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1. INTRODUCTION

1.1

1.2

1.3

Background

The Advanced Reactor Technologies (ART) Technology Development Office (TDO) at
Idaho National Laboratory (INL) includes the Advanced Gas Reactor (AGR) fuel
development and qualification program that consists of fuel fabrication, experiment
irradiations, post-irradiation examination (PIE) and safety testing to assess tristructural
isotropic (TRISO) fuel performance during normal irradiation and under potential
accident conditions. Advanced microscopy work on selected AGR-1 and AGR-2
unirradiated and irradiated fuel specimens is performed as part of the PIE effort. PIE
work on fuel from the first experiment irradiation, AGR-1, began at INL in April 2010,
and AGR-2 PIE began at INL in July 2014. This work scope includes University of
Florida (UF) performing advanced electron microscopy examination and analysis using
facilities at the Center for Advanced Energy Studies (CAES), INL or UF’s electron
microscopy facility. Electron microscopic examination and analysis may include
scanning transmission electron microscopy (STEM), transmission electron microscopy
(TEM), selected area diffraction (SAD), electron energy loss spectroscopy (EELS) and
electron dispersive spectroscopy (EDS) on the fuel kernels of TRISO-coated fuel
particles. The electron microscopy lamellae will be provided by INL and will be available
at CAES.

Purpose/Objectives

UF will continue to perform advanced electron microscopic examination and analysis of
lamellae from the neutron-irradiated uranium oxycarbide (UCO) kernels and the kernel-
buffer interlayer. Characterization techniques will be expanded to include Atom Probe
Tomography (APT) and a state-of-the-art STEM microscope (FEI ChemiSTEM). Work
will focus on determining fission product precipitate location, chemical compositions of
fission product precipitates and the fuel kernel, and micro- and nanostructures. Baseline
characterization on the lamellae from unirradiated kernel and kernel-buffer interlayers
may also be included, although results from work performed by Los Alamos National
Laboratory (LANL) and INL on unirradiated kernels can be used as a baseline and
unirradiated reference.

Anticipated Benefits

The anticipated results from the UF work scope will contribute to the knowledge of fuel
kernel response to different burnups and fuel fabrication processes. The results will also
be compared against those from similar microscopy performed on other specimens from
the same experiments at other facilities. Advanced electron microscopy results may be
used as part of a UF PhD candidate’s experimental project with the INL TRISO fuel
advanced microscopy lead as a PhD supervisor. At least one journal publication will be
prepared during this contract’s timeframe.

2. APPLICABLE CODES AND REFERENCES

ASME NQA-1-2008/-1a-2009, “Quality Assurance Requirements for Nuclear Facility
Applications™

PLN-2828, “AGR-1 Post-Irradiation Examination Plan,” March 2010, Rev. 1
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PLN-4616, “AGR-2 Post-Irradiation Examination Plan,” December 2013, Rev. 0

3. SCOPE
3.1 Work to Be Performed
3.1.1 Microscopic Examination

Representatives from INL may elect to be present during the electron
microscopy examinations at CAES. UF shall perform the examination, analyze
the results, and issue a report for each lamella or series of lamellae describing
the procedure used, the equipment used, analysis of the results obtained, and
the findings as related to fission product precipitate locations, kernel structure,
chemical composition and the items described earlier in this document as well
as in Table 1.

Based on the results from the previous study performed in FY2017, three work
thrusts will be executed to conclude the investigations on the irradiated TRISO
fuel kernels:

a. Perform multiple EDS spectrum mapping on the items 1 to 3 in Table 1 (8
lamellae examined by mainly point and/or line EDS analysis in FY2017 of
Particles AGR2-223-RS06, AGR1-632-034 and AGR1-433-004) and item 4
(three unexamined TEM lamella from Particle AGR2-222-RS036) for
obtaining multi-scale information on the spatial distribution of U, O, C and
select fission products. Conduct detailed selected area diffraction of targeted
areas within different lamellae. For each lamella, at least two areas of interest
(AOISs) should be surveyed. For the isolated product precipitates, a spot EDS
spectrum and selected area diffraction or micro-diffraction (at least two near
zone axis) should be obtained.

b. APT studies should be conducted on tips prepared from Particle AGR1-433-
004 lamellae. To date, there is no reported data of the APT measurements on
irradiated UCO fuel kernels. This pioneering work would provide more
accurate measurement of the chemical composition of the fission products
precipitates. The exact content of each isotope of a given element in a
precipitate can also be obtained. The APT tip specimens will be selectively
prepared from the TEM lamellaec where possible. However, if it is deemed
not practical to use the TEM lamellae for APT tip fabrication, APT tips will
be prepared from the mounted TRISO-coated particles, already available at
Electron Microscopy Laboratory (EML), at relevant locations identified from
previous research information as determined by the project Pls.

