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ABSTRACT

A method for evaluating the room temperature ductility behavior of irradiated Zircaloy-4 nuclear
fuel cladding has been developed and applied to evaluate tensile hoop strength of material irradiated
to different levels. The test utilizes a polyurethane plug fitted within atubular cladding specimen. A
cylindrical punch is used to compress the plug axially, which generates aradial displacement that acts
upon the inner diameter of the specimen. Position sensors track the radial displacement of the
specimen outer diameter as the compression proceeds. These measurements coupled with ram force
data provide aload-displacement characterization of the cladding response to internal pressurization.
The development of this simple, cost-effective, highly reproducible test for evaluating tensile hoop
strain as afunction of internal pressure for irradiated specimens represents a significant advancein
the mechanical characterization of irradiated cladding.

In this project, nuclear fuel rod assemblies using Zircaloy-4 cladding and two types of mixed
uranium-plutonium oxide (MOX) fuel pellets were irradiated to varying levels of burnup. Fuel pellets
were manufactured with and without thermally induced gallium removal (TIGR) processing. Fuel
pellets manufactured by both methods were contained in fuel rod assemblies and irradiated to burnup
levelsof 9, 21, 30, 40, and 50 GWd/MT. These levels of fuel burnup correspond to fast (E > 1 MeV)
fluences of 0.27, 0.68, 0.98, 1.4 and 1.7 x 10?* neutrons/cm?, respectively. Following irradiation, fuel
rod assemblies were disassembled; fuel pellets were removed from the cladding; and the inner
diameter of cladding was cleaned to remove residue materias. Tensile hoop strength of this cladding
material was tested using the newly devel oped method. Unirradiated Zircaloy-4 cladding was a so
tested. With the goal of determining the effect of the two fud types and different neutron fluences on
clad ductility, tensile hoop strength tests were performed on cladding for these varying conditions.
Experimental data revea ed negligible performance differences for cladding containing TIGR vs non-
TIGR processed fuel pellets. Irradiation hardening was observed in tensile hoop data as the strength
of the cladding increased with increasing neutron dose and appeared to saturate for a fast fluence of
1.7 x 10* neutrons/cn?.

1. INTRODUCTION

The U.S. Department of Energy (DOE) Fissile Materials Disposition Program (FMDP) is
pursuing reactor burnup of mixed uranium-plutonium oxide (MOX) fuel for disposal of surplus
weapons-grade plutonium. The utilization of MOX fuel is supported by extensive MOX fuel
irradiation experience that has been generated principally in Europe through research, development,
and deployment programs since the mid-1950s. MOX fuel has been utilized domestically in test
reactors and on an experimental basis in a number of commercial light-water reactors (LWRs). More
than 300,000 MOX fuel rods have been successfully irradiated in the United States and Europe. Most
of this experience has been with reactor-grade plutonium. To pursue disposition of surplus weapons-
usable plutonium via reactor irradiation, it must be demonstrated that surplus weapons-derived or
weapons-grade (WG) plutonium performsin a manner consistent with the reactor-grade MOX
experience base.

There are severa differences between weapons-derived MOX fuel and commercial MOX fudl,
such as the proportion of “°Pu. However, a primary concern is the gallium content found in weapons-
grade plutonium that is not present in reactor-grade plutonium. Gallium alloying is used to improve
dimensiona stability, formability, and machinability of plutonium by stabilizing the FCC (face-
centered-cubic) phase.! Thisimproves dimensional control in components and reduces problems
associated with casting and forming processes. The current knowledge base for MOX fuel does not
include an accounting for the presence of gallium in fuel pellets.

An important question to be addressed for weapons-derived MOX fuel isthat of imbrittlement of
the cladding during irradiation. While irradiation-induced loss of ductility has been established and



guantified for many cladding materials, the potential synergistic effects of irradiation and the unique
constituents (i.e., gallium) of weapons-derived MOX fuel are not known. The Postirradiation
Cladding Ductility Test Program was formulated for the DOE and is conducted by Oak Ridge
National Laboratory (ORNL) to evaluate radiation-induced ductility loss. The program focusis on
development, validation, and application of technology for the determination of the tensile failure
ductility limits for MOX fuel cladding irradiated in the Advanced Test Reactor (ATR) at Idaho
National Laboratory (INL). The scope of the project includes (1) the development of techniques for
machining and handling of small ring-type test specimens fromirradiated MOX test cladding,

(2) development and validation of a specimen and test fixture for use in a hot cell environment, and
(3) testing of cladding specimens subjected to fluence levels as high as 1.7 x 10?* neutrons/cm? (E >
1 MeV). Testing is performed at ORNL in the Core Conduction Cooldown Test Facility (CCCTF) hot
cell in Building 3525.

The Pogtirradiation Cladding Ductility Test Program was conducted in several phases. The first
phase was to develop, validate, and demonstrate technology for remote handling, cutting, and testing
of small ring specimens of cladding material. This phase culminated in the successful preparation of
specimens and ductility demonstration tests of irradiated [6.8 x 10 neutrons/cm? (E > 1 MeV)] MOX
test fuel cladding. These demonstration results have been previously reported.” The second phase
covered ductility testing of irradiated MOX test fuel cladding for fast neutron fluences over the range
0.27-1.40 x 10* neutrons/cn? (E > 1 MeV).® The third phase extended the range of neutron fluences
to 0.27-1.7 x 10* neutrons/cn?® (E > 1 MeV). This report is a comprehensive presentation of all
irradiated cladding ductility tests. It includes a presentation of results, analysis, discussion, and
summary.



