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At present, spent nuclear fuel (SNF) assemblies discharged from US commercial
power plants are placed into dry storage following a short cooling time
(<10 years) in the plant’s spent fuel pool. The process of packaging the spent
fuel into dry-storage canisters includes a drying step to remove residual water
from the canister. During the drying process, the fuel rod cladding may reach
temperatures as high as 400°C. Oak Ridge National Laboratory (ORNL) is
performing destructive examinations of high burnup (HBU) (>45 GWd/MTU)
SNF rods to address knowledge and data gaps related to extended interim
storage and eventual transportation for disposal. The rods examined include
four different kinds of fuel rod cladding: standard Zircaloy-4 (Zirc-4), low-tin (LT)
Zirc-4, ZIRLO, andM5. Three rods were subjected to a thermal transient to assess
the effects of decay-heat-driven high temperatures expected during vacuum
drying of the fuel as it is prepared for interim dry storage. The examinations focus
on the composite fuel rod performance, as compared with the performance of
defueled rod cladding, and establish the baseline mechanical properties of a fuel
rod before interim dry storage. The key results of these examinations are
presented, including the measured mechanical and fatigue properties,
observations of cladding hydrogen pickup and hydride reorientation effects on
rod performance, effects of the simulated drying temperatures on rod
performance, and general conclusions of SNF performance in extended
interim dry storage and transport. The rods were found to be strong and
durable in the expected loading conditions, even considering the formation of
radial hydrides associated with vacuum drying. The combined testing provides a
broad body of data supporting extended interim storage and transportation
performance of HBU spent fuel.
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1 Introduction and description of the rods examined

This work presents the key results of destructive mechanical testing of representative
high burnup (HBU) fuel rods 1) after reactor discharge and pool storage but before interim
dry storage and 2) after a thermal transient simulating the dry storage vacuum drying
process, where the fuel rod cladding may reach temperatures as high as 400°C (US Nuclear
Regulatory Commission, 2003).
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ORNL received 25 HBU spent fuel rods, called sister rods, in
2016. After nondestructive examinations were completed on all
25 rods (Scaglione et al., 2016; Montgomery et al., 2019a),
destructive examinations were completed on seven of the fuel
rods and were focused on four baseline rods and three heat-
treated rods. The baseline rods represent the condition of the
HBU rods after reactor operation and storage in a spent fuel
pool, and the heat-treated rods provide the condition after a
postulated vacuum drying thermal transient during interim
storage packaging. The test results of the baseline rods can be
compared with the results of the heat-treated rods to determine
any effects of the thermal transient.

The fuel rods are 17 × 17 pressurized water reactor (PWR) rods
irradiated in the two North Anna Power Station units operated by
Dominion Energy in Mineral, Virginia, between 1984 and 2010. The
results of the nondestructive tests of the rods, summarized by
Montgomery et al. (Montgomery et al., 2019b; Montgomery and
Morris, 2019), provide detailed information about the baseline
features of the rods. The nondestructive examinations included
detailed visual examinations, gamma scans, dimensional
measurements, and eddy current liftoff measurements of the

combined crud and oxide layer on the rod’s waterside surface,
and Table 1 summarizes the nondestructively measured
dimensions of the sister rods discussed herein. Montgomery
(Montgomery et al., 2019b) also provides calculated end-of-life
fuel rod and pellet stack growth rates, estimated remaining fuel
rod plenum volumes, the percentage change in fuel rod cladding
diameter, fission gas release, and gas transmissibility data
(Montgomery et al., 2019b; Montgomery and Bevard, 2023). This
information is also summarized in Table 1.

The neutron fluence, pellet temperature, and coolant
temperature vary axially along the fuel rod during reactor
operation. The fuel rod’s final condition is path dependent, and
rods having the same final burnup may not have been subjected to
the same local conditions in the reactor. The local variations of rod
condition as a function of rod elevation are evident in the
nondestructively acquired gamma count, rod outer diameter, and
oxide thickness (“lift off”) previously summarized by Montgomery
et al. (Montgomery et al., 2019b). The gamma counts are analogous
to local fluence/burnup, and the local oxide thickness is directly
related to the local cladding and coolant temperatures. The baseline
rod outer diameter and oxide thickness are the product of rod

TABLE 1 Summarized nondestructive examination results andmeasured rod internal pressure, void volume, stack permeability, and fission gas release data
(Montgomery et al., 2019a; Montgomery et al., 2019b; Montgomery and Morris, 2019; Montgomery and Bevard, 2023).

