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SUMMARY

A systematic study of H. B. Robinson (HBR) high burnup spent nuclear fuel (SNF) vibration integrity
was performed in Phase I project under simulated transportation environments, using the Cyclic
Integrated Reversible-Bending Fatigue Tester (CIRFT) hot cell testing technology developed at Oak
Ridge National Laboratory in 2013-14. The data analysis on the as-irradiated HBR SNF rods
demonstrated that the load amplitude is the dominant factor that controls the fatigue life of bending rods.
However, previous studies have shown that the hydrogen content and hydride morphology has an
important effect on zirconium alloy mechanical properties. To address the effect of radial hydrides in SNF
rods, in Phase Il a test procedure was developed to simulate the effects of elevated temperatures,
pressures, and stresses during transfer-drying operations. Pressurized and sealed fuel segments were
heated to the target temperature for a preset hold time and slow-cooled at a controlled rate. The procedure
was applied to both non-irradiated/prehydrided and high-burnup Zircaloy-4 fueled cladding segments
using the Nuclear Regulatory Commission-recommended 400°C maximum temperature limit at various
cooling rates.

Before testing high-burnup cladding, four out-of-cell tests were conducted to optimize the hydride
reorientation (R) test condition with pre-hydride Zircaloy-4 cladding, which has the same geometry as the
high burnup fuel samples. Test HR-HBR#1 was conducted at the maximum hoop stress of 145 MPa, at a
400°C maximum temperature and a 5°C/h cooling rate. On the other hand, thermal cycling was performed
for tests HR-HBR#2, HR-HBR#3, and HR-HBR#4 to generate more radial hydrides. It is clear that
thermal cycling increases the ratio of the radial hydride to circumferential hydrides. The internal pressure
also has a significant effect on the radial hydride morphology. This report describes a procedure and
experimental results of the four out-of-cell hydride reorientation tests of hydrided Zircaloy-4 cladding,
which served as a guideline to prepare in-cell hydride reorientation samples with high burnup HBR fuel
segments.

This report also provides the Phase Il CIRFT test data for the hydride reorientation irradiated samples.
The variations in fatigue life are provided in terms of moment, equivalent stress, curvature, and equivalent
strain for the tested SNFs. The CIRFT results appear to indicate that hydride reoriented treatment (HRT)
have a negative effect on fatigue life, in addition to hydride reorientation effect. For HR4 specimen that
had no pressurization procedure applied, the thermal annealing treatment alone showed a negative impact
on the fatigue life compared to the HBR rod.
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1. INTRODUCTION

Hydrogen embrittlement of zirconium alloys is a growing concern in the United States because of the lack
of a long-term solution for disposal of spent nuclear fuel (SNF). Normal operation of nuclear fuel in a
reactor results in the formation of a waterside corrosion layer (oxide) and the introduction of hydrogen
into the zirconium cladding via the reaction 2H,0 + Zr — ZrO, + 4H. With increasing corrosion, the
hydrogen concentration in the cladding will exceed its terminal solid solubility, and brittle zirconium
hydrides (Zr + 2H — ZrH,) may precipitate as the cladding cools. The formation of these hydride
precipitates causes cladding ductility and failure energy to decrease [1, 2] and increases the likelihood of
failure during very long-term storage and/or transportation of SNF. However, failure because of
embrittlement is highly dependent upon the microstructural condition, especially the orientation of the
zirconium hydride precipitates.

Under pool-storage conditions after fuel is discharged from reactors, the precipitated hydride platelets are
oriented in a circumferential direction. Circumferential hydrides—in combination with hardening caused
by irradiation effects—will decrease cladding ductility in response to axial and hoop loads; however, even
with circumferential hydrides, the cladding still retains some ductility. At elevated temperatures during
drying-transfer operations, some of the hydrogen may go into solution (up to 200 wppm at 400°C). The
pressure-induced cladding tensile hoop stress during drying-transfer operations is high relative to in-
reactor and pool-storage conditions. During cooling under tensile hoop stress, some of the dissolved
hydrogen will precipitate in the radial direction across the cladding wall when the hoop stress is
sufficient. Further cooling during storage may result in radial-hydride-induced embrittlement. This was
confirmed by some recent research [3-7] that featured hydrided Zircaloy-4 cladding and high burnup
zirconium alloy samples that were exposed to a tensile hoop stress from the internally pressurized
cladding at ~ 400°C—conditions similar to drying operations of the SNF.

