ORNL/TM-2017/038

X-ray Analysis of Defects and Anomalies
in AGR-5/6/7 TRISO Particles

Grant W. Helmreich
John D. Hunn

Darren J. Skitt

John A. Dyer

Austin T. Schumacher

June 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-2017/038

Fusion and Materials for Nuclear Systems Division

X-RAY ANALYSIS OF DEFECTS AND ANOMALIES
IN AGR-5/6/7 TRISO PARTICLES

BWXT Coater Batches 93164 — 93172

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

Austin T. Schumacher

Date Published: June 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-2017/038-R0O

CONTENTS
L0711 153 1L USRS iii
5] A0 0 ¥ 1 (T SRR v
5] A0 A I 1 o) U< SRS vi
F & (031171 U UUSSUSRRPS vii
ACKNOWIEAZMENLS. .....eiiiiieciieeeie ettt et e et e et e et e et e e steesnbeesnseeenseesnseesseeeneeenns viil
R 13 o1 11 o1 o) o USSP 1
2. Defective IPyC and Uranium DiSPerSION ........ccccveeriieriieniieniieeiie ettt eeeeesveeseeeseseesseeenneeennnens 2
3. Kernel ANOMALIES .......ccovieiiiiiiieeiie ettt ettt et e st e e tte e st e e snteesabeesnseesnseesnseeeseeennseesnsens 19
4. Coating ANOMALIES ......eiiiiiiiieeiie ettt et e et e e s te e st e s bee e tee e steeanteesaseesaneeenneeenees 24
TR 707317 L 13 T ) o USRS TSR 37
LT S () U 4 7 PSSR 38
APPENDIX A. Images of Particles with Uranium DiSpersion..........ccecceeeeveineenieenieenieeneeneeneeneens 39

iii



ORNL/TM-2017/038-R0O

LIST OF FIGURES

2-1. Tomographic cross-section of a particle with very minor uranium dispersion around the
kernel. The radiograph of this particle was below the visual standard for identifying

a particle as having Defective IPyC.........cociiiiiiiiiiiiiii e 4
2-2. Tomographic cross-section of a particle with uranium dispersion diffused partway into
the DUTTET LAYET. ...eiieiiee ettt e sttt e et e e eeeesnteesnbeesnnee s 5

2-3. Tomographic cross-section of a particle with uranium dispersion caused by a soot

inclusion between the buffer and IPyC layers. Note the crack through the IPyC

layer adjoining the SO0t INCIUSION. ...cceiriiiiiiiiiiiiiiiicec e 6
2-4. Tomographic cross-section of a particle with uranium dispersion caused by a soot

inclusion between the buffer and IPyC layers. Note the high-Z material in the [PyC

layer at the bottom of the particle. .........ooociiieiieriie e 7
2-5. Tomographic cross-section of a particle without an IPyC layer and with uranium

dispersion concentrated at the buffer/SiC interface. .........ccocoveveieriieniieiiie et 8
2-6. Low-resolution radiographs of particles with uranium dispersion out to the buffer/IPyC

interface (left) or partially through the buffer layer (right). ........cccooviiiiiiiiniiis 9
2-7. Low-resolution radiographs of particles with uranium dispersion out to the SiC layer,

indicating either a missing or severely compromised IPyC layer. ..........cccoccvvvcieriennnnnn. 10
2-8. Tomographic cross-section of a particle without an IPyC layer and with uranium

dispersion stopping about 60 pm from the kernel. ............cocceeeiiiiiiiiiiiie e, 11

2-9. Tomographic cross-section of a particle with an entirely compromised IPyC layer
(possibly mixed with a soot inclusion) that exhibits uranium dispersion out to the

NS (O ) USSP URPPRRPR 12
2-10. Tomographic cross-section of a particle with a very thin IPyC layer and uranium

dispersion concentrated midway through the buffer layer and near the IPyC................... 13
2-11. Tomographic cross-section of a particle with uranium dispersion near embedded

Kernel fragments. .......oooviiiiieiie et st ettt et ennes 14
2-12. Tomographic cross-section of a particle with uranium dispersion near embedded

fragments as well as the primary Kernel. .........ccocccoeviiiiiiiiiinniieee e 15
2-13. Tomographic cross-section of a particle with localized asymmetric uranium

dispersion and no indication of extra kernel material...........c..ccocerviiniiniinininicnicneee 16
2-14. Tomographic cross-section of a particle with localized asymmetric uranium

dispersion and no indication of extra kernel material...........c..ccocerviiriininininicnicneee 17
2-15. Observed fraction of particles with uranium dispersion in each batch separated by

classification of Uranium diSPEISION. ......cccueeriverrriierieesiieeieeeieeeteeeee e seaeeeteesaeeeneee s 18
3-1. Radiograph of a particle with a faceted kernel and a corresponding dimple in the