¢. More advanced EDS studies using the FEI Titan with ChemiSTEM at the
Irradiated Materials Characterization Laboratory (IMCL) at INL will be
conducted as it is expected the facility access will be granted through a
submitted rapid turn-around experiment (RTE) proposal. The study will
combine the techniques of high resolution Z-contrast imaging, EDS spectral
mapping with a super sensitivity and a fast speed, and selected area
diffraction/micro-diffraction. The TEM lamellae will be re-thinned for better
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3.2

3.1.2

3.1.3

3.14

3.1.5

STEM image and diffraction, and if needed, new specimens will be prepared
from the fuel Particles AGR2-223-RS06 and AGR1-632-034.

Procedures and Lessons Learned

Procedures used and lessons learned from previous high-resolution
transmission electron microscopy (HRTEM) examinations at INL and LANL
will be used during the examination of these specimens. Previous draft reports,
presentations and results will be made available at start of the contract.

Number of Examinations to Be Performed

Focused lon Beam (FIB) lamellae listed in Table 1 will be examined or further
examined as part of this work scope. Additional TEM specimens and APT tips
will be prepared from selected fuel particles as described in 3.1.1. Depending
on the results obtained, the INL advanced microscopy lead may direct further
investigation be performed on particular specimens. Decisions will be made
jointly between UF representatives and the INL advanced microscopy lead as to
the extent of additional investigation and additional specimens to be examined.
UF will prepare preliminary monthly PowerPoint slides for INL to support
monthly and quarterly report input.

Period of Performance

The work by UF at CAES, UF and INL facilities is expected to be performed
during the November 2017 through September 2018 timeframe.

Disposition of Lamellae

INL will dispose of the lamellae once the research work and PhD thesis is
complete and awarded or as determined by the INL advanced microscopy lead.

Work Excluded

3.2.1

PhD thesis

Full completion of PhD thesis during the timeframe November 2017 to
September 2018 is excluded. Only the experimental work as indicated in
Table 1 is included.



AN

)M uoneIoqe[[od ur ‘suonejuasard pue sioded ‘(s)1rodas pajerdajur TNJ Ul pasn 9q Aew SO[QRIDAI[OP A} Ul pajtodal s3Nsal Ay [, “}9BIUOD SIY) Jopun
J[QBIDAI[OP B JOU ST YOIYM ‘FUunLIm SISOy} o) Surmp aoe[d axe; [[us [[I4 pue pajo[dwod 9q J0u Aetl UOTL)oIdIdUI [[NJ JBY) POOISIdPUN ST I “SUOISN[OUOD
pue uonejordiojur Areurwuroid se [[om se uoneurexd AdoJSOION UOLOI[S O} SULINP PAUTLIqO SINSAI Y} [[8 pN[oul [[Im 310daT ATRUIUI[OI] 4

810¢
Isn3ny pue g1 Arenuel paprwuqns Jaded

(90S¥-€TT-TAOV
PUe $€0-2€9- 14DV sojonted usomioq uosuedwod e A[[enuajod nq ‘siosiazadns qud

INI PU€ ] U09M)Oq JUSWAAIFE A[[enntl )M POULIFUOD 9q 0} SJUIU0D) J[O1Ie [euInol ouo 3sedf 1y

(preme

9€0SY-CTC-TIDV 2dired

(pouruIldp 9q 0, pLID)
¢ - 03 2} . .
8107 *s1 oquoidog anp | ALAANSE %wﬁmg% (VINIA %9°T1) ; <ze weduwo)
((0) 1°1°¢ yder3ered ur paquIdSIP SANIANOY) JE—_N gy - 00N dsc wno
7€0-CTE9- 1DV PUE 90SU-€CT-TIDV C Lonen ((D0091) pa1sey
nejuosaid yeiq

So[onIed Jo SIsATeue S uonn[osal ySryq K1918S) PaIsal A19JBS 7-YDV b
1€ dqeIdAIP( Y00-CEV- 1DV 9]onIed
orep onp 10dar (1 puD)
810T ‘0€ A anp | Areurwnpard mun Agjuow (pa1sa) Aoges) € ¢-¢- 10edwo)
((@) 1'1°¢ yder3ered uoneuasaxd yyeiq 00N A9E JUNO