The objective of the program is to collect experimental data on hydride reorientation testing of HBR
Zircaloy-4 high burnup fuels under simulated drying operation conditions of the SNF. This report
describes a procedure and test results of out-of-cell hydride reoriented tests of hydrided HBR cladding;
that procedure will be used as a guideline for preparing in-cell hydride reorientation samples with high
burnup fuel segments. This report also provides the Phase Il CIRFT test data for the hydride reorientation
samples.



2. MATERIALS, EQUIPMENT, AND TEST METHODS

2.1 Description of Cladding Material and High-Burnup Fuel
Segments

The out-of-cell experiments were conducted with unirradiated, 15 x 15 pressurized water reactor (PWR)
Zircaloy-4 cladding material provided by AREVA,; the material has dimensions, oxygen content, and
mechanical properties similar to those of the HBR cladding. After the cladding was received by Oak
Ridge National Laboratory (ORNL), measurements were performed to determine the outer diameter (OD)
and wall thickness. Table 1 summarizes the dimensions and chemical compositions of the unirradiated
AREVA-provided clad (similar to HBR clad) compared with the nominal commercial Zircaloy-4 cladding
alloys.

Table 1. Dimensions and chemistry of H. B. Robinson (HBR) type Zircaloy-4
used in the Oak Ridge National Laboratory test program (--- = below the detection limit)

Parameter

15 x 15 Zircaloy-4
HBR-type cladding®

Nominal composition of
commercial Zircaloy-4"°
cladding alloys

Outer diameter, mm

10.76

10.72

Wall thickness, mm

0.76

0.617

Tin, wt %

1.29+0.1

Niobium, wt %

Oxygen, wt %

0.120

Iron, wt %

Chromium, wt %

Nickel, wppm

Sulfur, wppm

Carbon, wppm

Hafnium, wppm

Silicon, wppm

Nitrogen, wppm

Hydrogen, wppm

#0ORNL data based on AREVA lots received in 2014.
PASTM B811. Source: M. C. Billone, T. Burtseva, and Y. Yan. “Overview of Spent Nuclear Fuel

Program: Test Plan and High Burnup Cladding at ANL,” NRC Program Review Meeting, Argonne
National Laboratory, Argonne, IL, July 7, 2010.

‘ORNL/TM-9591/V1&R1, “Physical and Dccay Characteristics of Commerical LWR Spent Fuel,

January 1986.




Irradiated materials used in the ORNL test program are high-burnup HBR PWR fuel rods received by
ORNL in 2008. They were from a 15 x 15 assembly of the HBR plant Unit 2 [8] that was operated for
seven cycles and reached a rod-average burnup of 67 GWd/MTU (73 GWd/MTU peak pellet). The fuel
enrichment is 2.90%. The nominal fuel pellet dimensions are 9.06 mm diameter x 9.93 mm height, and
the active fuel height is 3.66 m. The cladding is cold-worked/stress-relieved Zircaloy-4, measuring
10.77 mm OD and 9.25 mm inner diameter (ID), with a nominal tin content of 1.42%. The rods were
pressurized with helium to 2.0 MPa during initial fabrication. A detailed description of the as-fabricated
cladding, the irradiation history, and the nondestructive testing results (eddy current, profilometry,
fission-gas release, etc.) is provided in a 2001 Electric Power Research Institute report [8].

Irradiated HBR fuel used in the ORNL test program is summarized in Table 2. Detailed characterization
was performed to determine the fuel morphology, fuel-cladding bond, corrosion layer, and hydride
morphology. Figure 1 shows a low magnification image of the fuel morphology, which reveals the typical
reactor start-up and shut-down cracks.

Table 2. Characteristics of high-burnup H. B. Robinson fuel rods
for the Oak Ridge National Laboratory hydride reorientation test*

Parameter H. B. Robinson
Reactor Pressurized water reactor
Enrichment, wt % 2.90

Rod average burnup, GWd/MTU 63-67

Discharge date 1995

Fast fluence, 10% n/m? 14

Cladding 15 x 15 Zircaloy-4
Initial wall thickness, mm 0.76

Outer diameter oxide, um <100

Hydrogen pickup, wppm <800

Fueled Yes




Fig. 1. High-burnup H. B. Robinson fuel morphology for Sample 607D4A.