2. BACKGROUND

The use of Zircaloy-4 asfuel cladding is motivated by its unique combination of properties such
as strength, corrosion resistance and low thermal neutron cross section.” The use of this material in
nuclear fuel assemblies exposesit to the extreme environments associated with nuclear reactor
operation. Therefore, it is critical to understand changes in microstructure and properties of cladding
over thelife of afud pellet assembly.

Irradiation hardening of zirconium alloys and the associated decrease in ductility is an area of
significant concern for the designers and operators of LWRs for determining life cycles and
optimizing reactor performance. As the material hardens, aloss of ductility occurs® and could lead to
brittle failure of cladding during accident scenarios. Therefore, knowing the strength and ductility of
Zircaloy cladding throughout the component life cycleis critical for defining and conforming to the
safety envelope.

Previous research has addressed irradiation hardening of zirconium alloys.”” Higgy and Hamad®
reported results for tensile testing of irradiated Zircaloy-2 and Zircaloy-4. Specimens were irradiated
at low temperature (<100°C) up to afluence of 1.43 x 10%° neutrons/cm? (>1 MeV) and at elevated
temperature (320-360°C) up to 1.53 x 10?* neutrons/cm? (>1 MeV). Among the conclusions drawn
were that irradiation hardening saturated during low-temperature irradiation but not for elevated
temperature irradiation. The rate of irradiation hardening was greater at low-temperatures compared
to elevated temperatures, and in Zircaloy-4, increase in strength due to cold work and/or fine grain
size decreased the amount of irradiation hardening.

Yasuda et a Cirradiated Zircaloy-2 at ~290°C and performed tensile testing at varying strain rates
and temperatures. Test temperatures from 25°C to 400°C and strain rates from 0.05 to 5% per minute
were applied. Two digtinct failure morphologies, described as spiral and necking, were observed in
fractured specimens. The spiral fracture surface was observed at temperatures equal to and less than
300°C for irradiation fluences greater than ~3 x 10%° neutrons/cm?. Necking and increase failure
elongation was seen in specimens tested at 400°C for all irradiation fluences. These results highlight
the effect of test temperature on the ductility of irradiated cladding. It was also reported that
irradiation increased the strain rate sensitivity of the yield strength.

Most recently, Byun and Farrell” tensile tested annealed Zircaloy-4 irradiated up to 0.8 dpa
(displacements per atom) at ~100°C. Their data showed increases in yield strength from ~400 MPato
more than 600 MPadue to irradiation, and the onset of saturation was not observed for the range of
neutron fluences. A significant characteristic of the Zircaloy tensile flow curves was, for irradiation
above 0.01 dpa, a stress drop associated with plastic instability, which occurred immediately upon
plastic yielding. This result suggests that negligible post-yielding uniform elongation occursin
Zircaloy irradiated above 0.01 dpa at low temperatures.

Because of their hexagonal-close-packed (HCP) crystallographic structure, cold working of
zirconium alloys produces a preferred orientation of the crystals (texture). Such texture is the source
of mechanical anisotropy that resultsin significantly higher yield strength valuesin the transverse
direction of strip.® Therefore, when determining mechanica properties of cladding, it is necessary to
explicitly measure propertiesin the direction of interest. For clad tubing the circumferential or hoop
direction is of concern because of the predominant tensile hoop stress associated with internal
pressurization caused by fuel pellet expansion and/or release of fission gas products. Existing
methods for tensile hoop testing of nuclear fuel cladding employ aring tensile test.>*° This method
requires reduced gauge sections to be machined along the specimen circumference at locations 180°
apart. Tooling machined to match the curvature of the specimen inner diameter exerts aforce such
that the maximum stress is produced in the gauge sections. Such methods are costly and develop
stress concentrations that generate localized strain as the deformation proceeds. Stress/strain
concentrations and the associated gradients are undesirable for determining material properties.

As part of this project, the expanding plug internal pressurization test method for ng the
tensile hoop strength of irradiated cladding was devel oped. The devel opment and demonstration of



this method have been reported previously? and will not be presented here. The expanding plug
method was used to evaluate the tensile hoop strength of Zircaloy-4 nuclear fuel cladding irradiated to
various neutron fluences. The results of these tests are presented and serve as a validation of the
method for evaluating tensile hoop strength.



3. EXPERIMENTAL DESCRIPTION AND PROCEDURES
3.1 DESCRIPTION OF EXPANDING PLUG DUCTILITY TEST

A simple test was developed to evaluate the tensile hoop strength of small tubular specimens
representative of nuclear fuel cladding. The test uses acylindrical polyurethane plug with a diameter
nearly equd to theinner diameter (ID) of the tubular test specimen. The plug is compressed axially
by aram that produces aradia displacement. Thisradial displacement causes the plug to act upon the
ID of the specimen and generate a pseudo internal pressurization. A schematic of the test
configuration is shownin Fig. 1.

Force

.

Polyurethane ] i
Plug \\
Zircaloy
Specimen
S

Support Post

Fig. 1. Schematic of expanded plug test setup for clad ductility testing.