COALINE LAYCTS. ..vieriiieiiie ettt ettt e et e ettt e ettt et e st e esebeesnbeesbeeeseeessseesseesnseesseesnseenn 20
3-2. Radiographs of particles with notched Kernels. ..........cocceviiveiiiiiiieniieeeeee e 20
3-3. Radiographs of particles with irregular Kernels.........c..ccoceveeniiniiniiniinnnenneceeeeen 21
3-4. Radiographs of particles with severe dimples in their coating layers. ......c..ccocceveenieneenennnen. 22
3-5. Radiographs of particles with multiple kernels. ........c..ccocceviiniiniininineeeeeen 23
4-1. Tomographic cross-section of a particle with a very-thin buffer layer. .........c.cccoccocinviniinn 25
4-2. Tomographic cross-section of a particle with no buffer layer........c..ccoccoovinininininnnnenn 26
4-3. Tomographic cross-section of a particle without a SiC layer.........c..ccocevvivinvininicicnen 27
4-4. Tomographic cross-section of a particle with kernel migration. ............cccccocevviniiniinncnnenn 28
4-5. Radiograph of @ bare Kernel..........cocouiiiiiiiiiiiiiieeie et et s 29
4-6. Tomographic cross-section of a particle with high-Z material embedded in the OPyC

LS USSP 30

v



ORNL/TM-2017/038-R0O

4-7. Tomographic cross-section of a particle in which high-Z material has consumed a

portion of the OPyC and SiC [aYers.......cccevcuiieiiieriieeiiecieeciee st 31
4-8. Tomographic cross-section of a particle with high-Z material embedded in the

BUTTRr/IPYC INTETTACE. ....eieiiieiiieeieeeiee ettt sttt e et eesneeesnbeeenes 32
4-9. Tomographic cross-section of a particle with extra buffer and IPyC layers. ..........cccecueennen. 33
4-10. Tomographic cross-section of a particle with extra outer layers..........cccccoceevvenviriincnnenn 34
4-11. Tomographic cross-section of a particle with extra SiC and OPyC layers. ........c.cccoceeeueenee 35
4-12. Radiographs of particles without Kernels. .........cccooeviiiriiiiniiiiiiieeee e 36



ORNL/TM-2017/038-R0O

LIST OF TABLES

2-1. Results of Defective IPyC Analysis for AGR UCO compoOSites........ccceevuveereeenieerveerieeennnnn 18
3-1. Summary of kernel anomalies identified in each material batch.............ccoccenienininnnnnne. 19
4-1. Summary of coating anomalies identified in each material batch..........c..ccocccocininiinninnnn 24

vi



AGR
AGR-5/6/7
ATR
BWXT
CVD
DAM
INL
IPyC
OPyC
ORNL
PIP

QC
SiC
SOG
TRISO
uco
XRT

ACRONYMS

ORNL/TM-2017/038-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

Idaho National Laboratory

Inner pyrolytic carbon (TRISO layer)
Outer pyrolytic carbon (TRISO layer)
Oak Ridge National Laboratory
Product Inspection Plan

Quality control

Silicon carbide (TRISO layer)

Standard Operating Guideline
Tristructural-isotropic (coated particles)
Uranium carbide/uranium oxide mixture (fuel kernels)
X-ray tomography

vii



ORNL/TM-2017/038-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.

viii



ORNL/TM-2017/038-R0O

1. INTRODUCTION

Coated particle fuel batches J520-16-93164, 93165, 93166, 93168, 93169, 93170, and 93172 were
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 for other tests. 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-um-nominal-diameter spherical
kernels from BWXT lot J52R-16-69317 containing a mixture of 15.4%-enriched uranium carbide and
uranium oxide (UCO), with the exception of Batch 93164, which used similar kernels from BWXT lot
J521L-16-69316. The TRISO-coatings consisted of a ~50% dense carbon buffer layer with 100-um-
nominal thickness, a dense inner pyrolytic carbon (IPyC) layer with 40-um-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. Each 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 (e.g., 93164A). Secondary upgrading by sieving was performed on the
upgraded batches to remove specific anomalies identified during analysis for Defective IPyC, and the
upgraded batches were designated by appending the letter B to the end of the batch number (e.g.,
93165B). Following this secondary upgrading, coated particle composite J52R-16-98005 was produced
by BWXT as fuel for the AGR Program’s AGR-5/6/7 irradiation test in the INL ATR. This composite
was comprised of coated particle fuel batches J520-16-93165B, 93168B, 93169B, and 93170B.

Samples riffled from each upgraded TRISO batch were shipped to the Oak Ridge National Laboratory
(ORNL) for quality control (QC) acceptance testing and analysis. The procedures for the characterization
and qualification of the particles performed at ORNL are outlined in the ORNL Product Inspection Plan
for AGR-5/6/7 Coated Particle (AGR-CHAR-PIP-28, Hunn 2016). The fraction of particles with
Defective IPyC was determined for two subsamples riffled from each TRISO sample. The ORNL Data
Acquisition Method for Counting of TRISO Particles with Excessive Uranium Dispersion Inside SiC
(AGR-CHAR-DAM-47, Hunn 2013), provides the detailed procedures and requirements for the analysis
that was performed to determine the Defective IPyC fraction. Summaries of the Defective IPyC fractions
measured for each batch [Hunn et al. 2017a, Hunn et al. 2017b] and in the final composite [Helmreich et
al. 2017] are discussed in separate reports.