2.2 Equipment for Sample Preparation

Hydride reorientation tests were conducted with 152-mm-long Zircaloy-4 cladding samples (see Table 1
for cladding geometry), which were hydrogen charged for a target hydrogen concentration of 300 wppm.
After hydrogen charging, the hydrided samples were subject to hydride reorientation to simulate dry cask
storage drying conditions, which consists of a high pressure piping system and test chamber within a
programmable crucible furnace. The hydrided sample was sealed (end-cap welded) at one end and
connected to the high pressure piping system within the test chamber at the other end. The piping system
was used to internally pressurize the sample to cause a hoop stress ranging up to 150 MPa.

The hydriding apparatus consists of a closed stainless steel tube that contains zirconium alloy specimens
and hydrogen gas, as shown in Fig. 2. The tube is heated to facilitate hydrogen absorption by the metal.
By controlling the initial hydrogen gas pressure in the vessel and the temperature profile, hydrogen
concentration can be processed selectively. A typical pressure and temperature profile is shown in Fig. 3.
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Fig. 3. A typical pressure and temperature profile of the hydrogen charging process.
An Astro Arc Polysoude welder (see Fig. 4) was used for automatic orbital welding of the cladding. A

circular movement of the welding torch/electrode around fuel cladding, controlled by the welder power
source, creates an orbital weld. This welder can be operated remotely with manipulators in a hot cell.



Fig. 4. An Astro Arc Polysoude tubing welder.

2.3 Hydride Reorientation System

The reorientation system consists of a high pressure piping system and test chamber within a
programmable crucible furnace (see Fig. 5). The system was installed into the hot cell in FY16.
Calibrations and benchmark tests were performed with unirradiated materials. For each experiment, a 6-
in.-long specimen was welded with two end plugs, with one end sealed and the other end connected to the
high-pressure piping system within the test chamber. The test chamber was purged with pure argon gas in
order to remove air and moisture contents, and then the sample was internally pressurized to cause a hoop
stress ranging from 0 to 150 MPa [5]. Pressurized samples were subjected to a preprogrammed
temperature profile for up to five cycles, with each cycle being heated to 400°C, held for 2 hours, and
slow-cooled/heated (1°C/min) to 170°C; the final cycle cooled from 170°C to room temperature (RT).
Hoop stress was calculated using values r = 4.62 mm for inner radius and t = 0.76 mm for the wall
thickness of the HBR Zircaloy-4 cladding.



(b)

Fig. 5 The hydride reorientation system (a) before and (b) after installed into the hot cell.



3. MATERIALS HYDRIDING AND CHARACTERIZATION

The Zircaloy-4 cladding samples were hydrogen charged by the gaseous method, as described in Sect. 2.
Gas charging was conducted under stress-free conditions. The target hydrogen concentrations can range
from tens to a few thousand weight parts per million. The most important ranges for licensing and
modeling real reactor fuel are usually less than 1,000 wppm. For this work, the Zircaloy-4 was hydrided
to a target concentration of 300-400 wppm, which is similar to hydrogen content of HBR high burnup
cladding to be tested in a hot cell.

Metallographic examinations were performed on hydrided Zircaloy-4 samples. As shown in Fig. 6, the
hydride density increases as the hydrogen concentration in the sample increases. Hydrogen measurements
indicated the hydrogen content of the specimens shown in Fig. 6 range from 70 to 320 wppm.

~ 240 wppm ~ 320 wppm

Fig. 6. Micrographs showing typical, uniform circumferential hydride distributions
in hydrogen charged Zircaloy-4.



4. OUT-OF-CELL HYDRIDE REORIENTATION TESTING

To optimize the in-cell test condition, four out-of-cell hydride reorientation tests with hydrided HBR
cladding were performed. The out-of-cell test results have provided a guideline to in-cell hydride
reorientation procedures with high burnup HBR fuel segments.

4.1 HR-HBR#1, 145 MPa at 400°C, one cycle

A hydride reorientation (HR) test HR-HBR#1 on a hydrided 15 x 15 Zircaloy-4 was conducted at the
maximum hoop stress of 145 MPa and the hold temperature T = 400°C. Total test time was over 72 hours.
After fabrication, the specimen was assembled into a holder within the furnace for heating to 400°C, held
at 400°C for 2 hours, cooled at 5°C/h to 170°C, then cooled at a faster rate from 170°C to RT. The
internal pressure was dynamically monitored with a digital pressure transducer.

Figure 7 shows the temperature and pressure history for a drying-storage simulation experiment
conducted with a 2 h hold time and one-cycle cooling. The plotted temperature is a thermocouple reading
near the specimen surface. The drying simulation also is referred to as radial hydride treatment in this
work.