Rod → 30AD05 30AE14 3D8E14 3F9N05 3A1F05 F35P17

Cladding alloy M5 M5 ZIRLO ZIRLO LT Zirc-4 Zirc-4

Rod average burnup (GWd/MTU) 54 54 59 54 51 60

Average pellet length (mm) 10.3 10.3 10.1 9.8 9.9 13.6

Estimated number of pellets in the stack 358 357 367 374 371 272

Bottom end plug length (mm) 14 14 19 20 10 11

Top end plug length (mm) 10 9 12 13 10 8

Plenum length (mm) 185 184 175 178 190 172

Fuel stack length (mm) 3,677 3,674 3,687 3,681 3,684 3,699

Overall rod Length (mm) 3,886 3,881 3,894 3,892 3,894 3,890

Maximum nondestructively-measured waterside oxide thickness (μm)
and elevation (mm)

20 27 64 65 164 150

3,245 3,445 3,205 3,075 3,115 3,055

Minimum remaining wall thickness (μm) 0.569 0.569 0.556 0.546 0.462 0.467

Rod outer diameter (mm), maximum, minimum, average 9.50 9.50 9.54 9.52 9.63 9.63

9.38 9.41 9.43 9.43 9.36 9.44

9.43 9.45 9.49 9.47 9.49 9.52

Rod growth ΔL/L (%) 0.32 0.19 0.53 0.48 0.53 0.43

Pellet stack growth ΔL/L (%) 0.53 0.45 0.80 0.64 0.72 1.13

Maximum change in cladding diameter (%) 0.00 0.00 0.42 0.21 1.37 1.37

Estimated fuel rod free plenum volume (cm3) 8.2 8.2 7.6 7.8 8.2 7.5

Measured total rod free volume (cm3) 10.6 11.0 11.7 11.8 12.9 13.3

Rod internal pressure (MPa) 3.46 3.22 4.18 3.98 3.73 4.68

Fission gas release (%) 1.8 1.8 3.6 3.6 3.3 N/A

Measured average stack permeability at 0.1 MPa pressure differential (m2) 1.15 2.40 4.08 7.30 8.40 9.96
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temperature, fluence, power, and other parameters over operational
time; therefore, it is not as directly tied to a single
independent parameter.

With the exception of rods from assembly F35, the rods are
typical batch fuel. The ZIRLO-clad rods are theWestinghouse North
Anna Improved Fuel (NAIF/P + Z) design; the M5-clad rods are
Framatome’s Advanced Mark-BW design (AMBW); the standard
Zircaloy-4 (Zirc-4)-clad rod is the Westinghouse low-parasitic
(LOPAR) fuel assembly design; and the low tin (LT) Zirc-4-clad
rods are the Westinghouse NAIF fuel assembly design. Thus, four of
the examined rods are Westinghouse-designed and manufactured
and two are Framatome-designed and manufactured. The rods are
thus further grouped by cladding type to look for trends. A more
detailed description of the sister rods is provided by Scaglione et al.
in the ORNL test plan (Scaglione et al., 2016).

Rod P17 from assembly F35 (F35P17) was a test rod, as
documented by Balfour (Balfour et al., 1992). Balfour also
describes the cycles of operation: “The North Anna Unit
1 reactor operated with 18-month cycles during Cores 6 and
7 following 12-month cycles for Cores 4 and 5; core design
outlet temperatures at hot full power ranged from 618°F
(325.6°C) in Core 4°F–624°F (328.9°C) in Core 7. These
temperatures were 10°F–27°F (5.6°C–15°C) higher than in
previous high-burnup programs at the Farley, Surry, and Zion
reactors.” Additional detailed data on the operating conditions
and the results of the poolside inspections are included by
Balfour, and the measurements reported by Balfour compare well
with the measurements taken by ORNL during the sister rod
program for the two sister rods surveilled in the Electric Power
Research Institute program (F35P17 and F35K13). Unfortunately,
this level of detail is not publicly available for the other sister rods.

The reactors where the sister rods were irradiated were
uprated twice. Some of the sister rod donor assemblies (F35,
30A) were operated during uprate cycles. Assembly F35 was
operated early in the life of the reactor and over its lifetime
had a lower average linear heat rate during operation than
assembly 30A, although it was operated for four cycles.
Assembly 30A was operated at the reactor’s highest rated
power and linear heat rate over three cycles.

Although local segment burnup does not incorporate all
parameters that influence the rod’s condition, it is publicly
available and is used as an independent parameter to examine
variations in the destructive examination results. The average
coolant temperature—which is assumed to vary linearly from the
bottom to the top of the reactor core—at the elevation of the
specimen is also used as an independent correlating parameter to
examine the results.

2 Heat treatments applied to
selected rods

In preparation for dry storage, the volume around the fuel
assemblies in the canister cavity is filled with water that must be
drained and dried. Typically, the most challenging thermal
condition experienced by the fuel during dry storage occurs
during the drying sequence or just after drying during canister
transfer to the storage pad. To better understand the effects of the
drying and transfer sequence, full-length sister rods were subjected
to a simulated dry-storage peak cladding temperature before
destructive examinations. A comparison of the heat-treated rod
data with the baseline rod data can be used to assess differences in

FIGURE 1
A comparison of the cladding hydride precipitates for baseline and FHT examples of the three cladding types.
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rod properties or performance related to increased fuel rod
temperature before dry storage.

