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1. INTRODUCTION

This status report provides the background and current status of a series of irradiation capsules that were
designed and are being built to test the interactions between candidate FeCrAl cladding for enhanced
accident tolerant applications and prototypical enriched commercial UO; fuel in a neutron radiation
environment. These capsules will test the degree, if any, of fuel cladding chemical interactions (FCCI)
between FeCrAl and UO,. The capsules are to be irradiated in the Advanced Test Reactor (ATR) at Idaho
National Laboratory to burn-ups of 10, 30, and 50 GWd/MT with a nominal target temperature at the
interfaces between the pellets and clad of 350°C.

2. DESCRIPTION OF IRRADIATION CAMPAIGN

FeCrAl alloys are proving to be an attractive material class for enhanced accident tolerance applications
due to their excellent environmental compatibility, including high temperature steam oxidation [1-3], and
predictable radiation tolerance [4,5]. Given this, a matter of concern is the possibility for fuel-cladding
chemical interactions (FCCI) between FeCrAl and UO; in a typical clad-fuel fuel-pin configuration. FCCI
has been shown to weaken cladding in other clad-fuel systems during operation leading to pre-mature
failure of a fuel-rod at lower stresses than expected by simple uniaxial tensile tests. In order to assess the
extent of FCCI between the FeCrAl-UO, clad-fuel system, a systematic irradiation campaign that uses the
Advanced Test Reactor (ATR) housed at Idaho National Laboratory (INL) has been launched.

The irradiation campaign will use a simplified diffusion-couple style miniature test rodlet that promotes
constant contact between clad “coins” and fuel “discs” followed by post-irradiation examination (PIE).
The constant contact between the fuel and clad will enable the highest degree of FCCI to occur over the
course of the irradiation tests and hence represents a worst-case-scenario testing condition. Three different
burn-ups have been selected for the test: 10, 30, and 50 GWd/MT. These three burn-ups will cover the
initial expected lifespan of a FeCrAl-UO, fuel rodlet with the 10 GWd/MT rodlet allowing for rapid
assessment of early on-set FCCI. All irradiations will be performed to mimic light water reactor (LWR)
conditions, and hence the nominal target temperature at the clad-fuel interface is 350°C. A summary of
the experimental test matrix is provided in Table 1.

Table 1. FCCI rodlet test matrix

Desired Irradiation Conditions: e
Fuel ' Initial
Fuel . Cladding Nominal target Burn-up # of
Enrichment tem
perature at Rodlets
interface (°C) (GWA/MT)
Commercial | 950, | FeCrAl candidates 350 10 1
[8[6))
Commercial | 950, | FeCrAl candidates 350 30 1
[8[6))
ComU“gmal 4.95% | FeCrAl candidates 350 50 1
2




To meet the desired test matrix in Table 1, a rodlet assembly has been designed. The assembly uses
machined fuel “discs” that have been enriched to a nominal value 4.95% U-235. These fuel discs are
mated on the top and bottom to candidate FeCrAl cladding “coins” to form the diffusion-couple-like
experiment. A retention ring encircles the mated clad-fuel “sandwich” that prevents radial swelling of the
fuel and ensures continuous contact of the fuel and clad during the irradiation. This sub-assembly is
nicknamed the “H-cup” assembly. Each sub-assembly is repeated vertically within the rodlet enabling
multiple candidate claddings to be evaluated in a single experiment. Passive SiC thermometry discs are
also included to verify as-built simulated temperatures have been reached during irradiation. The
complete rodlet assembly is shown schematically in Figure 1. The rodlet assembly will be placed in its
own SS304L capsule preventing any coolant water interactions with the test specimens. As-fabricated
parts of the ‘H-cup’/sample coins and SS304L capsule are shown in Figure 2.

Silicon Carbide Thermometry Disk
(-290" OD x .039" Thk)

H-Cup Assembly
Qnty 13

Silicon Carbide Thermometry Disk

304 SST End Cap
(.290" OD x .039" Thk)

Zirconia Insulator Disk

SST Wave Spring (.290" OD x .125" Thk)

304 SST Rodlet Tube

304 SST End Cap

Figure 1. Schematic of ORNL FCCI-ATF rodlet. Image courtesy of Nate Oldham (INL).
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Figure 2. a) “H-cup” piece parts and engraved sample coins, b) SS304L stainless steel capsule
containment.