The three primary components of the test configuration are a polyurethane plug, cylindrical ram,
and a support post or platen. The polyurethane plug with a hardness of Shore A 95 is machined such
that adowel extends at one end of the cylinder. The dowel is sized to fit within a shallow cylindrica
recess in the support post. The purpose of the dowel isto align the specimen and plug directly beneath
the cylindrical ram such that the plug is compressed without the specimen being contacted by the ram.
The dowe also improved the uniformity of deformation compared to flat-bottomed plugs, which
tended to expand the lower portion of the specimen greater than the upper half.™*

As the ram compresses the plug, the radial displacement of the tube outer diameter is measured
using two proximity probes located directly opposite each other. Data from the probes are used to
continuously monitor and record the change in specimen diameter. The ram is attached to aload cell
that measures the force required to compress the plug and, consequently, expand the specimen
diameter. A photograph of test setup isshownin Fig. 2.

In summary, test outputs are ram force, ram displacement, and displacement of the specimen
outer diameter. The ram force or total load includes the load required to compress the plug as well as
deform the specimen. To evaluate the load required to deform the specimen only, the load required to
deform the plug was measured in separate tests. In these tests, a plug was simply deformed without a
specimen, and the resulting load-displacement data were used to adjust test data and obtain the load
required to deform the specimen only. Although it is understood that the plug stress state without a
specimen isinconsistent with that found in the actual test, it is reasonable to assume that the force to
deform the specimen is the difference in the total force and the force required to deform the plug only.
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Fig. 2. Prototype of test setup for clad ductility test showing relative positions of
plug, specimen, and proximity transducers.

This correction assumes that forces due to friction between the plug and sample are small enough to
be considered negligible. Typically, the force to compress the plug monotonically increasesto
approximately 380N at 1-mm ram displacement.

3.2 MATERIAL

Zircaloy-4 is commonly used in nuclear reactors as fuel pellet cladding as well as for structural
components. The material used in this study was tubing provided by Sandvik Special Metals
Corporation in the annealed condition with reported tensile yield and ultimate strengths of 570 and
770 MPa, respectively. The chemical composition of the Zircaloy-4 heat used in this project is shown
inTable 1.

Table 1. Chemical composition of Zircaloy-4 alloy

Tin Iron Chromium Silicon Oxygen Carbon Zirconium
1.30 wt % 0.22 wt % 0.12 wt % 85 ppm 1270 ppm 140 ppm Balance

The Zircal oy-4 tubing was used as cladding in fuel rod assemblies for the MOX irradiation
program. Ductility test specimens were obtained from Zircaloy-4 cladding irradiated to various
burnup levels containing MOX fuel pellets manufactured with two processing routes. The processes
are different in that PuO, feed powder was given athermally induced gallium removal (TIGR)
treatment in one process and not in the other. The TIGR process lowered the gallium content of the
PuO, powder from 8800 ppm to 170 ppm. During sintering of pellets, gallium content was further
reduced to 1.4 and 3.0 ppmin TIGR treated and nontreated pellets, respectively.*

Plug expansion tests were performed on fuel pellet cladding irradiated at five different levels as
well as unirradiated Zircaloy-4 tubing. The irradiation levels were characterized as fuel burnup with



units of gigawatt-day per metric ton (GWd/MT). Table 2 shows the burnup levels used in this work
and the associated dpa and neutron fast fluence.

Table 2. Fue burnup levels and the associated dpa
and fast fluencefor irradiated cladding

Burnup Displaceme?ts Fast fluence2
(GWAMT) per atom (neutrons/cm?®,

(dpa) E>1MeV)

9 0.5 2.7x10%

21 14 6.8 x 10%°

30 2.0 9.8x 10%

40 2.8 14.0 x 10%°

50 34 16.8 x 10%°

@Assumes 2 dpaper 10! neutrons/cm? [4].

Estimates of cladding temperature during irradiation were obtained using computational
simulation.™® An experiment-specific capsule assembly response thermal/swelling (CARTS)
simulation code developed at ORNL to predict the thermal-mechanical response of capsule
assemblies for the MOX experiment is capable of estimating cladding temperatures for a given linear
heat generation rate. For the MOX irradiations, linear heat generation rates varied from 17-30 kW/m
with an average of approximately 24 kW/m. For these heat generation rates, cladding temperatures
are estimated to range from 250-300°C. Additional details of the irradiation experiment are not
presented here but can be found in ORNL documentation.*

3.3 PROCEDURE

Experiments measured the radial expansion and associated loading of Zircaloy-4 cladding as a
function of irradiation and fuel pellet gallium concentration associated with TIGR and non-TIGR
treatments. An experimental procedure was developed as part of expanding plug test devel opment
and employed for testing of irradiated cladding.

Irradiated cladding was received in lengths varying from 40 mm to 120 mm with atube outer
diameter of 9.7 mm (0.38 in.) and awall thickness of 0.6 mm (0.03 in.). Fuel pellets were removed
from the cladding, and the clad ID was cleaned using a rotating wire brush. Test specimens were cut
to alength of 7.1 mm and, if necessary, de-burred. Additional information regarding cleaning and
cutting of cladding are provided elsewhere 3™

Polyurethane plugs with a Shore A hardness of 95 were machined with a diameter of 8.3 mm
(0.33in.) and alength of 7.5 mm (0.295 in.) excluding the positioning dowel. For experiments where
the specimen was deformed to fracture, a plug length of 7.7 mm was used. The polyurethane plug is
placed on the support post with the positioning dowel fit within the receiving recess as shown in
Fig. 1. The specimen is placed over the polyurethane plug, and the plug is preloaded to 178 N (40 |bs)
to seat and center the plug. Thetest isinitiated by axially compressing the plug with theram. A ram
velocity of 0.5 mm/minute was typically used, and a maximum displacement, usualy 0.89 mm
(0.035in.), was specified. Upon reaching the maximum displacement, the plug unloaded, and the test
terminated. Recorded outputs are time, ram displacement, ram load, and specimen OD radia
displacements from each probe. Additional tests were performed for select irradiation levelsin which
the specimen was deformed to failure. It isimportant to note that the results presented in the
following section were generated over a period of several years, and subtle inconsistencies may exist
in the experimental procedure. Such inconsistencies will be reported with the associated results.