Additional analyses of the x-ray images obtained for determination of the Defective IPyC fraction were
performed to identify and quantify any other obvious microstructural anomalies in the TRISO-coated
particle samples. 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 discussed in this report.
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2. DEFECTIVE IPYC AND URANIUM DISPERSION

Particles with Defective IPyC are defined in the AGR-5/6/7 Fuel Specification (Marshall 2016). Several
variable properties of the IPyC layer are controlled by this specification (e.g. thickness, density, and
anisotropy); however, Defective IPyC is defined specifically to control particles with excessively
permeable IPyC as an attribute property. Excessively permeable IPyC is of concern for reactor operation
due to the potential for heavy metal dispersion in the IPyC (Petti et al. 2004, Hanson 2009). Since the
permeability of the IPyC layer is difficult to measure directly, the fuel specification prescribes counting of
particles with Defective IPyC based on the presence of excessive uranium dispersion into or through the
buffer, where excessive dispersion is determined based on a visual standard (Scheffel and Saurwein
2003). Gaseous HCI, a byproduct of the chemical vapor deposition process used for the SiC layer, can
infiltrate through permeable IPyC into the buffer region during the initial stages of SiC deposition. Once
HCl infiltrates the buffer layer, it can react with the kernel to disperse uranium into the coating layers,
particularly when particles are heated to 1800°C during the compact manufacturing process. While
particles with Defective IPyC may generally be identified by the presence of uranium dispersion, there are
other particle anomalies which may also result in uranium dispersion unrelated to the quality of the IPyC
layer, such as secondary kernel fragments embedding in the buffer layer. Particles with embedded kernel
fragments were observed in the AGR-5/6/7 TRISO particle batches as discussed below.

Identification of particles with Defective IPyC was completed as described in DAM-47 using the visual
standard for the degree of uranium dispersion that signifies a Defective IPyC layer that is provided in the
AGR-5/6/7 Fuel Specification. This procedure uses low-resolution radiographs, which are sufficient for
basic defect identification but are of limited use for further analysis due to both their resolution and their
nature as a singular two-dimensional projection of three-dimensional objects. Thus, high-resolution x-ray
tomography (XRT) was used to better understand the morphology of particles with Defective IPyC.
Individual particles identified by low-resolution radiography were selectively-removed from their Kapton
tape bulk radiography mounts and transferred to 1-mm-diameter polyimide tubes for XRT. This method
allowed for significantly higher throughput for the large number of particles that needed to be analyzed,
compared to the typical single-particle mounts used for high-resolution x-ray tomography, at an
acceptable cost of decreased image quality and increased reconstruction artifacts. Computed tomography
datasets for each particle were acquired using an Xradia MicroXCT x-ray microtomography system
according to the ORNL Standard Operating Guideline for the Xradia MicroXCT (ORNL-CHAR-SOG-
22, Helmreich and Hunn 2017).

Uranium dispersion was observed in three general classifications. The first classification of uranium
dispersion was particles in which uranium dispersed out from the kernel uniformly, terminating either
partway through the buffer layer or at the buffer/IPyC interface. This type of uranium dispersion has been
previously reported and is the basis of the visual standards used to determine if a particle should be
deemed to have Defective IPyC [Marshall 2016, Scheffel and Saurwein 2003]. In some cases, soot
inclusions were observed between the buffer and IPyC layers that were likely related to the apparent IPyC
permeability, while in others there was no observable direct cause for the Defective IPyC. Of the 115
particles with uranium dispersion which were observed across all batches of material, 35 were of this
type. Several examples of this uniform uranium dispersion into and through the buffer layer have been
analyzed by XRT. Figure 2-1 shows a particle in which very minor uranium dispersion was observed in
the buffer layer immediately adjacent to the kernel. Based on the visual standard in the AGR-5/6/7 Fuel
Specification for the identification of particles with Defective IPyC using low-resolution radiography, this
particle did not qualify as having excessive uranium dispersion, and thus was not counted as having
Defective IPyC. Figure 2-2 shows a particle with uranium dispersed partially through the buffer, which
met the visual standard for identification of Defective IPyC. Figure 2-3 and Figure 2-4 both show
particles in which soot inclusions between the buffer and IPyC layers led to significant uranium
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dispersion out to the buffer/IPyC interface. In Figure 2-3 a crack in the IPyC layer is evident adjacent to
the primary soot inclusion, while in Figure 2-4 there is high-Z material diffused into the IPyC layer with a
shape suggestive of a source from the outside of the IPyC layer. Note that in these tomographic cross-
sections there are some reconstruction artifacts which give the false appearance of local image texture.
These artifacts are a result of the inability of x-rays to penetrate the kernel and the limited number of
projections which were acquired for each tomographic dataset.

Of the 35 particles with Defective IPyC identified as having this uniform uranium dispersion in and
through the buffer layer, 10 featured uranium dispersion partially through the buffer and 25 featured
uranium dispersion out to the buffer/IPyC interface. Of those 25, 16 had identifiable soot inclusions,
while the remaining 9 may possibly have had soot inclusions which were not identifiable by low-
resolution radiography.
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Figure 2-1. Tomographic cross-section of a particle with very minor uranium dispersion around the kernel.
The radiograph of this particle was below the visual standard for identifying a particle as having Defective
IPyC.
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Reconstruction
artifacts

Figure 2-2. Tomographic cross-section of a particle with uranium dispersion
diffused partway into the buffer layer.
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Figure 2-3. Tomographic cross-section of a particle with uranium dispersion caused by a soot inclusion
between the buffer and IPyC layers. Note the crack through the IPyC layer adjoining the soot inclusion.
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Figure 2-4. Tomographic cross-section of a particle with uranium dispersion caused by a soot inclusion
between the buffer and IPyC layers. Note the high-Z material in the IPyC layer at the bottom of the particle.
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Figure 2-5. Tomographic cross-section of a particle without an IPyC layer
and with uranium dispersion concentrated at the buffer/SiC interface.