Figure 8 shows the hydride morphology of Sample HR-HBR#1 with hydrogen content H ~ 274 wppm.
The specimen was sectioned at the midplane of a 6-in.-long sample. The radial hydrides can be observed
clearly. The maximum length of radial hydrides is about 50-60 pum, as they often are terminated when
intersecting with circumferential hydrides. Figure 9 includes micrographs taken in eight areas in different
circumferential directions of Sample HR-HBR#1, which shows that hydrides are uniformly distributed in
circumferential directions.

Time vs. Pressure and Temperature
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Fig. 7. Pressure and sample temperature as a function of time for Test HR-HBR#1.
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Fig. 8. High magnification micrograph showing radial hydrides of Sample

HR-HBR#1 with hydrogen content H =~ 274 wppm.
The specimen was sectioned at the midplane of a 6-in.-long sample.
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Fig. 9. Radial hydride distribution shown in eight areas in different circumferential directions of Sample HR-HBR#1.
The specimen was sectioned at the midplane of a 6-in.-long sample.
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4.2 HR-HBR#2, 145-150 MPa at 400°C, five cycles

Test HR-HBR#2 was conducted on a hydrided 15 x 15 Zircaloy-4 at the maximum hoop stress of

145 MPa and the target hold temperature T = 400°C. However, thermal cycling was performed to
increase the radial hydrides. After fabrication, the specimen was assembled into a holder within the
furnace for heating to target temperature 400°C, held for 2 hours, cooled at 1°C/min to 170°C, and then
heated at 1°C/min to target hold temperature 400°C again for five cycles. The sample was furnace cooled
from 170°C to RT for the last cycle. Figure 10 shows the temperature and pressure history for
HR-HBR#2. The plotted temperature is a thermocouple reading near the specimen surface.

Figure 11 shows the hydride morphology of Sample HR-HBR#2 with hydrogen content H = 286 wppm.
The specimen was sectioned at the midplane of a 6-in.-long sample. The radial hydride can be observed
clearly. The maximum length of the radial hydride is about 50-60 pm, similar to HR-HBR#1. However,
the density of radial hydrides in HR-HBR#2 is much higher than the density in HR-HBR#1, mainly
because of multithermal cycles. Figure 12 shows radial hydride distribution in eight areas in different
circumferential directions of Sample HR-HBR#2.
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Fig. 10. Pressure and sample temperature as a function of time for Test HR-HBR#2.
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Fig. 11. High magnification micrograph showing radial hydrides of Sample HR-HBR#2 with hydrogen
content H = 286 ppm. The specimen was sectioned at the midplane of a 6-in.-long sample.
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Fig. 12. Radial hydride distribution shown in eight areas in different circumferential directions of Sample HR-HBR#2.
The specimen was sectioned at the midplane of a 6-in.-long sample.
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4.3 HR-HBR#3, 100 MPa at 400°C, five cycles

Test HR-HBR#3 was conducted on a hydrided 15 x 15 Zircaloy-4 at the maximum hoop stress of

100 MPa and the hold temperature T = 400°C. After fabrication, the specimen was assembled into a
holder within the furnace for heating to 400°C, held at 400°C for 2 hours, cooled at 1°C/min to 170°C,
and then heated at 1°C/min to 400°C again for five cycles. The sample was furnace cooled from 170°C to
RT for the last cycle. Figure 13 shows the temperature and pressure history for HR-HBR#3. The plotted
temperature is a thermocouple reading near the specimen surface.

Figure 14 shows the hydride morphology of Sample HR-HBR#3 with hydrogen content H = 310 wppm.
The specimen was sectioned at the midplane of a 6-in.-long sample. The radial hydrides can be observed
clearly in Figure 14. The maximum length of the radial hydride is < 30 um. The radial hydride ratio of
HR-HBR#3 also is lower than HR-HBR#2. Figure 15 shows radial hydride distribution in eight areas in
different circumferential directions of Sample HR-HBR#3.
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Fig. 13. Pressure and sample temperature as a function of time for Test HR-HBR#3.
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Fig. 14. High magnification micrograph showing radial hydrides of
Sample HR-HBR#3 with hydrogen content H =~ 310 ppm.
The specimen was sectioned at the midplane of a 6-in.-long sample.
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Fig. 15. Radial hydride distribution shown in eight areas in different circumferential directions of Sample HR-HBR#3.
The specimen was sectioned at the midplane of a 6-in.-long sample.