4. RESULTS
41 NONIRRADIATED ZIRCALOY-4 CLADDING

Three tests were performed on nonirradiated cladding to provide a baseline of material perform-
ance as well as acomparison to irradiated material. Results of the tests are shown in Figs. 3-5. The
figures plot radial displacement measured by each probe, the average of these measurements and load
as afunction of ram displacement. Because a constant ram velocity is applied, the ram displacement
islinear with time.

The plots display two discrete deformation regimes: one associated with the initia elastic loading
and the other related to the generation of plastic deformation. The load behavior for the threetestsis
remarkably consistent and shows afinal load of 6.8 kN prior to unloading. The displacement of the
clad OD & so shows good repeatahility. For each test, an average maximum radia displacement of
~190-205 pm was recorded. However, for the plots shown in Fig. 3 and Fig. 4, adiscrepancy in
radial displacement was measured for each probe. This discrepancy is almost 40 and 35 pm in Figs. 3
and 4, respectively, and appears during plastic deformation. In contrast, the plot in Fig. 5 reveals
excellent correlation between probe measurements. Additional work is required to determine if these
deviations are associated with material behavior, experimental setup, or acombination. Itis
speculated that this phenomenon is associated with subtle imperfections in plug and/or specimen
geometry.
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Fig. 3. Load and displacement plotsfor unirradiated Zir caloy-4 clad specimen BL GS-4.
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Fig. 4. Load and displacement plotsfor unirradiated Zircaloy-4 clad specimen BL GS-5.

| Unirradiated Zircaloy Cladding -
E 210 {BLGS6 — == 7
=2 N I I | d
g 180 [ | ——— Load T il —_ 6
8 150 | —— Probe Average | . —1 5 =
= -| —— Probe 1 8
4 _ &
A 120 H— | 4 &
a | I — ] (an
I B 1 Z
T 90— —F———— — — —— 3
(2 B i
S oo pbp——+——HF—— 4 —— A — | — — 2
L e B~ diis po—= i Il e — !
0 L— ! 0
0.0 0.2 04 0.6 0.3 1.0 1.2

Ram Stroke (imm)

Fig. 5. Load and displacement plotsfor unirradiated Zir caloy-4 clad specimen BL GS-6.

4.2 |IRRADIATED ZIRCALOQOY-4 CLADDING FOR 9-GWd/MT FUEL BURNUP

Results for ductility tests of cladding for fuel burnup of 9 GWd/MT are provided in this section.
The results are composed of three tests for cladding containing fuel pellets fabricated without a TIGR
treatment and three for cladding of TIGR-treated pellets. Results of the tests are shown in the
following figures. The figures plot radial displacements, the average displacement, and load as a
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function of ram displacement (Figs. 6-8 for non-TIGR specimens and Figs. 9-11 for TIGR
specimens).
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Fig. 6. Load and displacement plotsfor non-TIGR, 9-GWd/MT fuel burnup
cladding specimen 1.
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Fig. 7. Load and displacement plotsfor non-TIGR, 9-GWd/MT fuel burnup cladding
specimen 2.
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Fig. 8. Load and displacement plotsfor non-TIGR, 9-GWd/MT fuel burnup cladding
specimen 3.
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Fig. 9. Load and displacement plotsfor TIGR, 9-GWd/MT fuel burnup cladding
specimen 1.
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Fig. 10. Load and displacement plotsfor TIGR, 9-GWd/MT fud burnup cladding

specimen 2.
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Fig. 11. Load and displacement plotsfor TIGR, 9-GWd/MT fuel burnup cladding
specimen 3.

The non-TIGR specimens displayed a consistent maximum loading of about 7.5-8 kN. Of some
concern isthe large deviation in OD radial displacement measured by the two probes. The probe
measurements had difference of nearly 60 and 80 um for specimens 1 and 2, respectively. This
phenomenon appears to be associated with the plastic deformation regime, but some deviations are
observed during the el astic portion of the plot.
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The plotsfor the TIGR treated specimens show behavior similar to that measured in the non-
TIGR cladding. The load saturates at approximately 7.9 kN, and the average displacement of the OD
is 120 um at 0.9-mm ram stroke. With an exception to specimen 3, the TIGR samples showed some
deviation in individual probe measurements of OD displacement. Thisis also similar to behavior seen
in the non-TIGR specimens.

4.3 IRRADIATED ZIRCALQOY-4 CLADDING FOR 21-GWd/MT FUEL BURNUP

Ductility test results for 21-GWd/MT fuel burnup cladding are shown in this section. The figures
are the same format as the previous two sections and display datafor non-TIGR specimens,
Figs. 12-14, and TIGR specimens, Figs. 15-17.

Theresultsfor the non-TIGR, 21-GWd/MT tests showed a significant degree of consistency. The
load saturated at approximately 8.2 kN and an OD displacement of 105 um for 0.9 mm of ram stroke.
The saturation load is dlightly greater than the 9-GWd/MT values, and the OD displacement isless.