The second classification of uranium dispersion was particles in which the IPyC layer was either missing
or entirely compromised, resulting in uranium dispersion out to the inner edge of the SiC layer. Of the
115 particles with uranium dispersion which were observed across all batches of material, 27 were of this
type. The missing [PyC layer on these particles was identified based on XRT, which showed no visually
distinguishable IPyC layer and a layer thickness from the kernel/buffer interface to the inner edge of the
SiC consistent with only an intervening buffer layer being present, as shown in Figure 2-5. This issue of
missing IPyC layers on some particles was part of a larger observation of particles with either missing or
extra layers, as is discussed in Section 4. Particles in this classification of uranium dispersion were
counted as having Defective IPyC, since a missing or fully compromised IPyC layer will result in the
unacceptable permeability which the Defective IPyC specification seeks to control.
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Once some particles with missing IPyC were identified by XRT, further particles with missing IPyC were
distinguishable from particles with uniform uranium dispersion to the buffer/IPyC interface based on low-
resolution radiography. Figure 2-6 shows low-resolution radiographs for particles with uranium
dispersion into the buffer or to the buffer/IPyC interface. In both cases a dark ring corresponding to the
IPyC is distinguishable between the bright uranium dispersion and bright SiC layer. In contrast, Figure
2-7 shows low-resolution radiographs for particles with uranium dispersion all the way to the SiC layer,
which has been confirmed by high-resolution XRT to correspond to either a missing or highly abnormal
IPyC layer.

y ® ﬁ

Figure 2-6. Low-resolution radiographs of particles with uranium dispersion out to the
buffer/IPyC interface (left) or partially through the buffer layer (right).
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Figure 2-7. Low-resolution radiographs of particles with uranium dispersion out to the SiC layer,
indicating either a missing or severely compromised IPyC layer.

While this method was accurate in distinguishing some particles with missing IPyC, the range of uranium
dispersion behaviors associated with missing or highly abnormal IPyC included some particles which
would not necessarily be distinguishable from normal Defective IPyC particles based on low-resolution
radiography alone. For example, Figure 2-8 shows a particle with no apparent IPyC layer in which
uranium dispersion proceeded only partway through the buffer layer. The distribution of uranium
dispersion in this particle may be due to microstructural variations in the buffer layer. Fluctuations in
particle fluidization and coating rates may have resulted in the deposition of a relatively high density ring
in the buffer, which then prevented further dispersion of uranium. It is also possible that this particle had a
thin buffer layer, a coating anomaly discussion in Section 4, which resulted in the deposition of a thicker
and lower density IPyC layer. In this case, the uranium dispersion would mark the boundary between the
IPyC and buffer layers. Technical capabilities to determine the nature of the uranium dispersion in this
particle are available; however, it is beyond the scope of the current fuel qualification effort.

10
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bligue

15 o
kT R,

Figure 2-8. Tomographic cross-section of a particle without an IPyC layer and with
uranium dispersion stopping about 60 pm from the kernel.

Figure 2-9 shows a particle in which either a soot inclusions or a highly permeable IPyC layer is present,
but the layer is fully compromised and infiltrated by uranium dispersion. The nature of this abnormal
IPyC layer is not fully clear from the tomographic cross-section due to the pervasive uranium dispersion;
however, it appears more textured and porous than typical IPyC layers, potentially indicating that the
layer is abnormally low density. Finally, Figure 2-10 shows a particle with a very thin (~10-um-thick)
IPyC layer with an intervening soot layer between the IPyC and buffer. Once again, concentration of
dispersed uranium midway through the buffer layer may indicate microstructural variations within the
buffer layer, but determination of such is beyond the scope of the current work.

11
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Figure 2-9. Tomographic cross-section of a particle with an entirely compromised IPyC layer (possibly mixed
with a soot inclusion) that exhibits uranium dispersion out to the SiC layer.

12
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Figure 2-10. Tomographic cross-section of a particle with a very thin IPyC layer and
uranium dispersion concentrated midway through the buffer layer and near the IPyC.

Finally, the third classification of uranium dispersion was particles in which the dispersion was clearly
asymmetric, commonly associated with what appeared to be kernel fragments embedded in the buffer
layer. Of the 115 particles with uranium dispersion which were observed across all batches of material, 53
were of this type, of which many were identified to include embedded kernel fragments or multiple
kernels. Figure 2-11 and Figure 2-12 show particles in which embedded kernel fragments resulted in
localized asymmetric uranium dispersion near the fragments. In Figure 2-11 the embedded fragments
appear to be from an additional kernel, while in Figure 2-12 they may have fractured from the primary
kernel. Figure 2-13 and Figure 2-14 show particles in which localized asymmetric uranium dispersion
was observed, but no kernel fragments were observed. In these cases, it is possible that the high-Z
material identified as uranium dispersion is some other foreign material; however, determination of that
would require metallographic examination of the particles that is outside the scope of the current activity.
The localized nature of the uranium dispersion observed in these particles indicates that a mechanism

13
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other than IPyC permeability to HCl is likely the cause, since that would be expected to produce a more
uniform dispersion of uranium into the buffer.

