0061 0.0035
6 0.0091 0.0033 0.0018 1.0184 0.0067 0.0037
7 0.0081 0.0028 0.0017 1.0163 0.0057 0.0035
8 0.0086 0.0028 0.0017 1.0173 0.0057 0.0035
9 0.0092 0.0032 0.0016 1.0186 0.0065 0.0033
10 0.0087 0.0031 0.0017 1.0176 0.0063 0.0035

Average 0.0086 0.0031 0.0017 1.0174 0.0063 0.0035

St. Dev. 0.0005 0.0003 0.0001 0.0010 0.0005 0.0002

Comments

Sample NP-C1305 was a 0.41 gram sample riffled by BWXT and shipped to ORNL in July 2016. Because
the sample was already an appropriately-small size, no riffling was done at ORNL and particles were
selected for analysis directly from the received sample.

Operator Date

Figure 10. Data report for OPyC anisotropy.

12
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4. CONCLUSION

The analyses called out in the ORNL Product Inspection Plan for AGR-5/6/7 Coated Particles were
completed as part of the acceptance testing of BWXT TRISO-coated particle Batch 93164A. 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
AGR-5/6/7 Fuel Specification requirements for IPyC and OPyC anisotropy were satisfied but the
maximum defective IPyC fraction was above the specified limit of <10, X-ray radiography identified 25
particles with excessive uranium dispersion out of the 119944 particles analyzed. This gives a measured
defective IPyC fraction of 2.08x10™ in the material tested and a 95%-confidence prediction of the
maximum fraction in the TRISO particle batch of 2.92x10,
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