A heat-treatment oven was designed and fabricated to enable
full-length fuel rod heat treatment (FHT). The oven can impose a
variety of normal-condition axial temperature profiles and peak
cladding temperatures up to 530°C on a full-length fuel rod. In
contrast with the heat treatment of rod segments in which the full-
length rod is depressurized and segments are cut and repressurized,
heat-treating full-length fuel rods before depressurization preserves
the as-discharged internal pressure and induces the representative
hoop stresses associated with bounding drying temperature
conditions.

Three unpunctured fuel rods were heat-treated in the rod oven:
one Zirc-4-clad (F35P17), one ZIRLO-clad (3F9N05), and one M5-
clad (30AE14). To mimic the desired vacuum drying transient, the
rods were heated slowly (10 °C/h), then held at 400°C (all axial
elevations) for 8 h, and then slowly cooled (3.7 °C/h) to ambient

temperature. A peak temperature of 400°C was selected to be applied
to the full-length rods based on regulatory guidance regarding
calculated peak fuel cladding temperatures for normal conditions
of dry storage and short-term loading operations (US Nuclear
Regulatory Commission, 2003).

The main purpose of the FHT was to investigate the effects of a
phenomenon known as cladding hydride reorientation on the
composite rod performance. Past testing at Argonne National
Laboratory (Billone, 2019) shows that cladding hydride
precipitates can be dissolved into the cladding alloy during the
canister drying process, and, when the cladding cools at the slow rate
expected during canister operations, the hydrides may reprecipitate
in a radial orientation, depending on the cladding hydrogen
inventory and the rod internal pressure. However, those tests
were completed with empty cladding using aggressive rod
internal pressure, whereas the FHT was performed using the
whole fuel rod at its as-discharged pressure.

FIGURE 2
Optical micrographs of the pellet intact within the cladding enable the discovery of the pellet’s features’ effects on the rod performance. For
example, pellet cracks (white arrows) were observed as nucleating radial cladding hydrides (red arrows), and this would not have been possible if the pellet
were not included within the image. A mechanical/chemical bonded layer (yellow arrow) is developed where the pellet is in contact with the cladding.
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TABLE 2 Destructively-measured average waterside oxide thickness, average cladding hydrogen content, average cladding wall thickness, and transverse
load bearing capacity.

Rod
ID

Rod
elevation,

mm

Local
burnup,

GWd/MTU

Local
coolant
temp., °C

Oxide
thickness, µm

Hydrogen
content,
wppm

Cladding wall
thickness, μm

Transverse
load

capacity, N

30AD05 1,290 59 301 4 34 545 —

2,333 59 311 9 — 557 17,985

2,420 59 312 24 61 560 —

3,163 56 319 17 — 554 17,000

3,250 55 320 12 142 541 —

30AE14* 1,687 60 305 6 42 564 —

2,598 60 313 15 — 556 17,632

2,685 61 314 9 94 560 —

3,409 50 321 12 152 562 —

3,431 47 321 27 — 553 19,510

3D8E14 2,335 64 311 18 — 553 15,788

2,360 64 311 30 — 553 17,752

2,665 63 314 34 495 549 —

3,129 60 319 62 — 547 17,210

3,216 59 319 47/49** 616 545 —

3F9N05* 2,495 59 316 31 — 552 17,444

1,435 59 305 13 130 559 —

2,873 58 320 30 395 554 —

3,341 51 324 39 142 554 —

3,363 50 325 58 — 545 17,049

3,388 50 325 55 — 545 18,683

3A1F05 1,270 56 301 15 130 560 —

1,595 56 304 29 278 550 —

2016 56 308 64 572 533 —

2,393 55 312 70 680 530 —

2,658 55 315 127 — 523 16,232

2,683 55 315 134 — 523 12,384

2,745 54 315 90/107** 1,293 546 —

3,115 53 319 75/88** 667 517 —

3,137 52 319 145 — 519 12,303

F35P17* 1,310 65 304 47 449 539 —

2,658 51 318 110 — 523 12,476

2,683 51 318 101 — 523 15,915

2,745 66 319 81 870 524 —

2,973 50 321 124 — 520 12,961

2,998 50 322 136 — 520 12,500

3,060 65 322 93/154** 1,440 485 —

*Rod was heat-treated.

**Average/average excluding measurements where spalling occurred.
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3 Destructive examinations completed,
data collected, comparisons
and trending

The sister rod examinations were specified to provide general
performance characteristics, material property data, and mechanical
performance properties on the baseline HBU rods and to discover
any changes in performance related to vacuum drying (up to 400°C)
during interim storage packaging. The pellets influence rod
performance greatly in reactor operation (Cox, 1990), and the
same is expected to be true in dry storage and transportation.
Towards that end, the following measurements were completed
on the baseline and heat-treated rods:

(1) End-of-life rod internal pressure, void volume, fission gas
composition and release rate.

(2) Waterside oxide thickness and remaining cladding wall
thickness, cladding hydrogen content and hydride
precipitate orientation.