Like the 9-GWd/MT tests, the TIGR specimens show behavior consistent with the non-TIGR
cladding. Also, the deviation in probe measurements is pronounced. In each case at the onset of
plastic deformation, most of the OD displacement associated with plastic deformation is measured by
one probe, while the other probe shows a subtle change in displacement rate.
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Fig. 12. Load and displacement plotsfor non-TIGR, 21-GWd/M T fuel burnup cladding
specimen 1.
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Fig. 13. Load and displacement plotsfor non-TIGR, 21-GWd/M T fuel burnup cladding
specimen 2.
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Fig. 14. Load and displacement plotsfor non-TIGR, 21-GWd/M T fuel burnup cladding
specimen 3.
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Fig. 15. Load and displacement plotsfor TIGR, 21-GWd/MT fuel burnup cladding

specimen 1.
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Fig. 16. Load and displacement plotsfor TIGR, 21-GWd/MT fuel burnup cladding

specimen 2.
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Fig. 17. Load and displacement plotsfor TIGR, 21-GWd/MT fuel burnup cladding
specimen 3.

44 |IRRADIATED ZIRCALQOY-4 CLADDING FOR 30-GWd/MT FUEL BURNUP

Figures presenting ductility test results for 30-GWd/MT fuel burnup cladding are provided in the
following section. The figures are in the same format as those found in previous sections showing
tensile hoop data.

Thenon-TIGR, 30-GWd/MT results shown in Figs. 18-20 display a maximum load of
approximately 8.5 kN and an approximate OD radial displacement of 110 pm at 0.9-mm ram stroke.
Like previous results, the uniformity of probe measurementsis reduced as plastic deformations
commence. However, adight drop in load is measured prior to termination of the tests. This
phenomenon is not observed in results for lower irradiation levelsin which the loading appearsto
reach a steady state.
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Fig. 18. Load and displacement plotsfor non-TIGR, 30 GWd/MT fuel burnup cladding

specimen 1.
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Fig. 19. Load and displacement plotsfor non-TIGR, 30-GWd/M T fuel burnup

cladding specimen 2.
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Fig. 20. Load and displacement plotsfor non-TIGR, 30-GWd/M T fuel burnup

cladding specimen 3.
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Dataplotsfor TIGR specimens (Figs. 21-23) appear to have similar behavior to that measured for
non-TIGR data shown in Figs. 18-20. The load drop during plastic deformation suggests instability
and is consistent with results for non-TIGR specimens. The significant divergence of individual probe
measurements during the elastic portion of the loading in Fig. 22 suggests that the initial positioning
of the specimen and plug was not ideal and some repositioning occurred during the test.
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Fig. 21. Load and displacement plotsfor TIGR, 30-GWd/MT fuel burnup cladding

specimen 1.
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Fig. 22. Load and displacement plotsfor TIGR, 30-GWd/MT fuel burnup cladding
specimen 2.
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Fig. 23. Load and displacement plotsfor TIGR, 30-GWd/MT fuel burnup cladding
specimen 3.

4.5

IRRADIATED ZIRCALOY-4 CLADDING FOR 40-GWd/MT FUEL BURNUP

Figures presenting ductility test results for 40-GWd/MT fuel burnup cladding follow

(Figs. 24-29). The format is the same as that used in Figs. 3-23.
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Fig. 24. Load and displacement plotsfor non-TIGR, 40-GWd/M T fuel burnup cladding

specimen 1.
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Fig. 25. Load and displacement plotsfor non-TIGR, 40-GWd/M T fuel burnup
cladding specimen 2.
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Fig. 26. Load and displacement plotsfor non-TIGR, 40-GWd/M T fuel burnup cladding
specimen 3.
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Fig. 27. Load and displacement plotsfor TIGR, 40-GWd/MT fuel burnup cladding specimen 1.
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Fig. 28. Load and displacement plotsfor TIGR, 40-GWd/MT fuel burnup cladding specimen 2.
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Fig. 29. Load and displacement plotsfor TIGR, 40-GWd/MT fuel burnup cladding
specimen 3.

The load data again showed an increase with increasing irradiation level. A maximum load of
nearly 9 kN was measured for the non-TIGR, 40-GWd/MT clad specimens. Asthe strength of the
cladding increases, the elastic portion of the |oad-displacement curves also increases. Because afixed
total ram stroke was used throughout the project, thisincrease in the elastic strain is accommodated
by a decrease in the measured plastic deformation. In Figs. 24-25, it is not apparent if load drop will
occur or the degree of deviation in probe measurements will decrease with additional ram stroke.

Consistent with previous results, the load data for the TIGR specimens are similar to the non-
TIGR specimens. The OD displacement data do not reveal any trends that suggest a variation in strain
behavior between TIGR and non-TIGR specimens.

4.6 |IRRADIATED ZIRCALOY-4 CLADDING FOR 50-GWd/MT FUEL BURNUP

Ductility test results for 50-GWd/MT fuel burnup cladding are shown in the following figures
(Figs. 30-35). The results were obtained from two fuel pins; however, only non-TIGR fuel pellets
were contained within the cladding.

The 50-GWd/MT data displayed significant load drop after plastic yielding. Other irradiation
levels had subtle amounts of load drop compared to these data. Also, the severity of deviationin
probe measurements appears to have increased. Particularly, Figs. 30 and 34 display datawhere a
probe measured an initial decreasein radial displacement during plastic deformation.