500 um

Figure 2-11. Tomographic cross-section of a particle with uranium dispersion
near embedded kernel fragments.

14
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Figure 2-12. Tomographic cross-section of a particle with uranium dispersion
near embedded fragments as well as the primary kernel.

15
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500 um

Figure 2-13. Tomographic cross-section of a particle with localized asymmetric
uranium dispersion and no indication of extra kernel material.

16
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Figure 2-14. Tomographic cross-section of a particle with localized asymmetric
uranium dispersion and no indication of extra kernel material.

A programmatic decision was made to not count particles with asymmetric dispersion related to kernel
fracture and embedded fragments as Defective IPyC particles, based on interpretation of the intent of the
AGR-5/6/7 specification. As such, the J52R-16-98005 composite was determined to satisfy the specified
limits for Defective IPyC with a defect fraction of <7.6x10 at 95% confidence (Helmreich et al. 2017).
Including the particles with kernel fragments would have resulted in a defect fraction of <1.1x10™ , just
shy of satisfying the specification limit of 1.0x10™ without increasing the sample size to reduce the
binomial distribution statistical penalty. Either way, the defect population was unusually high compared
to previous AGR fuel composites (Table 2-1). Irrespective of whether it is related to higher-permeability
IPyC, the presence of dispersed uranium in the buffer layer may impact fuel performance and the results
of this study suggest that the presence of embedded kernel fragments and other forms of uranium
dispersion should be limited by the specification.

17
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Table 2-1. Results of Defective IPyC Analysis for AGR UCO composites

Irradiation Fuel Particles Number of particles Observed fraction  95% confidence limit
test composite analyzed with Defective IPyC ~ with Defective IPyC  on Defective [PyC

AGR-1 LEUO1-46T 49735 0 0 <6.1x107
AGR-1 LEU01-47T 49799 0 0 <6.1x107
AGR-1 LEUO01-48T 49555 0 0 <6.1x107
AGR-1 LEUO01-49T 49516 0 0 <6.1x107
AGR-2 LEU06* 63724 0 0 <4.8x10”
AGR-2 LEUO7* 63538 443 7.0x107 <7.6x107
AGR-2 LEU09 63525 0 0 <4.8x107

AGR-5/6/7 98005 241822 11 4.5x10° <7.6x10”

* AGR-2 Batches LEU06 and LEUQ7 were rejected due to high fraction of particles with exposed uranium. LEU0O7
was also rejected due to high Defective IPyC fraction.

While significant variation in the fraction of particles with uranium dispersion was found from batch to
batch, this variation was predominantly focused on particles with localized uranium dispersion. As shown
in Figure 2-15, the observed fraction of particles with missing IPyC or with symmetric uranium
dispersion typical of Defective IPyC was generally uniform from batch to batch, with some variation as
would be expected due to binomial sampling statistics. In contrast, the observed fraction of particles with
localized uranium dispersion varied significantly more from batch to batch, indicating that there may have
been differences in batch handling and production which were responsible, such as the presence of
fragments from fissured kernels or other foreign contaminants.

1.60E-04
1.40E-04
1.20E-04

1.00E-04

8.00E-05

6.00E-05

4.00E-05

2.00E-05 I I II
0.00E+00 l . .

93164A  93165A  93166A  93168A  93169A  93170A  93172A 98005

Observed Fraction

B Defective/MissingIPyC M Localized Dispersion

Figure 2-15. Observed fraction of particles with uranium dispersion in each batch
separated by classification of uranium dispersion.

18



ORNL/TM-2017/038-R0O

3. KERNEL ANOMALIES

While the primary objective of radiographic analysis of kernels from each batch was the determination of
Defective IPyC fractions, several additional particle anomalies were identified and catalogued in the
analysis process to glean additional information regarding each batch. These anomalies may be divided
into two sub-categories: kernel anomalies and coating anomalies. Kernel anomalies, which are discussed
in this section, were those in which there was an observation of either some irregularity in the kernel or an
irregularity in the coating layers known to result from kernel irregularities which may not have been
visible in the two-dimensional radiograph. Tabulation of these anomalies was complicated by the
influence of operator judgement to some degree. The identification of particles with Defective IPyC relies
on a well-defined visual standard, which ensures consistency across multiple operators. A similar
approach was implemented for identification of anomalies; however, variations in degree along with the
large numbers of anomalies identified made absolute consistency difficult in the case of kernel anomalies.
As such, quantitative comparison of the fraction of kernel anomalies found in each batch of material may
be of limited usefulness; however, a summary of the kernel anomalies identified in each batch of material
is given in Table 3-1. Note that the Total column in Table 3-1 is a total without repetition, as some

particles were identified as having multiple kernel anomalies.

Table 3-1. Summary of kernel anomalies identified in each material batch.