17



4.4 HR-HBR#4, 120 MPa at 400°C, five cycles

Test HR-HBR#4 was conducted on a hydrided 15 x 15 Zircaloy-4 at the maximum hoop stress of

120 MPa and the hold temperature T = 400°C. After fabrication, the specimen was assembled into a
holder within the furnace for heating to 400°C, held at 400°C for 2 hours, cooled at 1°C/min to 170°C,
and then heated at 1°C/min to 400°C again for five cycles. The sample was furnace cooled from 170°C to
RT for the last cycle. Figure 16 shows the temperature and pressure history for HR-HBR#4. The plotted
temperature is a thermocouple reading near the specimen surface.

Figure 17 shows the hydride morphology of Sample HR-HBR#4 with hydrogen content H = 312 wppm.
The specimen was sectioned at the midplane of a 6-in.-long sample. The radial hydride can be observed.
The maximum length of the radial hydride is < 30 um. The radial hydride ratio of HR-HBR#4 also is
lower than the ratio of HR-HBR#2. However, the radial hydride ratio of HR-HRB#4 is higher than that of
HR-HRB#3 because of the higher pressure. Figure 18 shows radial hydride distribution in eight areas in
different circumferential directions of Sample HR-HBR#4.

Time vs. Pressure and Temperature
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Fig. 16. Pressure and sample temperature as a function of time for Test HR-HBR#4.
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A .--.- o : ! . i ey .

Fig. 17. High magnification micrograph showing radial hydrides of Sample HR-HBR#4 with hydrogen
content H = 312 ppm. The specimen was sectioned at the midplane of a 6-in.-long sample.
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Fig. 18. Radial hydride distribution shown in eight areas in different circumferential directions of Sample HR-HBR#4.
The specimen was sectioned at the midplane of a 6-in.-long sample
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5. DISCUSSION

The terminal solid solubility (TSSd) of hydrogen in Zircaloy is shown in Fig. 19 [9- 11]. The solubility
limit is very low at room temperature (< 10 wppm is soluble), and ~ 200 wppm is soluble at 400°C
according to the phase diagram for the zirconium—hydrogen binary system [12, 13]. Therefore, when the
furnace is cooled from an elevated temperature to RT, the hydrogen precipitates as a hydride in hydrided
cladding samples. In fact, the hydrided Zircaloy-4 is a composite material that consists of a ductile matrix,
a-Zr, and brittle second-phase hydrides. It was found that radial hydrides can be formed under a hoop
tensile stress when the cladding sample is pressurized internally [3-6].

In this work, the hydrided tubing samples have been pressurized internally to produce a hoop stress up to
150 MPa to form radial hydrides using the hydride reorientation system (see Sect. 4). Tests HR-HBR#1
and HR-HBR#2 indicate that multithermal cycling will increase the ratio of radial hydrides under the
same maximum temperature and maximum internal pressure. In addition, our test results of Tests
HR-HBR#2 through HR-HBR#4 reveal that the ratio of radial hydrides decreases as the internal pressure
decreases when the temperature and pressure profiles remain the same.

Our goal is to investigate the impact of radial hydrides on high burnup fuel cladding ductility, for which
we need to produce a reasonably high percentage of radial hydrides within the cladding by the hydride
reorientation tests. The out-of-cell tests are very important to support planning of the in-cell hydride
reorientation tests, as it establishes a test procedure and provides a guideline for in-cell test conditions.
Based on the four out-of-cell tests, we decided to start our in-cell hydride reorientation test under the
same test conditions of Test HR-HBR#2 to maximize the radial hydride condition.
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300
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E
&
-
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Fig. 19. Terminal solid solubility for dissolution (TSSd) of hydrogen in Zircaloy.
(Sources: [1] J. J. Kearns, “Terminal Solubility and Partitioning of Hydrogen in the
Alpha Phase of Zirconium, Zircaloy-2 and Zircaloy-4,” Journal of Nuclear Materials 22
[1967]: 292. [2] A. McMinn, E. C. Darby, and J. S. Schofield, “The Terminal Solid
Solubility of Hydrogen in Zirconium Alloys,” Zirconium in the Nuclear Industry: 12th
International Symposium, ASTM STP 1354, p. 173-195 [2000].)
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6. CIRFT EVALUATIONS OF HBR FUEL FOR HYDRIDE
REORIENTATION STUDY

6.1 Overview of CIRFT Evaluations and Results for HBR Fuel Rods

Rod segments, measuring 6 in. long, for CIRFT evaluations were prepared from five HBU HBR SNF

rods. Specimen labels and corresponding segment IDs are given in Table 3.