U PaqLIdSIP SARIANOY JHOANY 00 ((D0091) PAs3 A1338S) 1-YOV | €

- 9[oTIRJ UO JUSWIAINSBIUL =co-

€y 1DV d[d1Ied uo} 2 oEﬁohMM apep onp yodar P €0-C¢9 ﬁmw<%~~o%www
! Areurwraxd [un Ajypuow Oom 4 7-6-0 106dWO7) pe Emoz

2107 ‘0 YOIRIA o0 uoneyuasaid yeiq IOV -
((e) 1°17°¢ yder3ered ur paqridsap 90SY-£TT-TIDV donIed
SONIANOY) 9E0SY-TTC-TUOV PUB ‘Y00 9yep anp jodar ( %801 (1 puD)
-€EV-TYOV ‘VE0-CEI-TUYDV ‘90SY-€TT-2HOV | Areurwurjoxd [nun Agyuow VNI %801 € ¢-7-T yedwo)
s9)a13ed uo wodoy qvs pue dewr g uonejuasald yeiq oon LO JUNON

11 dIqeIAIPR( [4:9)4 !

B[[oWeT Jo
e ARAIP( 10doy . Areuruip.ag SI[QBIIAIR( WLIIUY adA ], ejpowey Amuend) uondrsaq Wy

uoneurwexd AdodsoIoIu U0IOI[d PIOUBAPE JQJJNQ PUB [OUIY [9NF OSIY.L 10 S[1eIdp de[[owe] [ J[qel.

01J0 g a3ed LTOT/SO/TT  :@1B(T 9ATORYH
I “UOISIADY
818€£1-MOS 1oL USP]

SINHNIIAIXH ¥OV WOUA
STANYHN TN H'IIILYVd AALVOD OSTI.L
JO NOILLAGTHLSIA LONd0Odd NOISSIH ANV
HANLOAYLS A'TVOS ONVN/OYDIN HH.L
NO NOLLVIAVIYHI NOYLNAN 40 SLOHAAH

(01 "A9Y) 60°T1H W0

£10jeI0qRT [RUOIIEN OYep]




Form 412.09 (Rev. 10)

Idaho National Laboratory

EFFECTS OF NEUTRON IRRADIATION ON |Identifier: SOW-13818
THE MICRO/NANO SCALE STRUCTURE  |Revision: 1
AND FISSION PRODUCT DISTRIBUTION OF | pefoctive Date:  11/03/2017 Page 9 of 10
TRISO COATED PARTICLE FUEL KERNELS
FROM AGR EXPERIMENTS

3.3

Requirements
3.3.1 Environmental

Work will be performed in accordance with applicable CAES and INL
requirements.

3.3.2 Safety and Health
Work will be performed in accordance with applicable CAES and INL

requirements.
34 Quality Assurance
Work performed at INL and CAES will be in accordance with an approved CAES and
INL Quality Assurance program to NQA-1-2008/-1a-2009. Electron Microscopy
performed at UF will be reviewed and approved by the INL Advanced Microscopy Lead.
The quality level for this work is QL-3.
3.5 Place of Performance
The work scope identified in this SOW will be performed at the Electron Microscopy
Laboratory at CAES, IMCL or UF.
3.6 Interfaces
Interfaces will be between INL and UF technical representatives.
3.7 Miscellaneous
3.7.1 Presentations and Reports
Preparation of presentations, reports for publication, and travel will be included
within this work scope in order to share the results. This will be charged to the
appropriate activity as approved by the INL advanced microscopy lead. All
data, reports, and/or presentations related to this activity must be reviewed and
approved by the INL advanced microscopy lead or a designee prior to issuance
or distribution.
4. DELIVERABLES
UF will prepare and issue the reports at the dates indicated in Table 1. These reports shall
describe the examinations performed, the procedures used, the equipment used, the observations
made, analyses performed, and results obtained.
All raw data (including but not limited to images and chemical analyses) will be provided to INL
electronically in addition to the reports described above.
Preliminary PowerPoint presentations will be sent to INL to support monthly and quarterly report
input.
5. SCHEDULE AND MILESTONES

See the deliverables due and dates for submittal to INL in Table 1.
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6. COMPLETION CRITERIA AND FINAL ACCEPTANCE

Reports will be reviewed and approved by the INL advanced microscopy lead. All comments
made during review of the reports will be incorporated into the report or rationale provided for
not including them.

7. APPENDIXES

None.

8. ATTACHMENTS

None.
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