(3) Fatigue lifetime.
(4) Flexural modulus, elastic and plastic flexural rigidity, strain at

failure in bending.
(5) Bearing capacity in transverse compression, flexural strength,

and 0.2% yield strength in bending at room temperature and
at 200°C.

A direct comparison of the baseline sister rods with the heat-
treated sister rods was performed to identify degradation (or
recovery) in mechanical performance of the rods resulting from
dry storage. Each of the following subsections summarize the results
of the testing completed for the destructive examinations
discussed herein.

3.1 Rod internal pressure and void volume
measurements

Commercial nuclear fuel rods are pre-pressurized with helium
before irradiation. The magnitude of pre-pressurization varies with
fuel design; at manufacture, the sister rods were pre-pressurized with
helium. During irradiation, the rod internal pressure increases
because fission gases (e.g., xenon, krypton) are produced and
some portion of the evolved fission gases are released to the rod
void volume, which increases the rod internal pressure above the as-
manufactured rod pressure. The cladding stress from the rod
internal pressure is typically higher in dry storage than during
operation because the external pressure in dry storage is low
compared to the reactor operating pressure.

The fuel rods are designed with an internal void volume that
ensures the rod internal pressure is maintained within its allowable
pressure, considering the fission gases that may be released from

FIGURE 3
The measured cladding hydrogen concentration as a function of (A) average specimen local burnup and (B) measured local oxide thickness. (C)
Measured cladding waterside oxide is well-correlated to estimated local coolant temperature, and (D) the measured cladding hydrogen concentration
related to the waterside oxidation is also well-correlated with estimated local coolant temperature. Two of the graphs shown were originally published in
Montgomery and Bevard (2023). The authors have obtained the necessary permissions to use them.
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the pellet stack. The void volume changes during operation as the
cladding creeps and grows, and as cracks form within the pellets.
For this discussion, the void volume is defined as including the
volume in the plenum of the rod that is not occupied by the spring,
the gap between the pellet outer diameter and the cladding inner
diameter, the volume of any pellet chamfers and dishes, and the
volume of pellet cracks or open porosity at the specified
temperature. Because rod internal pressure and void volume are
important parameters for determining rod performance

throughout its lifetime, both were measured for each of the
sister rods. These results are listed in Table 1. No difference
related to the heat-treatment is visible in the rod internal
pressure or void volume measurements. However, Montgomery
and Morris also measured the ability of gas to move through the
pellet stack (Montgomery and Morris, 2019), and they concluded
that the heat-treated rods had better gas transmissibility, which
may be related to a permanent increase in the cladding diameter
caused by the heat treatment.

3.2 Observations from imaging, dimensional
measurements, and cladding hydrogen
measurements

Ayanoglu et al., 2024 describes the metallographic and
ceramographic imaging, observations, and conclusions reached based
on the examinations. This information is important to the discussion
herein because the orientation of the cladding hydrides and their
influence on the cladding performance has been previously
established as directly influencing the mechanical performance
(Billone, 2019). Figure 1 provides representative images of the
cladding condition, both for baseline and heat-treated fuel rods. The
baseline cladding has circumferentially oriented hydrides, and the
density and distribution of the hydrides varies depending on
whether the cladding is cold-worked stress-relieved (the Zirc-4, low
tin Zirc-4, and ZIRLO cladding) or fully recrystallized (the

FIGURE 4
(A) The range of fatigue test data evaluated by ORNL for fuel rods using CIRFT (design limit shown in red) and by others for cladding tubing and
coupons (design limit shown in black) highlights the differences between cladding-only and fuel rod performance. (B) The flexure mechanism used on
CIRFT. (C) An illustration of the role of the pellets in creating localized strain when the rod is flexed in bending and (D) Scanning electron microscopy
imaging of a specimen fractured in fatigue testing reveals that the crack nucleated at the cladding inner diameter, rather than as expected at the
outer diameter. The likely explanation is that a local strain concentration is applied by pellet fragments during bending. Two of the graphs shown were
originally published in Montgomery and Bevard (2023). The authors have obtained the necessary permissions to use them.

FIGURE 5
Four-point bend setup with a 6 in. fuel rod segment (see
Supplementary Video S1).
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TABLE 3 Measured and calculated four-point bend data.