The fuel discs were manufactured by INL using commercial pellet fuel stock from a single batch. The
result is all fuel discs are nominally the same composition. Fuel discs, or slices, were fabricated by
performing multiple transverse slices through individual fuel pellets, followed by polishing to provide a
mirror like surface on the mating sides. After polishing, the UO, fuel slices had flatness and parallelism
below 0.0001 inches. Following polishing, individual discs were glued together with Macor™ end slices
and then ground down to the final design dimension of 0.249 inches using a centerless grinder. The
Macor™ endcaps were used to eliminate edge chipping during the grinding process. The finished slices
were extracted from the glued assemblies by dissolving the glue in acetone. A picture of finished fuel
slices is provided in Figure 3.

Figure 3. Image of finished UO; fuel slices after final processing.
Image courtesy of Glenn Moore (INL).

Five base alloys were selected for the FeCrAl cladding coins: C35M3, C37M, B135Y3(SG),
B135Y3(LG) and commercial APMT. The C-designated alloys are Generation II FeCrAl alloys designed
to have increased high temperature strength compared to the earlier Generation I B-series FeCrAl alloys.
Two different versions of B135Y3 will be studied. Both will have identical composition but the thermo-
mechanical processing varies between the two versions such that one has larger grain sizes (LG)
compared to the base heat, which has comparably small grains (SG). Varying the initial grain size prior to
irradiation will enable evaluation of the role of grain boundaries on any FCCI in the FeCrAl-UO, clad-
fuel system. Use of both B-series and C-series alloys will provide an assessment on the role of minor
alloying elements (primarily Mo) on the mechanisms for FCCI. APMT, which is a high-Cr commercial
FeCrAl alloy, is included in the test matrix to assess its performance in comparison to that of lean-Cr
alloys (B and C-series alloys). Table 2 provides the chemical compositions of the alloys to be studied in
the test.

A subset of the clad samples to be irradiated in the ATR have been pre-oxidized prior to capsule
assembly. Sub-sets of C35M3 alloy samples went through two different pre-oxidation steps, one sub-set
being done at 1000°C for 2 h and the other sub-set completed at 800°C for 2 h. The logic behind the
different oxidation temperatures was to study the effect of different oxide growth and thicknesses on the
potential FCCI. It is predicted that the 1000°C pre-oxidation in air will form a fully coherent a-Al,O;
oxide whereas lower temperatures may not. Additionally, the remaining B and C-series alloys were also
pre-oxidized at 1000°C. The result is that all alloys except the APMT alloy will be irradiated in both the
bare metal state (as-machined) and a pre-oxidized state. All manufacturing of clad coins was completed
by a single outside vendor to limit differences due to variances in manufacturing practices. Pre-oxidation
was carried out at Oak Ridge National Laboratory (ORNL) with pre- and post- oxidation masses recorded
for each specimen. After specimen preparation, all samples were cleaned and visually inspected. Samples
which did not meet the rigorous quality standards of the program were removed from the sample set for
irradiation. Each sample was laser etched to provide a unique sample identity. Laser engraving is used to
reduce ridging along the engraving path. Identification marks were placed on the single side of clad coins
that were not polished to mirror finish by the manufacturer. The laser marking scheme can be found in
Table 3.



Table 2. Candidate FeCrAl cladding coin compositions in weight percent.

ID

Composition B135Y3

wt% C35M3 C3™™ (SG/LG) APMT
Fe 79.43 77.49 81.72 69.01
Cr 13.06 13.01 12.96 21.64
Al 5.31 7.22 5.22 4.93
Y 0.053 0.081 0.064 0.120
Mo 2 1.99 <0.01 2.77
Si 0.13 0.19 <0.01 <0.001
Nb <0.01 <0.01 0.01 0.02
C 0.001 0.001 0.004 0.0300
Zr <0.01 <0.01 <0.01 0.1
Hf <0.01 <0.01 <0.01 0.16
S <0.0003 <0.0003 0.0011 <0.001
0O 0.0012 0.0026 0.0025 0.0494
N 0.0003 0.0002 0.003 0.0504
Ce <0.01 <0.01 <0.01 <0.01
Co <0.01 <0.01 <0.01 0.02
Cu <0.01 <0.01 <0.01 0.04
La <0.01 <0.01 <0.01 <0.01
Mn <0.01 <0.01 <0.01 0.1
Ni <0.01 <0.01 <0.01 0.12
P 0.007 0.004 0.007 0.01
Ti <0.01 <0.01 <0.01 0.02
\% <0.01 <0.01 <0.01 0.04
W <0.01 <0.01 <0.01 <0.01
B <0.0003 <0.0003 <0.001 <0.0003

Table 3: Specimen ID marking for specimens for irradiation testing.