ORNL completed 24 tests in FY 2013 and FY 2014. Fifteen tests were dedicated to dynamic testing

conditions with amplitudes ranging between 5.08 and 35.56 Nm. Several tests were run at amplitudes
below 8.89 Nm over tens of millions of cycles, and the specimens did not show any sign of failure, so
these tests were stopped.

Table 3. Specimen labels used for HBR SNF

Spec ID ORNL ID Endcap A Endcap B Seg. ID Note
S1 S1 S1-A S1-B 606C3C

S2 S2 S2-A S2-B 605D1E

S3 Dcal Dcal-A Dcal-B 609C5

S4 Scal Scal-A Scal-B 609C6

D1 DL1 DL1-A DL1-B 607C4B

D2 DL2 DL2-A DL2-B 608C4B

D3 DL3 DL3-A DL3-B 605C10A

D5 DM2 DM2-A DM2-B 605D1B

D4 DM1 DM1-A DM1-B 605D1C

D6 DH1 DH1-A DH1-B 609C4

D7 DH2 DH2-A DH2-B 609C3

D8 DM3 DM3-A DM3-B 606C3E

D9 DH3 DH3-A DH3-B 609C7

D10 S5 S5-A S5-B 606C3A

D11 R1 R1-A R1-B 607C4A

D12 R2 R2-A R2-B 608C4A

D13 R3 R3-A R3-B 606B3E

D14 R4 R4-A R4-B 606B3D

D15 R5 R5-A R5-B 606B3C

D16 S3 S3-A S3-B 605D1F

Demol Demol Demol-A Demol-B 606B2

HR1 HR1 HR1-A HR1-B 607D4C FY 2016
HR2 HR2 HR2-A HR2-B 607D4A FY 2016
HR3 HR3 HR3-A HR3-B 608D4A FY 2016
HR4 HR4 HR4-A HR4-B 608D4C FY 2016
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6.2 FY 2016 PHASE Il CIRFT HR Test Results (Appendix A)
6.2.1 Hydride Reorientation Test Samples Preparation

Four CIRFT evaluations were completed on the HBR specimens with hydride reoriented treatment
(HRT), 145 MPa hoop stress, 170 to 400°C, five cycles in FY 2016. Bending amplitudes ranging from
10.16 and 16.26 Nm were tested. One of the HBR HRT specimens (HR2) was tested under static
conditions, however the specimen survived the static loading without failure and was then tested under
dynamic loading, as will be discussed. Due to a welded endcap leak, only thermal heat treatment was
applied to the HR4 sample.

The sample preparation for the hydride reorientation (HR) project is detailed below.

e The HBU HBR fuels under simulated drying operation conditions of the SNF were used for the
HR testing study. Based on out-of-cell benchmark HR tests with hydrided HBR Zircaloy-4
cladding, four in-cell tests were conducted with HBU HBR fuel samples subjected to hydride
reorientation at approximately 145 MPa at 400°C.

e The HBR fuel samples for HR tests were prepared in the irradiation fuel examination laboratory.
After the samples were sectioned into 6 in.-long pieces, the surface oxide layer and fuel material
were removed from both ends to a depth of approximately 0.5 in. Endcaps were welded at both
ends, and the HBR fuel specimens were then pressurized with argon gas at a maximum hoop
stress level of 145 MPa and a target hold temperature (T = 400°C). Thermal cycling was
performed to increase the radial hydrides. All in-cell tests had the same temperature profiles. Fig.
20 shows the temperature history of the first in-cell HR test, HR1, with a HBU HBR sample.

Temperature profile for HR-1 (607D4C)
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Fig. 20. Sample temperature as a function of time for in-cell HR test HR-1.

e The hydride-reoriented samples were subjected to CIRFT testing at room temperature to evaluate
the materials performance after hydride reorientation. After the tests were completed in the
CIRFT, the specimens were examined to verify the radial hydrides had been generated. Fig. 21
shows the hydride morphology of hydride-reoriented sample HR1. The hydrogen concentration of
this sample was about 360—400 wppm. The MET mount specimen was sectioned at the midplane
of a 6 in.-long sample. Although the in-cell HR test conditions were the same as the out-of-cell
test HR-HBR#2 and the hydrogen concentration of these two samples were compatible, the
morphology of HBU sample HR1 was different from hydrided sample HR-HBR#2. For the
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unirradiated sample, the circumferential hydrides were uniformly distributed across the wall, and
the maximum length of its radial hydrides was about 50-60 um. For HBU samples, the radial
hydrides were mainly distributed near the inner surface, and the circumferential hydrides are
mostly seen near the outer surface. The length of the radial hydride of the HBU sample, Fig.
21(a), was also much longer than the unirradiated sample, Fig. 21(b).

| 200 pm

Fig. 21. (a) High magnification micrograph showing radial hydrides of Sample HR-1 (H ~ 360-400 ppm).
The HBU HBR specimen was pressurized to 145 MPa at 400°C with five thermal cycles. (b) High
magnification micrograph showing radial hydrides of Sample HR-HBR#2 (H ~ 286 ppm). The specimen was
sectioned at the midplane of a 6 in.-long sample.