Rod
ID

Rod
elevation,

mm

Local burnup,
GWd/MTU

Local
coolant
temp., °C

Maximum
deflection at
failure, mm

0.2% yield
strength, MPa

Flexural
strength,
MPa

Failure
strain, %

Flexural
modulus, GPa

Flexural
rigidity,
N·m2

Room
temperature

tests

30AD05 1,376 60 302 9.57 533 641 2.6 57.88 22.4

30AE14* 1,055 59 299 13.43 481 609 3.8 57.17 22.5

3D8E14 1,102 64 299 8.51 617 766 2.3 58.04 23.2

3F9N05* 2,140 59 312 12.22 526 717 3.3 55.34 21.9

3A1F05 1,356 57 302 8.59 616 768 2.3 59.25 23.3

F35P17* 1,396 52 305 6.16 555 640 1.7 54.24 21.7

F35P17* 1,549 53 307 7.49 565 693 2.2 54.72 22.2

200°C tests 30AD05 927 60 297 6.63 405 461 2.0 51.44 20.0

30AD05 1877 59 307 6.97 443 502 2.0 53.60 20.7

30AE14* 902 58 297 13.33 401 503 3.7 55.97 22.0

30AE14* 2,127 60 309 13.91 385 502 4.6 53.66 21.0

3D8E14 949 64 298 7.93 518 644 2.2 54.09 21.6

3D8E14 1984 64 308 8.01 460 583 2.2 50.97 20.3

3F9N05* 949 59 300 9.07 461 583 2.5 50.60 19.9

3F9N05* 1987 59 311 10.51 448 588 2.9 50.64 20.0

3A1F05 1,509 56 303 5.78 519 589 1.6 54.27 21.3

3A1F05 2,307 54 311 5.64 481 550 1.6 51.25 20.3

F35P17* 2,306 51 315 8.61 461 588 2.4 48.77 19.6

*Rod was heat-treated.
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M5 cladding). In the heat-treated rods, long radial hydrides were
observed in fully recrystallized (RXA) cladding. The cold-worked
stress-relieved (CWSR) cladding generally had very short or no
radial hydrides. This result is believed to be due to the larger
inventory of hydrogen in the CWSR cladding at this burnup. Radial
hydrides were located at adjacent pellet cracks. The pellet cracks seem to
have influenced the location of hydride precipitates, likely by creating a
favorable stress distribution in the adjacent cladding.

Figure 2 shows representative images of the pellet condition for
the baseline and heat-treated rods. The pellet crack morphologies
were similar in the baseline and heat-treated rods within the burnup
range investigated. Consistent with other studies, a mechanical and

chemical pellet-clad bonded layer was observed at all investigated
rod elevations, except for locations where the pellet does not contact
the cladding (e.g., pellet chamfer locations). Past studies have
demonstrated that fission products from the pellet are present in
the cladding oxide to a depth of ~6 µm and suggest that fission recoil
during irradiation is the source of the bonding process (Lach et al.,
2019). Just inside the bonded layer, a discontinuous circumferential
pellet crack is observed. Both the bonded layer and the
circumferential crack are deemed important for consideration in
modeling the functionality of how the pellet supports the cladding.
No apparent difference is visible between the pellets in the baseline
and heat-treated rods.

FIGURE 6
Measured stress versus strain for 6 in. fuel rods in four-point bending at (top) room temperature and (bottom) 200°C. The data clearly indicate a
lower yield and ultimate strength and increased ductility for the FHT rods that is thought to be related to annealing of irradiation defects during the heat
treatment. Two of the graphs shown were originally published in Montgomery and Bevard (2023). The authors have obtained the necessary permissions
to use them.
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Measurements of the cladding and pellet features derived
from the metallographic imaging are summarized in Table 2 with
the measured cladding hydrogen concentration for several
elevations per rod. The test locations selected are from rod
elevations having moderate to thick waterside oxide layers,
typically near the 1,500, 2,400, and 3,200 mm rod elevations.
For cladding hydrogen concentration measurements,
4 specimens around the circumference of the cladding were
analyzed for each elevation and the average is reported in
Table 2. The measurement process is discussed in more detail
in Montgomery and Bevard, 2023.

Referring to Table 2, the overall results of the examinations
indicate that the M5 cladding had the lowest waterside oxide
thickness and lowest hydrogen content of the 4 alloys studied,
followed by the ZIRLO cladding, the LT Zirc-4, and the Zirc-4
cladding, which had the thickest waterside oxide layer and largest
hydrogen inventory. The M5 cladding hydrogen concentration
data from the sister rods are very low (<200 wppm) but are
slightly higher than previous data (Cole et al., 2012). The Zirc-4
cladding hydrogen concentration data are higher than the
previous envelope of data (Cole et al., 2012), but F35P17 was
an atypical lead test rod operated over four cycles to HBU.
Previous hydrogen concentration data as a function of burnup
are not currently available for comparison with the ZIRLO and
LT Zirc-4 data. In general, the measured cladding hydrogen
concentration for the sister rods is marginally higher than

publicly available data (Garde and Slagle, 2009; Cole et al.,
2012), and are therefore considered to be conservative
examples for demonstration of the effects of hydrogen content
on rod performance.

Montgomery and Bevard, 2023 investigated trends for the
measured waterside oxide thickness, remaining cladding
thickness, cladding hydrogen concentration and hydrogen pickup
fractions as a function of local burnup, but they did not correlate
well. An example showing cladding hydrogen concentration plotted
as a function of local burnup is shown in Figure 3A. However, the
cladding hydrogen concentration is very well correlated with the
measured oxide thickness (see Figure 3B), which should be expected,
as the hydrogen available for cladding pickup is generated through
the oxidation process. Further, when plotted with estimated local
coolant temperature, a trend of waterside oxide thickness
(Figure 3C) and hydrogen concentration (Figure 3D) emerges
that is clearly associated with specific alloys. Therefore, while
there does not seem to be an alloy-specific hydrogen pickup rate,
there is a distinct difference in oxidation rate and related hydrogen
concentration for the different alloys.