ISDp'ii Sp;;ipnéen Mcaf)e(;'ei:al Condition ISDp'ii Sp;;ipnéen Mcaf)e(;'ei:al Condition

CAXX | disc C35M3 | As-machined | | CTXX | disc C35M3 Pi%'g(’)‘jg‘fz;d’
TAXX | disc C37M | As-machined | | CXXX | disc casms | Preoxidized,
AAXX | disc APMT | As-machined | | LTXX | disc | BI35Y3(LG) Pﬁ'&’)‘(}g‘fzid’
LAXX | disc | BI35Y3(LG) | As-machined | | STXX | disc | BI135Y3(SG) Pﬁ'&’)‘(}g‘fzid’
SAXX | disc | BI35Y3(SG) | As-machined | | 7TXX | disc cam | Preoxidized

** “XX” denotes where a serial number would be inserted




Capsules are planned for insertion into the ATR in the northeast lobe of the ATR in the I-21 irradiation
position. It is estimated in this position the average linear heat generation rate (LHGR) will be 142 W/cm
corresponding to power density numbers similar to those of a typical LWR UO, fuel pellet. Based on the
LHGR, it is anticipated that the irradiation will take 980 effective full power days (EFPD) to reach the
final set-point of 50 GWd/mTU. Due to variations in the axial flux profile in the ATR, an axial thermal
gradient is expected within each test capsule. To compensate for the axial gradient, two radial gaps (.001
inch and .002 inch) between the SS304L housing and H-cup will be used. Furthermore, due to the heat
removal path of the specimens, some radial temperature profile is expected across the clad-fuel interfaces.
The predicted design temperatures at the radial center (central node) of the coin specimens varies in the
axial direction between 304°C and 381°C. The temperature at the outer surface (outer node) of the coin
specimens (where the assembly contacts the retention ring) is expected to vary in the axial direction
between 295 and 362°C. Based on the thermal models, Table 4 provides the per capsule temperature
profiles and final loading list prior to irradiation. Each rodlet-capsule configuration will have a unique
identifier associated with it. These identifiers are ATF-73, ATF-74, and ATF-75 for the 10 GWd/mTU,
30 GWd/mTU, and 50 GWd/mTU rodlets, respectively.

Table 4: Per capsule loading list and expected node temperatures during irradiation.

Capsule Central Outer Material
Position Gap (in.) | Node (°C) Node (°C) Code Condition

la 0.001 381 360 | C35M3 As-machined

1b 0.001 C35M3 As-machined

2a 0.001 C35M3 Pre-oxidized, 800°C/2h
2b 0.001 C35M3 Pre-oxidized, 800°C/2h
3a 0.001 379 362 | C35M3 Pre-oxidized, 1000°C/2h
3a 0.001 C35M3 Pre-oxidized, 1000°C/2h
4a 0.001 C37M Pre-oxidized, 1000°C/2h
4b 0.001 C37M Pre-oxidized, 1000°C/2h
Sa 0.001 C37M As-machined

Sb 0.001 C37M As-machined

6a 0.001 APMT As-machined

6b 0.001 APMT As-machined

Ta 0.001 376 360 | B135Y2(LG) As-machined

7b 0.001 B135Y2(LG) As-machined

8a 0.002 B135Y2(SG) As-machined

8b 0.002 B135Y2(SG) As-machined

Oa 0.002 B135Y2(LG) Pre-oxidized, 1000°C/2h
9b 0.002 B135Y2(LG) Pre-oxidized, 1000°C/2h
10a 0.002 B135Y2(SG) Pre-oxidized, 1000°C/2h
10b 0.002 B135Y2(SG) Pre-oxidized, 1000°C/2h
11a 0.002 357 341 | C35M3 Pre-oxidized, 1000°C/2h
11b 0.002 C35M3 Pre-oxidized, 1000°C/2h
12a 0.002 C35M3 Pre-oxidized, 800°C/2h
12b 0.002 C35M3 Pre-oxidized, 800°C/2h
13a 0.002 C35M3 As-machined