The displacement plots associated with fuel pin 9 in Figs. 33-35 indicated large amounts of
displacement deviation between probes. The displacement also shows a discontinuity during plastic
deformation. Aninitial displacement rate is observed with the onset of plastic yielding, but at a point
associated with an accelerated 1oad drop, the displacement rate changes. Although this behavior is
readily observed in individual probe measurements, the average of these measurements tends to
disguise the phenomenon. These measurements suggest that plastic instability hasinitiated and that
nonuniform deformation is occurring. This phenomenon will be discussed further in the following
sections.

23



OD Radial Displacement ( um)

OD Radial Displacement ( pm)

180 =5 GWD Irradiated Zircaloy Cladding | 1 °
160 |HFPs-1 — 4 B
140 |- Load — -1 — 7
120 Probe Average S
100 s
80 H———— —— 14
60 [ ———]——— S
0 ———— FA— — — - — — Ll 19
20 ——— A = +— "+t -+ 1+ 1

0 T

00 01 02 03 04 05 06 07 08 09 1.0
Ram Stroke (mm)

Fig. 30. Load and displacement plotsfor non-TIGR, 50-GWd/M T fuel burnup
cladding specimen FP8-1.
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Fig. 31. Load and displacement plotsfor non-TIGR, 50-GWd/M T fuel burnup
cladding specimen FP8-2.
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Fig. 32. Load and displacement plotsfor non-TIGR, 50-GWd/ MT fuel burnup
cladding specimen FP8-3.
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Fig. 33. Load and displacement plotsfor non-TIGR, 50-GWd/M T fuel burnup
cladding specimen FP9-1.
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Fig. 34. Load and displacement plotsfor non-TIGR, 50-GWd/M T fuel burnup
cladding specimen FP9-2.
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Fig. 35. Load and displacement plotsfor non-TIGR, 50-GWd/M T fuel burnup
cladding specimen FP9-3.
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5. ANALYSISAND DISCUSSION
51 ESTIMATESOF STRESSAND STRAIN

Data generated from ductility testing can be used to characterize the deformation behavior of
irradiated fuel cladding. Because the radia displacement of the specimen OD is measured, the
circumferential or hoop strain at the OD can be estimated from Eq. (5.1).

(5.1)

e = u
00 b .

Here, g4 ishoop strain, uisradial displacement, and b isthe initial radius of the specimen OD.
An average hoop strain from the two probe measurements will be used unless noted otherwise. It is
understood that under ideal circumstances, the two probe measurements would yield identical
measurements. However, imperfections in plug and/or specimen geometry could be a source for
nonuniform deformation and deviations in probe measurement. Additionally, any radial displacement
of the cylindrical axis due to imperfections would impose arigid body motion on the sample that
could effect probe measurements. These issues will be addressed as they appear in the following
sections.

There are several methods for estimating stress from the measured forces. Assuming an ideal
uniform pressurization of the specimen ID, closed-form analytical solutions for radial and hoop
components of stress exist. The simplest solution applies a thin-walled cylinder assumption which
states that the cylinder wall isthin such that any radial stress gradients are small enough to be
considered negligible. The equation describing hoop stress for athin-walled cylinder is givenin
Eqg. (5.2).

Gy :pT _ (5.2)

Here, pisthe pressure, T isthe radius at the midpoint of the wall thickness, and t is the cylinder
wall thickness. A more advanced solution recognizesthat aradia stress gradient exists across the
wall and is referred to as the thick-walled cylinder solution. The hoop and radial stresses are
dependent upon the radial position as well as geometry and internal pressure. Descriptions of these
relationships are provided in Egs. (5.3) and (5.4).

az(r2+b2)
S(1)gg = prz(bz—az) : (5.3)
2 (r-b') . (5.4)

Theradius of the ID and OD are a and b, respectively, and the pressure, p, is the differencein
measured load and plug-only load divided by the ram cross section. A third, semiempirical method
for estimating stress was developed as part of this project.* The method employs some input with
respect to specimen geometry but basically scales the load data to reflect a stress value. A scaling
parameter, T, is devel oped by performing a comparison of atensile hoop test to a standard uniaxial
tensile test using areference material. The parameter value is set to scale the |oad data from the
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tensile hoop test to match the uniaxial tensile test data at 0.2% plastic (offset) strain. The relationship
isshownin Eqg. (5.5).

load
GGG = FT . (55)

Here, load is the measured force, and | is the specimen length. For the following comparisons, a
value of 0.53 will be used for T". Applying data for an unirradiated Zircal oy-4 specimen, the resulting
stress-strain curves are shown in Fig. 36.
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Fig. 36. Hoop stress-strain curves calculated using thin-walled pressurized cylinder,
thick-walled pressurized cylinder, and uniaxial tensiletest scaling method.

It isimportant to note that the thin-walled and thick-walled pressurized cylinder analyses are only
valid for the fully elagtic case. The thick-wall solution shows a 15% decrease in hoop stress from the
ID to the OD and suggests that radial stress gradients should not be neglected. The thin-wall solution
issimilar to the thick-wall solution at the ID, and it islikely that the stress does not reach the levels
calculated for these solutions because of plastic deformation at the ID. The scaling result is within the
bounds set by the thick-wall solution and is close to the stress at the OD. This could be explained by
the fact that the strain is measured at the OD, and thisis the last portion of the cylinder to plastically
yield during internal pressurization. Given that the scaling results are reasonable compared to
analytical solutions, this method will be applied for any subsequent estimates of stress.