3.3 Fatigue tests

SNF assemblies must be shipped to other sites for processing and
disposal. During shipment, the fuel is typically oriented horizontally,

FIGURE 7
Calculated (A) strain at fracture, (B) 0.2% yield strength, (C) flexural modulus, and (D) flexural strength derived from the 200°C four-point bend tests
plotted as a function of specimen average burnup.
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and the fuel rods are subject to periodic alternating loads related to
the movement of the vehicle. These loads result in the alternating
bending of the SNF rods. The number of bending cycles is related to
the length of the shipping route: longer routes produce more cycles.

Fatigue performance is typically characterized by the number of
cycles required to produce failure at a specified strain amplitude.
Many tests are completed, and the strain amplitude is varied—even
to very high amplitudes not expected during actual service—to
characterize fatigue performance over a wide range of fatigue
cycles. The strain amplitude data are then plotted against the
measured cycles to rod fracture to obtain a characteristic fatigue
curve for the tested material. Wang et al. (Wang and Wang, 2017;
Wang et al., 2018) developed a method for fatigue testing the SNF
segments called the Cyclic Integrated Reversible-Bending Fatigue
Tester (CIRFT). A 6 in. long unpressurized fuel rod segment is
placed in the CIRFT machine at room temperature and bent in a
positive and negative direction (i.e., reversibly) to represent one
bending fatigue cycle. The flexure cycle is imposed repeatedly until
fracture occurs. The CIRFT machine is run at 5 Hz—five fatigue
cycles per second. A strain amplitude is calculated by directly
measuring the extent to which the rod segment bends
during the test.

The data produced by Wang and Wang (2017), Wang et al.
(2018) and supplemented herein through tests of the sister rods, as
shown in Figure 4, indicate that the fatigue performance of the SNF
segments is relatively insensitive to differences such as cladding alloy
type, local oxide thickness, burnup, and reoriented cladding

hydrides. The fatigue performance of the baseline fuel rod
segments was similar to that of the heat-treated fuel rod
segments. No obvious differences were observed between
different cladding types or different fuel rod designs (9 × 9 BWR
vs. 15 × 15 PWR vs. 17 × 17 PWR). Furthermore, Wang and Wang
(2017), Wang et al. (2018) tested several segments that were
subjected to high temperature and cladding stress to induce
extreme hydride reorientation, and no difference in fatigue
performance was observed.

However, the tests from the sister rods indicate that fatigue
performance of fuel rods is degraded when compared with tests of
cladding alloys. Specifically, the best-estimate fatigue limit of the fuel rod
is approximately a factor of five lower than the fatigue limit for cladding
alloys (0.25% (O Donnell and Langer, 1964) vs. 0.05%). This difference
is attributed to stress risers imposed on the fuel rod cladding by pellet
discontinuities such as pellet–pellet gaps and pellet cracks created
during reactor operation. Evidence of this phenomenon was
observed in examinations of the fatigue fractures, as shown in the
scanning electron microscopy image in Figure 4. Traditional solid
mechanics evaluations indicate that the peak stresses on the cladding
should be at the outer diameter of the cladding, and fracture should
nucleate at the outer diameter of the cladding. The fractography
revealed crack-like features on the inner diameter of cladding after
fatigue failure, and the observed inner diameter crack initiation
indicates that fatigue degradation occurs because of local strain
concentration at pellet discontinuities such as pellet cracks and
pellet–pellet interfaces. Therefore, a primary finding from the fatigue

FIGURE 8
Calculated (A) strain at fracture, (B) 0.2% yield strength, (C) flexural modulus, and (D) flexural strength derived from the 200°C four-point bend tests
plotted as a function of estimated local coolant temperature at the segment elevation.
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testing is that the pellets must be considered as an integral part of the
rod structure in evaluating its performance in bending fatigue.
However, as discussed by Montgomery et al. (Montgomery and
Bevard, 2023), there is still significant margin to the currently
available transportation loads and frequency, suggesting fatigue
damage does not accumulate and fatigue failure does not occur as a
result of the anticipated transportation conditions.

3.4 Bending tests

Four-point bending was selected to study the strength properties
of the fuel rods at room temperature and at 200°C. The test provides
values for the elastic modulus in bending and the flexural stress and
flexural strain response. It is traditionally used to study brittle
materials in which the number and severity of flaws exposed to
themaximum stress directly relates to the flexural strength and crack
initiation. Bending is the most likely loading scenario for fuel rods.
When a rod is loaded in axial compression, it acts as a long, slender
column and buckles, creating a bending scenario. When a lateral
load is applied, the rod, pinned by the relatively fixed spacer grid
supports, is subjected to bending. Therefore, understanding the rod
response to bending is extremely important.