Severe

TRISO Dimple or . Notched Irregular .
Batch Sample Total Facet Dimple or Kernel Kernel Multi-Kernel
Facet
2812/119944 1135/119944 1808/119944  164/119944  6/119944
NN NPCII6A 75 34x102 ga6x10® NOTCOUMRd 507 1374007 5.00x10°
1634/121032  1474/121032 78/121032  82/121032
93165A NP-CI350 0% L 2onq02  NotCounted ")~ 6.79x10° 0/121032
1651/120474  1526/120474 95/120474  135/120474  1/120474
93166RA NP-CI338 17 102 1a7x102  NotCounted e 104 112x10°  8.30x10°
3381/120819 2895/120819  168/120819  122/120819  245/120819  23/120819
93168A  NP-CI369 ™) o1 102 2.40%107 1.39x10° 1.01x10° 2.03%107 1.90x10™
2610/122226 2288/122226  92/122226  81/122226  211/122226  5/122226
931694 NP-CI39L ) 14102 1.87x107 7.53%10™ 6.63x10™ 1.73x10° 4.09%10°
2332/119831 2135/119831  56/119831  60/119831  129/119831  2/119831
93170A NP-CI1402 " ros 102 178x10%  4.67x10*  501x10%  1.08x10°  1.67x10°
2098/121383 1822/121383  144/121383  66/121383  110/121383  4/121383
3IT2A NP-CI2L 7103 102 1.84x10%  1.19x10°  545<10%  9.09x10*  331x10°
03005 NP-C1498 4191241822 3806/241822 166/241822  113/241822  149/241822  6/241822
NP-C1504  1.73x107 1.57x107 6.86x10™ 4.67x10™ 6.16x10™ 2.48x107°

Reported fractions are the number of particles observed with a kernel anomaly (numerator) over the total number of
particles observed (denominator) followed by this observed fraction in scientific notation.

Most kernel anomalies involved deviations from roundness in the kernel. These could appear as a simple
facet (Figure 3-1), a localized notch (Figure 3-2), or more extensive irregular shapes (Figure 3-3).
Significant deviations from roundness were generally observed to result in dimples in the coating layers
which ranged from ordinary (Figure 3-1) to severe (Figure 3-4), and dimples were generally observed to
have a corresponding kernel anomaly. Since the low-resolution radiographs were limited to a single two-
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dimensional projection of the particles, it is likely that cases in which one was observed without the other
were due to the angle of the particle. As noted above, consistent classification of these defects was
challenging, particularly in borderline cases (e.g., a particle with only a slight dimple). Dimples in the
coating layers are a potential concern for fuel performance due to layer thinning in the center of the
dimple and stress concentration points around the perimeter. The degree of both concerns will be related
to the severity of the dimple, so dimples which were particularly severe were tabulated separately as they
may have an impact on fuel performance. The reference for what constituted a severe dimple was based
on the radiographs in Figure 3-4, in which dimples extend deeply into the particle or extend over a large
area of the particle surface in an abnormal shape.

Figure 3-1. Radiograph of a particle with a faceted kernel and a corresponding dimple in the coating layers.

Figure 3-2. Radiographs of particles with notched kernels.

20



ORNL/TM-2017/038-R0O

Figure 3-3. Radiographs of particles with irregular kernels.
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Figure 3-4. Radiographs of particles with severe dimples in their coating layers.
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Figure 3-5. Radiographs of particles with multiple kernels.

The final classification of kernel anomalies was particles with additional kernel fragments or multiple
whole kernels (Figure 3-5). As discussed in the preceding section, there were some particles in which this
extra material resulted in uranium dispersion into the buffer layer; however, there were also particles in
which the extra material did not result in dispersion. Particles with uranium dispersion around embedded
kernel material were counted as having asymmetric uranium dispersion, while particles without uranium
dispersion around embedded kernel material were not.
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4. COATING ANOMALIES

While the anomalies in the preceding section may be attributed primarily to variations in the kernel, the
anomalies discussed in this section are related to variations in the coating process. A summary of the
coating anomalies observed for each batch of material is given in Table 4-1. In general, coating anomalies
were less prevalent than kernel anomalies, and while kernel anomalies were generally related, coating
anomalies were essentially unique and individual occurrences.

Table 4-1. Summary of coating anomalies identified in each material batch.

TRISO Sl . Thin or Thin or Extra Missing I.(ernf':l Bare
Batch Missing Buffer =~ Missing SiC Layers Kernel Migration Kernel
93164A NP-C1364 ;/ e 3/ ad omioas 29 f/ it 0119944
93165A NP-CI350 é/ zléi(l)g_% 2/ ;éi?g% 0/121032 f%gi?g% 0/121032  0/121032
93166RA NP-C1358 é/ 3132‘1‘31 18(.)210231407'? f/ éég‘fgi 0/120474 ;/ 3138‘1‘3_‘2 0/120474
931684 NP-C1369 5/ 20815 YIS 07120819 0120819 0120819 0120819
93169A NP-CI391 219/614231202_? 113.(/)16231202_? J12208 022206 00122226 0122226
93170A  NP-C1402 225.619131803_} 225.(/)19131803_} é/ 31 ;2?316 0/119831  0/119831 f/ é;ffgls
931724 NP-Cl421 ;‘/3132335 2/5152(%35 0/121383  0/121383  0/121383  0/121383

98005 N Clecs 0241822 WEINE onaisn opaign (PRS0 221

Reported fractions are the number of particles observed with a coating anomaly (numerator) over the total number of
particles observed (denominator) followed by this observed fraction in scientific notation.