6.2.2 Measurements and Monitoring Data

The results for each test are given in Appendix A.

The flexural rigidity of the rod specimens treated by hydride reorientation was shown to be much lower
than as-received specimens under equivalent amplitude. For example, under the same amplitude of 100 N,
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the rigidity of the HRT specimen (HR3) was only about 57% of the as-received specimen (DL3). The
variation of rigidity during a cyclic test was continuous. In HR3, a sudden drop was observed before
failure.

6.2.3  Fatigue Life

The results for the dynamic tests of HBR fuel in FY 2016 are summarized in Table 4. Again, definitions
of the column heads are same as those for LMK fuels in Table 10.

The plots based on the mean values of quantities are given in Fig. 22(a)—(d), where HBR1 represents the
as-received specimen, and HBR2 represents the specimen after radial hydride treatment (RHT). Note the
data of as-received HBR specimens were based on the original analysis method,; (i.e., no correction was
applied). It has been shown that the HRT reduces the fatigue life of SNF rods, which can be seen from the
tests around 15 Nm. It was further observed for HR2, as indicated by the arrow, there was an additional
fatigue life reduction. Such reduction obviously resulted from the large-deformation static loading before
the dynamic cyclic loading.

Several images of the failed specimens that were subjected to the reorientation procedure are provided in
Fig. 23. The failures of these specimens were in the gauge section, and in two of them, the failure was
taking place at a pellet-to-pellet interface.

Table 4a. Dynamic test results for HBR SNF rods, FY 2016

Lpad N Fail ma mastd ka kastd km km_std
in. cycles Nm Nm mM mM~1 mM~1 mA-1
25 HR1 150 419E+04 1 15.152  0.549 0.517 0.016 0.527 0.019
26 HR2 160 9.47E+03 1 14.702 0.806  0.478 0.121 0.511 0.205
27  HR3 100 244E+05 1 8.982 0.066 0.267 0.005 0.291 0.009

28 HR4 160 547E+04 1 14759 0.089  0.394 0.008 0.421 0.009

TN Spec

Table 4b. Dynamic test results for HBR SNF rods, FY 2016

R R_std Sa sastd ea eastd em em.std Lg2 Lg2_std dh  dh_std

TN Spec Nm”2  Nm~2 MPa MPa % % % % mm mm mm mm

25 HR1 29329 0.775 128.788 4.666 0.278 0.009 0.284 0.010 44.733 0.565 1.329  0.197
26 HR2 31567 3.25 124.964 6.848 0.257 0.065 0.275 0.110 50.657 1.593 -0.174 0.372
27 HR3 33.659 0.602 76.342 0.560 0.144 0.003 0.157 0.005 43.368 0.643 -1.649 0.252
28 HR4 37497 0.593 125449 0.755 0.212 0.004 0.227 0.005 45977 0.578 1.206  0.201

25



Moment Amplitude {Nm)

Stress amplitude (MPa)

45
40
35
30
25
20
15
10

5

0

__*;______ y=223.1x°%2»
R*=0.9298

o,
h=y

90

® HBRI1 failure

> HBR1 No failure

B HBR2 Failure

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

400

350

300

250

200

150

100

50
0

Number of Cycles or Cycles to Failure

(a)

ae

N\ @

y =1916.5x°%2
R*=0.9282

N

Qo

O

® HBR1 failure
© HBR1 no failure
B HBR2 failure

——Power (HBR1
failure)

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Number of Cycles or Cycles to Failure

(b)

26



1.2 ©® HBRI failure

[ ]
\ O HBR1 no failure
1.0 ° ®
o B HBR2 failure
0.8 y = 8.9984x 027
\ 8. ——Power (HBR1
° \ R*=0.9158 failure)

0.6
'y

0.4 .