The load frame used for the bending tests, with its test fixturing,
is shown in Figure 5. The frame applies a constant bending moment
over the gauge length of the test specimen. The evaluation method
and its uncertainties are discussed in detail by Montgomery et al.

(Montgomery and Bevard, 2023); it should be noted herein that
elastic beam theory is used as a practical approach to evaluate the
mentioned mechanical properties. The resulting evaluated
properties should not be considered cladding material properties.
The sound of the rod during fracture was recorded, and the
consensus is that it resembles the sound of tin cry prior to
failure. A link to the video recorded during the test, which
includes sound, is provided in Figure 5.

The resulting composite fuel rod mechanical properties are
listed in Table 3, and the stress vs. strain data for the room
temperature and 200°C tests are plotted in Figure 6. Figure 7
plots the strain at fracture, yield strength, flexural modulus, and
flexural strength as a function of the local rod burnup. Figure 8 plots
the same information as a function of the average local reactor
coolant temperature.

The trends investigated in Figure 7 with specimen average burnup
at the specimen rod elevation did not produce a significant correlation,
but the dataset is small and limited to high burnup observations. At high
burnup, all of the examples have pellet-cladding interaction and pellet-
cladding bonding, which could be significantly different from the
performance at low burnup. Referring to Figure 7B, the M5-clad
rod segments have the lowest yield and flexural strength, even
though they have the thinnest waterside oxide layer and thus the
most remaining cladding wall thickness. The lower strength of the M5-
clad segments is attributed to its RXA microstructure and
corresponding inherently ductile characteristic (Motta et al., 2015).
When plotted against the estimated local coolant temperature

FIGURE 9
(A) The two-halves of a 6 in. M5-clad rod segment fractured in four-point bend clearly indicates a very large amount of deformation sustained up to
fracture. This particular rod fractured in the body of a pellet, as opposed to at a pellet–pellet interface location. The vertical lines appearing in the image
are an artifact of the imaging process. (B) The segment rigidity for all tests vs. the estimated coolant temperature at the segment rod elevation. Two of the
graphs shown were originally published in Montgomery and Bevard (2023). The authors have obtained the necessary permissions to use them.
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(Figure 8), a potential correlation is observed for the CWSR cladding
types (LTZirc-4, ZIRLO, Zirc-4) for yield strength andflexural strength.
The flexural modulus of all specimens (CWSR and RXA) also trends
reasonably well with local coolant temperature. Montgomery et al. also
investigated trends with measured local waterside oxide thickness,
hydrogen concentration and reorientation, and remaining cladding
thickness with limited success (Montgomery and Bevard, 2023).

Referring to Figure 6, the heat-treated rods had significantly
more ductility than the baseline rods (on the order of 2 × for theM5-
clad rods), which suggests that annealing of irradiation damage may
have occurred during the simulated vacuum drying heat treatment.
This is further indicated by the decreased yield strength and
increased strain at fracture as compared with the corresponding
baseline rods. Significant flexure before fracture was observed for the
FHT M5 rod segments, as shown in Figure 9A for one specimen,
post-fracture.

The measured elastic flexural modulus was comparable among all
rod segments tested and did not change much for the temperatures
tested (room temperature and 200°C), as expected. Although the heat
treatment did not appear to affect the flexural rigidity of the rod, when
all data are pooled, flexural rigidity seems to depend on the local coolant
temperature during reactor operation, as shown in Figure 9B. This is
likely related to annealing of irradiation defects in the cladding that
occurred in reactor, as higher coolant temperature resulted in a more
ductile and less rigid rod.

3.5 Ring compression tests

During the last decade, Argonne National Laboratory has
developed a significant body of data on cladding hydride
reorientation and the associated effects on cladding ductility

FIGURE 10
Transverse compression tests, (A) test configuration, (B) and (C) the pretest and posttest alignment of a preexisting pellet crack that influenced the
rod segment fracture plane under the tested loading condition, and (D) the crosshead displacement vs. reported load compared for a rod segment and
cladding-only test illustrates that the rod can carry ~8 × the load in transverse compression. Two of the graphs shown were originally published in
Montgomery and Bevard (2023). The authors have obtained the necessary permissions to use them.
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using ring compression testing (RCT), as summarized by Billone,
2019. ORNL’s RCT data provide supplementary information on the
transverse load-bearing capability of intact fuel rods (cladding and
pellets). Similar to RCT of cladding specimens, the fueled rod
segment is loaded across its diameter in compression, as shown
in Figure 10. The load as a function of crosshead displacement is
measured to failure. Table 2 summarizes the results of 5 tests
completed at 200°C and 12 tests completed at room temperature.
The specimens typically carried load until at least one cladding
fracture developed.