Thedashed linein Fig. 36 isaplot of 0.2% strain offset, and the intersection of this plot with
stress has been used for estimating yield strength in previous reports.*** For the unirradiated
Zircaloy-4 data plotted in Fig. 36, the yield strength is 670 MPa. Thisresult islarger than the
570-MPayield strength reported for the as-received material in the anneaed condition and is greater
than most val ues reported in the literature for unirradiated Zircaloy-4.°'>"" However, it isworth
noting that in a study using burst tests, Yagnik et al.*® reported hoop strength similar to those
measured here for room temperature tests of unirradiated Zircaloy-4. A more detailed analysis of
cladding deformation will be addressed in future efforts.
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52 EFFECT OF TIGR TREATMENT

The effect of the TIGR treatment on irradiated cladding ductility can be assessed using 9-, 21-,
30-, and 40-GWd/MT data. Plots showing these comparisons are presented in Figs. 37—40. The
figures plot load vs percent hoop strain using the average of radial displacement measurements.
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Fig. 37. Load vsOD hoop strain for TIGR-treated (red) and nontreated (black)
9-GWd/MT irradiated Zircaloy cladding.
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Fig. 38. Load vs OD hoop strain for TIGR-treated (red) and nontreated (black)
21-GWd/MT irradiated Zircaloy cladding.
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Fig. 39. Load vsOD hoop strain for TIGR-treated (red) and nontreated (black)
30-GWd/MT irradiated Zircaloy cladding.
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Fig. 40. Load vs OD hoop strain for TIGR-treated (red) and nontreated (black)
40-GWd/MT irradiated Zircaloy cladding.
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Each figure displays six data plots that indicate consistent behavior between TIGR-treated and
non-TIGR cladding. In general, the figures show good repeatability for constant conditions, and any
differences between TIGR and non-TIGR datafall within experimental variability.

53 EFFECT OF IRRADIATION

Ductility test results for cladding irradiated to different fuel burnup levels are presented in this
section. Figure 41 shows a representative data set for each irradiation level, including a test for
unirradiated Zircaloy-4 cladding. Because the results for each irradiation level displayed good
repeatability, it was deemed reasonable to use a single representative data set for comparison
purposes. Figure 41 plotsload vs percent hoop strain. The data plots clearly show hardening due to
increasing irradiation treatments. The unirradiated Zircaloy-4 is the softest material by a significant
margin. A large increase in strength is observed for the 9-GWd/MT cladding with the trend
continuing in lesser increments and increasing irradiation. Irradiation hardening appears to saturate at
approximately 40-GWd/MT burnup or 2.8 dpa. At the largest irradiation dose, the material does not
experience additional irradiation hardening but shows a significant load drop during plastic
deformation. This behavior was consistent for all 50-GWd/MT tests and suggests that plastic
instability has occurred.

Theplotin Fig. 41 adso indicates that the elastic properties of Zircaloy-4 cladding are not a
function of irradiation. Theinitial linear portions of the load-strain plots are noticeably consistent and
suggests that the e astic modulus has not been affected by irradiation.
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Fig. 41. Load vspercent hoop strain for Zircaloy-4 cladding irradiated to levels
represented by fuel burnup.

Estimates for 0.2% offset hoop yield strength were made using the scaling parameter method
described in Sect. 5.1. and are plotted in Fig. 42. The figure plots yield strength as a function of
irradiation characterized as neutron fluence. The unirradiated data point is the average of threetests,
and remaining data points each represent an average of six tests, including TIGR and non-TIGR
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Fig. 42. 0.2% offset yield strength as a function of neutron fluencefor Zircaloy-4
fuel cladding. Error bars are a 95% confidence limit, and the line is a power law fit of the
data.

specimens. Error barsin the plot are a 95% confidence limit based on the scatter in the tests for each
condition. The solid linein the figureis a power law fit of the data. This relationship is shownin
Eq. (5.6).

O =KD" . (5.6)

Here, 6ysisthe 0.2% offset yield strength in MPa, @ is neutron fluencein neutrons/cm?, K isthe
proportionality constant, and n is the power law exponent. The results of the fit along with goodness-
of-fit statistics are shown in Table 3. Although the fit provides a reasonably good estimate of the data,
any application of the relationship should be confined to the approximate ranges of neutron fluence
represented in the data.

Table 3. Parametersand goodness-of-fit valuesfor power law description
[Eq. (5.6)] of yield strength as a function of neutron fluence

K, proportionality constant n, exponent R?, goodness-of-fit
14.097 0.08676 0.955

54 PLASTICINSTABILITY

Initialy, ductility tests were run to a preset ram displacement such that fracture of the specimen
did not occur. Subsequently, alimited number of tests were performed in which the specimen was
deformed till fracture. The objective of these experiments was to eval uate the deformation and
fracture behavior of the cladding. These experiments were motivated, partially, by the unique
deformation observed in the 50-GWd/MT measurements shown in Figs. 30—-35. Radial displacement
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measurements for 50 GWd/MT showed a significant deviation between individual probe
measurements during plastic deformation.

Figure 43 plots the load and probe displacement data for afractured 50-GWd/MT burnup
specimen. The specimen displayed the deviation in probe measurements and load drop consistent
with other tests of this material.
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Fig. 43. Load and displacement plotsfor non-TIGR, 50-GWd/M T fuel burnup
cladding specimen FP9-3. The specimen was strained to fracture.