One notable result of the identification and analysis of other anomalies evident in the x-ray radiographs
was the detection of particles with a thin or missing buffer layer. This was particularly important because,
unlike some of the other observed anomalies that are also detected by other QC tests (e.g., missing SiC),
missing or thin buffer is only detected by the x-ray radiography analysis done during the Defective [PyC
QC test. The buffer layer is critical for fuel performance under irradiation, as it protects the IPyC from
fission product recoil and accommodates fuel kernel swelling. As such, it is probable that TRISO particles
without buffer layers will fail at a significantly higher rate under irradiation. Particles with missing buffer
were not initially counted in the first several samples of material analyzed as the anomaly had not been
identified at the time. Once significant numbers of particles exhibiting this anomaly were found in later
samples, a review of particles marked as odd but unclassifiable in the initial sample sets revealed some
particles without buffer. High-resolution x-ray tomography was performed on some of the particles
without buffer, showing that some of these particles in fact had a very-thin buffer layer (Figure 4-1),
while others had no buffer layer at all (Figure 4-2). After identification of this anomaly in the production
fuel batches, an additional sieving step was performed on batches 93165A, 93168A, 93169A, and
93170A using a 760um sieve to remove particles without a full buffer layer. These batches were then
blended to form Composite 98005. As shown in Table 4-1, no particles with thin or missing buffer were
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found in the composite, indicating that the additional sieving step was very effective in removing this
anomaly.

Figure 4-1. Tomographic cross-section of a particle with a very-thin buffer layer.
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Figure 4-2. Tomographic cross-section of a particle with no buffer layer.
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500 um

Figure 4-3. Tomographic cross-section of a particle without a SiC layer.

Another coating layer anomaly involving a missing or abnormal layer was particles with thin or missing
SiC, as shown in Figure 4-3. The SiC layer is the primary structural layer and a critical diffusion barrier
for some of the fission products, such as cesium, that are not well retained by the kernel or the carbon
layers; therefore, the absence of this layer is significant. Leach-burn-leach (LBL) analysis will identify
particles with missing SiC during the post-burn leaching and they are controlled by the specified limit on
the Defective SiC fraction, so their identification here is for information only. A missing SiC layer may
be expected to result in particle rejection during sieving; however, this particle had a slightly larger than
normal kernel and a thicker than normal buffer layer, resulting in a total particle diameter only slightly
smaller than the average.
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500 um

Figure 4-4. Tomographic cross-section of a particle with kernel migration.

Other particle anomalies which would be identified during LBL include those classified as Kernel
Migration (Figure 4-4) and Bare Kernels (Figure 4-5), both of which would release uranium during the
pre-burn leaching; these are controlled by the specified limit on the exposed kernel fraction. The observed
behavior in the particles with kernel migration was directly related to the impact fracture damage to the
TRISO coatings that has been identified as the primary cause of the high exposed kernel fraction in the
AGR-5/6/7 fuel batches. The broken TRISO coating allows CO gas to escape resulting in an unimpeded
reaction between the UO, in the kernel and the surrounding carbon layers during the 1800°C heat
treatment used to simulate compact heat treatment and produce measurable uranium dispersion in
particles with Defective IPyC prior to x-ray radiography. As the kernel consumes carbon, it can migrate
through the buffer and IPyC layer.
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Figure 4-5. Radiograph of a bare kernel.
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500 um

Figure 4-6. Tomographic cross-section of a particle with high-Z material embedded in the OPyC layer.

Whereas most embedded kernel fragments were found in the buffer layer near the primary kernel, as
discussed in Section 2, several particles were found which included high-Z material (assumed to be kernel
fragments) embedded further away from the kernel in the coating layers. Two particles where identified
with apparent kernel fragments embedded in the OPyC (Figure 4-6 and Figure 4-7). These particles would
be identified during the preburn leach stage of the LBL analysis and contribute to the dispersed uranium
fraction. However, as such they would not be counted as an attribute property or recognized as individual
defective particles. In addition, one particle was found with multiple kernel fragments embedded in the
buffer/IPyC interface (Figure 4-8). While these particles were not included in Table 4-1, they indicate that
kernel fragments were present during coating well past initial buffer deposition.
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500 um

Figure 4-7. Tomographic cross-section of a particle in which high-Z material has
consumed a portion of the OPyC and SiC layers.
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Figure 4-8. Tomographic cross-section of a particle with high-Z material
embedded in the buffer/IPyC interface.
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500 um

Figure 4-9. Tomographic cross-section of a particle with extra buffer and IPyC layers.