0.2 \..;'\'ﬁ Ao

O

Curvature amplitude (m)

0.0
1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Number of Cycles or Cycles to Failure

(c)

0.7 ® HBR1 failure
0.6 @ O HBR1 no failure
2 0.5 .\ .. B HBR2 failure
o 05 +—
-]
2 0.4 v=:l.8338)r°-275 ——Power (HBR1
a ™ h R*=0.9169 failure)
g ]
« 03
© n ®
& 0.2 2
0.1 M oo
0.0

1.00E+03 1.00E+04 1.00E+05 1.00E+06 1.00E+07 1.00E+08

Number of Cycles or Cycles to Failure

(d)

Fig. 22. (a) Moment amplitude, (b) stress amplitude, (c) curvature amplitude, and (d) strain amplitude
rigidity as a function of cycles or cycles to failure.

27



HR1-B HR1-A

- SIDE VIEW 000

@

HR1-A

END VIEW

© )

© ®

28



©) (h)

Side opposite ID
" gl eysoddo apig

dn 3ais al M3IA 3aIs

(k) 0]

29



ID SIDE "

(m) (n)

Fig. 23. Images showing the failure modes for (a) (b) (c) (d) HRZ, (e) (f) (g) (h) HR2, (i) (j) HR3,
and (k) (I) (m) (n) HRA4.
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7. CONCLUSION

Four CIRFT data evaluations were completed on the high burnup Zircaloy-4 HBR SNF rods with radial
hydride treatment (145 MPa hoop stress, 170 to 400°C, five cycles) in FY 2016. Amplitudes ranging from
10.16 and 16.26 Nm were tested. One of the specimens (HR2) was tested under static loading initally.
This specimen survived the static loading without failure and was then tested under dynamic loading. Due
to a welded endcap leak, only thermal heat treatment was applied to the HR4 sample.

General observations from Phase Il CIRFT test data evaluations are:

1) Comparing reoriented CIRFT test results to results from non-reoriented CIRFT tests on the same
high burnup Zircaloy-4 material, it appears that radial hydrides and HRT could have a negative
impact on the fatigue life of CIRFT specimens.

2) Comparing the CIRFT testing result on a sample subjected to temperature cycling without rod
pressurization (HR4) to the baseline CIRFT test results, it appears that the thermal heating along
may have a negative impact on the fatigue life of the HBR rod.
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peak/valley, (€) moment peak/valley, HR2, 16.26 Nm.
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Fig. F.6 Monitoring-based responses: (a) curvature, (b) moment, (c) curvature, HR2, 16.26 Nm,
Ns = 8.85E+01 cycles.
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Fig. F.7 Monitoring-based responses: (a) curvature, (b) moment, (c) curvature, HR2, 16.26 Nm,
Ns = 1.13E+03 cycles.
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Fig. F.8 Monitoring-based responses: (a) curvature range, (b) moment range, (c) rigidity, (d) curvature
peak/valley, (€) moment peak/valley, HR2, 16.26 Nm, Nf = 9.47E+03 cycles.
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Fig. F.9 Measurement-based responses: (a) curvature range, (b) moment range, (c) rigidity, (d) curvature
peak/valley, (€) moment peak/valley, HR3, 10.16 Nm.
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Fig. F.10 Monitoring-based responses: (a) curvature, (b) moment, (c) curvature, HR3, 10.16 Nm,
Ns = 8.85E+01 cycles.
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Fig. F.11 Monitoring-based responses: (a) curvature, (b) moment, (c) curvature, HR3, 10.16 Nm,
Ns = 1.24E+05 cycles.
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Fig. F.12 Monitoring-based responses: (a) curvature range, (b) moment range, (c) rigidity, (d) curvature
peak/valley, (€) moment peak/valley, HR3, 10.16 Nm, Nf = 2.44E+05 cycles.
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Fig. F.13 Measurement-based responses: (a) curvature range, (b) moment range, (c) rigidity, (d) curvature
peak/valley, (€) moment peak/valley, HR4, 16.26 Nm.
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Fig. F.14 Monitoring-based responses: (a) curvature, (b) moment, (c) curvature, HR4, 16.26 Nm,
Ns = 8.85E+01 cycles.
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Fig. F.15 Monitoring-based responses: (a) curvature, (b) moment, (c) curvature, HR4, 16.26 Nm,
Ns = 1.23E+04 cycles.
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Fig. F.16 Monitoring-based responses: (a) curvature range, (b) moment range, (c) rigidity, (d) curvature
peak/valley, (€) moment peak/valley, HR4, 16.26 Nm, Nf = 5.47E+04 cycles.
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