Fueled RCT indicates a large transverse load-bearing capability,
independent of hydride reorientation, at about 16.4 kN on average,
with a minimum load-bearing capability of 12.3 kN for the tested
segments. No appreciable difference is observed in the maximum
load-bearing capability of the segments from room temperature to
200°C, and there is no apparent difference related to the heat-
treatment applied to some of the rods. When the room
temperature tests and the 200°C tests are plotted with the segment
average burnup (Figures 11A,B) and with the average local coolant
temperature at the segment’s rod elevation (Figures 11C,D), no trends
are observed. However, a few points are noticeably lower in measured
peak load, and suspicions were confirmed when the measured average
segment waterside oxide thickness (Figure 12A) and the measured
average remaining cladding wall thickness (Figure 12B) are plotted.
The peak load capacity in transverse compression strongly correlates
with the remaining cladding wall thickness, which is simply the
thickness of the cladding wall that was not oxidized in reactor.

The pelletside oxide thickness is typically thin and on the order of
10 μm, but the waterside oxidation kinetics depend on the local
operating conditions and the alloy type.

Another primary observation is that the orientation of the major
cracks in the pellet appear to nucleate fracture of the adjacent
cladding and determine the pellet fracture plane, as illustrated in
Figure 10. The observed failure of cladding correlated to cracks in
the pellet suggests that relative pellet fragment motion may be
important to predicting failure of the composite rod in transverse
compression. ORNL measured failure loads of fuel rods that were
significantly higher (about 8×) than defueled cladding-only tests, as
shown in Figure 10.

4 Discussion and summary of
key findings

The combined testing of the HBU sister rods provides a broad
body of data supporting the extended interim storage and
transportation performance of baseline HBU used fuel and
vacuum-dried spent fuel for interim dry storage and eventual
transport. In general, the HBU rods were found to be strong and
durable in the expected loading conditions. For example, in bending,
the rods retain significant flexural strength and ductility, even at
HBU and after FHT. Fueled RCT indicates a large transverse load-
bearing capability for both the baseline and FHT rods, independent
of cladding alloy and any associated hydride reorientation, at about

FIGURE 11
Measured transverse load bearing capability (room temperature and 200°C) for each specimen plotted as a function of (A), (B) the estimated average
specimen burnup and (C), (D) the estimated average local coolant temperature at the specimen’s in-reactor elevation.
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8× the capacity of empty cladding. No appreciable difference exists
in the RCT load-bearing capacity from room temperature to 200°C,
and the peak load capacity correlates with the remaining cladding
wall thickness, which is related to the waterside oxidation layer
thickness developed during reactor operation.

Considering possible changes in performance related to dry
storage vacuum drying, the measured cladding hydrogen content
of the sister rods is slightly higher than, but consistent with, other
available data. Strong correlations were observed between reactor local
coolant temperature and waterside oxide thickness, and waterside
oxide thickness and cladding hydrogen content. Hydride
reorientation did occur at the imposed FHT temperatures and
cladding stress (as generated by the as-discharged rod internal
pressure); the M5 cladding had some long radial hydrides, and the
other alloys had only very short radial hydrides. However, the radial
hydride orientation did not degrade performance of the fuel rods.

Regarding the extended effects of the FHT unrelated to hydride
reorientation, the heat-treatment (and thus vacuum-drying)
resulted in decreased bending yield strength and increased
ductility that are alloy dependent and we strongly suspect are
related to the annealing of irradiation damage accumulated by
the cladding during reactor operation and during vacuum drying.
Fission and fill gas was shown to move more readily through the
pellet stack in the heat-treated rods, and this is attributed to a
permanent increase in the rod diameter that occurred because of the
increased rod internal pressure during FHT.

One of the most important findings from the sister rod work is
the observed influence of the pellet, pellet cracks, and pellet-to-
cladding bonding on the strength and performance of the
composite rod.

While the fatigue performance of HBU fuel rods appears to
be unaffected by the FHT applied, hydride orientation, fuel rod

FIGURE 12
Peak load measured in transverse compression plotted with (A) average measured specimen waterside oxide thickness, and perhaps more
appropriately, (B) the average remaining cladding wall thickness (measured nondestructively using eddy current (Montgomery et al., 2019a)).
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type, or cladding type, the CIRFT testing found that the fatigue
performance of HBU fuel rods is degraded compared with the
fatigue performance of cladding alloys. This degradation
appears to be caused by stress concentrations that occur at
pellet–pellet interfaces or pellet cracks under bending loads.
During fatigue conditions, cracks appear to initiate from the
cladding inner diameter, indicating pellet interaction effects.
Further, the pellets constrain deformation of the cladding under
RCT conditions, resulting in significant improvement in failure
loads in transverse compression, but the orientation of the
major cracks in the pellet determines the pellet fracture
plane, and the cracks appear to nucleate fracture of the
adjacent cladding wall. Finally, the pellet cracks have been
observed to nucleate hydrides at the adjacent cladding inner
diameter, and the specific influence of the precipitates at these
locations deserves further study.

5 Future work

One of the primary observations from this work is the effect
of in-reactor and vacuum-drying local temperatures on the rod
performance. These effects are likely related to the annealing of
irradiation defects within the fuel rod cladding. Future work
plans focus on better defining the degree of annealing of defects
with time at temperature and will include bending and fatigue
tests to capture resulting effects on rod performance.
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