While some anomalous particles were missing layers, a small number were coated with additional layers,
including extra buffer and [PyC layers (Figure 4-9) or extra outer layers (Figure 4-10 and Figure 4-11).
Several of these particles were identified throughout the coated particle batches analyzed, but it is
possible that more were present which were not identified. Particles with extra buffer and SiC layers were
identifiable in low-resolution radiographs due to either a significant increase in particle diameter (extra
buffer), or a significant increase in x-ray attenuation (extra SiC). In contrast, particles with extra IPyC or
OPyC layers would not necessarily be identifiable in low-resolution radiographs as the increase in particle
diameter would be within the range of normal variation, and the increase in attenuation would be
negligible. It is known whether these anomalous particles would have a negative impact on fuel
performance, and structural analysis to determine their impact is beyond the current scope of work.
Related anomalous particles which consisted of TRISO coatings on soot or other non-kernel material
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(Figure 4-12) would not impact fuel performance because of the lack of any fission product generating
material.

500 wm

Figure 4-10. Tomographic cross-section of a particle with extra outer layers.
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500 um

Figure 4-11. Tomographic cross-section of a particle with extra SiC and OPyC layers.
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™

Figure 4-12. Radiographs of particles without kernels.
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5. CONCLUSION

The analyses called out in the ORNL Product Inspection Plan for AGR-5/6/7 Coated Particles, PIP-28,
was completed as part of the acceptance testing of BWXT TRISO-coated particle Batches 93164A,
93165A, 93166RA, 93168A, 93169A, 93170A, 93172A and BWXT TRISO-coated composite 98005.
During this analysis, particles with uranium dispersion that is a marker for Defective IPyC layers were
identified along with several other particle anomalies based on low-resolution radiography. Further
analysis was performed on these particles using high-resolution x-ray tomography to provide additional
information regarding the nature of these defects and anomalies.

Particles with uranium dispersion were classified into three categories: relatively symmetric dispersion
out to the buffer/IPyC interface that was assumed to be related to abnormally-permeable IPyC, dispersion
due to particles with a missing or structurally-defective IPyC layer, and localized dispersion due to
embedded kernel fragments. The variation in the observed fraction of particles with uranium dispersion in
each batch was found to be primarily due to kernel-fragment related dispersion, indicating the importance
of minimizing the presence of kernel fragments during the coating process. Particles with localized
uranium dispersion were not counted as having Defective IPyC when determining whether the AGR-5/6/7
fuel composite (J52R-16-98005) satisfied the specified limit on the Defective IPyC fraction. This was
based on the understanding that the source of this dispersion was distinct from HCl infiltration of
abnormally-permeable IPyC layers which the Defective IPyC specification seeks to control. However, the
presence and population of particles with embedded kernel fragments was recorded as it may impact
understanding of the performance of the fuel during the irradiation test and subsequent safety testing.

A wide range of particle anomalies were identified and inspected as an added-value analysis during the
x-ray radiography primarily performed for determination of the Defective IPyC fraction. Several of the
observed anomalies are of importance for fuel performance. Particles were identified with missing buffer
layers, missing IPyC layers, and missing SiC layers. Particles with a missing buffer layer are likely to fail
during irradiation due to kernel swelling. Secondary upgrading on batches selected for the composite used
for the AGR-5/6/7 fuel compact fabrication was effective in removing these defects. Particles with
missing IPyC layers were found to result in significant uranium dispersion. Particles with missing SiC
layers are a source of defects identified by leach-burn-leach analysis. These particles with missing layers,
as well as particles with extra layers or embedded fragments of TRISO layers from other particles,
indicate that particles are exiting and entering the active coating region of the fluidized-bed chemical
vapor deposition furnace in an unpredictable manner during the deposition of TRISO coating layers.

Several anomalies were identified which were related to fragmented or fissured kernels. These irregular
kernels sometimes led to severe dimpling of the coating layers, creating stress-concentration points which
may lead to fuel failure. In addition, loose kernel fragments during coating were found to be embedded in
the buffer layer, sometimes leading to uranium dispersion, or in the other coating layers, which would
result in partial kernel inventories of leached uranium in the LBL analysis. Other anomalies which were
identified are useful as a feedback to particle fabrication, but are not expected to affect fuel performance.
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APPENDIX A. Images of Particles with Uranium Dispersion

Note: Low-resolution radiographs sharing a page with high-resolution tomographic projections are of the
same particle.

Al. Particles from sample NP-C1349 of BWXT coating batch J520-16-93164A
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A2. Particles from sample NP-C1350 of BWXT coating batch J520-16-93165A
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A3. Particles from sample NP-C1364 of BWXT coating batch J520-16-93164A
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A4. Particles from sample NP-C1358 of BWXT coating batch J520-16-93166RA
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AS. Particles from sample NP-C1369 of BWXT coating batch JS20-16-93168A
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A6. Particles from sample NP-C1391 of BWXT coating batch JS20-16-93169A
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A7. Particles from sample NP-C1402 of BWXT coating batch J520-16-93170A
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AS8. Particles from sample NP-C1421 of BWXT coating batch J520-16-93172A
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A9. Particles from sample NP-C1498 of BWXT coating batch JS2R-16-98005

77



ORNL/TM-2017/038-R0O

78



ORNL/TM-2017/038-R0O

79



ORNL/TM-2017/038-R0O

80



ORNL/TM-2017/038-R0O

) it o8
e |

81



ORNL/TM-2017/038-R0O

82



ORNL/TM-2017/038-R0O

o

83



ORNL/TM-2017/038-R0O

84



ORNL/TM-2017/038-R0O

A10. Particles from sample NP-C1504 of BWXT coating batch J52R-16-98005
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