13b 0.002 304 295 | C35M3 As-machined




Prior to loading the irradiation capsules, each specimen and sub component were dimensionally
inspected. Samples will then be loaded into the “H-cup” sub-assemblies and then loaded into the
individual SS304L outer housings. Care will be taken to record the location of each sample within the
rodlet to enable easier PIE after irradiation. After loading, the capsules will be sealed with a
circumferential electron beam weld followed by leak testing to verify the hermeticity of the weld.
Capsules will then be back filled with He to provide proper thermal heat transfer within the entire
irradiation rig. Final inspection will include hydrostatic testing and full rodlet radiography to confirm the
quality of the welds, structural integrity, and the condition of the internal components prior to shipment
and insertion into ATR.

3. STATUS OF IRRADIATION CAMPAIGN

The finished rodlets are anticipated to be completely fabricated and shipped to INL for ATR insertion no
later than August 1%, 2016. After receiving the finished rodlets, INL will perform the necessary
inspections to verify the operational tolerances and quality of the build. Rodlets will then be matched to
proper stainless steel outer capsules to complete the final fabrication of the irradiation test assemblies.
During this time, an as-built data package for the test assemblies will be completed. This work will
culminate into shipment of the test assemblies to ATR no later than the end of the US fiscal year 2016
(FY16) barring no significant change in cycle lengths/timing of the ATR.

All rodlets (ATF-73, ATF-74, and ATF-75) are anticipated to start irradiation in cycle 160B of the ATR.
Cycle 160B is slated for full power operation starting on 10/4/2016 with completion on 12/2/2016 at the
time of this report. The northeast lobe power is estimated at 21 MW. Capsule ATF-73 will run in ATR
midway through FY17. With this schedule, PIE can begin during FY17-FY 18 to determine the initial low
burn-up effects of FCCI on candidate FeCrAl cladding. All other rodlets will run substantially longer,
with ATF-74 running through FY19 and ATF-75 running past the currently published operational
schedule for the ATR. A summary of the notional ATR cycle schedule and northeast lobe power is
provided in Table 5.



Table 5: Notional cycle information for ATR out to FY20.

Outage Press-Up Full Power NE lobe

power

Cycle Start Finish Start Finish Start Finish (MW)
158B-1 1/2/16 1/30/16 1/30/16 2/10/16 2/10/16 4/1/16 19.0£1.0
160A-1 5/13/16 6/22/16 6/22/16 6/29/16 9/27/16 10/4/16 21.0+1.0
160B-1 8/26/16 9/27/16 6/29/16 26-Aug 10/4/16 12/2/16 21.0+1.0
162A-1 1/6/17 Feb-17 2/22/17 2/28/17 2/28/17 4/28/17 23.0£1.0
162B-1 4/28/17 5/24/17 5/24/17 5/30/17 5/30/17 7/28/17 14.0 £ 2.0
164A-1 8/18/17 9/25/17 9/25/17 10/1/17 10/1/17 11/24/17 14.0 +2.0
164B-1 11/24/17 12/21/17 12/21/17 12/26/17 12/26/17 2/23/18 14.0 +2.0
166A-1 4/9/18 5/30/18 5/30/18 6/4/18 6/4/18 7/27/18 14.0 +2.0
166B-1 7/27/18 9/19/18 9/19/18 9/24/18 9/24/18 11/23/18 14.0 £ 2.0
168A-1 12/31/18 1/30/19 1/30/19 2/4/19 2/4/19 3/29/19 16.0 +2.0
168B-1 3/29/19 4/24/19 4/24/19 4/29/19 4/29/19 6/28/19 16.0 £1.0
170A-1 8/12/19 9/11/19 9/11/19 9/16/19 9/16/19 11/1/19 18.0 £2.0
171A-1 11/1/19 11/20/19 11/20/19 11/25/19 11/25/19 1/17/20 18.0 £2.0
173A-1 3/2/20 8/22/20 8/22/20 8/27/20 8/27/20 10/19/20 18.0 +2.0

[4]

[5]
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