Theload drop and nonuniform displacements suggests that plastic instability has occurred. The
manifestation of these measurements on the load-strain behavior is evident in Fig. 44. The figure plots
load as afunction of strain measured by each probe and the average strain. It is clear that different
amounts of strain are measured by each probe. One probe recorded a fracture strain of 4%, while the
other measured approximately 2.5%. These deviations begin at about 1.4% strain when the load drop
for probe 1 occurs. However, because of the large displacements measured by probe 2, the same load
drop does not occur until after 2% strain and the rate of decrease with respect to strain is much less.

A scanning electron microscope (SEM) photograph of the fractured 50-GWd/MT burnup
specimen is shown in Fig. 45. Two features are readily observed in the figure. One is the fracture
surface which extends the length of the specimen. The other feature, labeled “shear band”, is
indicated by the white arrows and locates a region of localized deformation in the form of a shear
band. This observation reinforces the measured data suggesting that plastic instability has occurred.
The occurrence of instability with the onset of plastic deformation has also been reported by Byun
et a.” In that work, tensile tests of irradiated Zircaloy-4 revealed an immediate stress drop associated
with the onset of plastic deformation. This behavior was observed in material irradiated to 0.1 dpa
and greater with the stress drop increasing with increased irradiation. The 3.4-dpairradiation
represented in the 50-GWd/MT burnup cladding is significantly greater than the 0.1 dpa required for
load drop in auniaxial tensile test.
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Fig. 44. Load vs OD hoop strain for 50-GWd/M T burnup specimen defor med to
fracture. Strain data from probe 1 (blue), probe 2 (red), and the average (green) are plotted.

Fig. 45. SEM photograph showing fractured Zircaloy-4 cladding
irradiated to 50-GWd/M T burnup. The arrows identify flow localization in
the form of a*“shear band.”

Shear banding was observed in fractured 30-GWd/MT specimens. Figure 46 isan SEM
photograph of afractured Zircaloy-4 cladding specimen irradiated to 30 GWd/MT. Note that multiple
shear bands at different levels of development are observed in the photo. The shear band associated
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Fig. 46. SEM photograph showing fractured Zircaloy-4 cladding
irradiated to 30-GWd/MT burnup. The arrows identify flow localization in the
form of a“shear band.”

with the fracture of the specimen traverses the length, displays well-defined slip-surfaces at each end
and isidentified as the primary shear band. However, evidence of additional shear bands is observed
at the end of the specimen and |abeled secondary shear bands. These do not traverse the specimen and
are mostly reveaed by the offset at the end of the specimen.

Evidence of shear banding has been observed in specimens irradiated to burnup aslow as 21
GWdJ/MT andisdisplayed in Fig. 47. Thefigureis an optica photograph of a 21-GWd/MT burnup
specimen. The arrow in the figure identifies a shear band in the deformed specimen.

Fig. 47. Optical photograph showing a shear band in
deformed Zircaloy-4 cladding irradiated to 21-GWd/M T burnup.
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Plagtic instability in the form of shear bands has been observed in cladding specimensirradiated
to 21-GWd/MT fuel burnup and higher. Evidence of multiple shear bands in a single specimen has
been observed in a specimen irradiated to 30-GWd/MT fud burnup. Typically, aload drop is
associated with the onset of plastic instability.® However, for these tests, a significant load drop is
only observed in cladding irradiated to 50-GWd/MT fuel burnup.

55 FRACTURE

The primary motive for fracturing specimens was to examine the fracture surface and characterize
the fracture behavior. The following SEM images provide a visual record of the fracture surfaces
found in Zircaloy-4 cladding irradiated to 21- and 50-GWd/MT fuel burnup.

Figure 48 is a collection of SEM micrographs showing the fracture surface of a cladding
specimen irradiated to 21-GWd/MT fuel burnup. The figureis composed of photos at three different
magnifications to depict the location of the fracture surface shown in the high-magnification photo.
The fracture surface is oriented at approximately a 45° angle to the loading direction and is positioned
within a shear band. The angled fracture surface is consistent with previously reported results for
room temperature testing of irradiated Zircaloy.® The high-magnification image (upper left of Fig. 46)
reveals a dimpled fracture surface typica of ductile fracture.®®

Figures 49 and 50 display series of SEM micrographs showing two fracture surfaces from a
Zircaloy-4 specimen irradiated to 50-GWd/MT fuel burnup. Unlike the fracture from the
21-GWd/MT burnup specimen shown in Fig. 48, thisfractureis partialy located within the shear
band and partialy located outside the shear band with the surface aligned predominantly normal to
the circumferential loading direction. The high-magnification micrograph in Fig. 49 showsthe
fracture surface located within the shear band. This micrograph shows the dimpled fracture surface
morphology associated with ductile fracture and similar to that observed in the 21-GWd/MT fuel
burnup specimen.

A fracture surface from the same specimen shown in Fig. 49 is presented in Fig. 50 except the
fracture surfaceislocated in aregion external to the deformation shear band. The figure shows
micrographs taken at varying magnifications to illustrate the location of the fracture surface with
respect to the shear band. An examination of the fracture surface shown in the high-magnification
micrograph is characterized by a dimpled morphology. Thisis consistent with results shown for
fracturesin cladding irradiated to 21-GWd/MT burnup and independent of location with respect to
shear banding. Because the 50-GWd/MT tensile hoop test data indicated that the specimen
experienced plastic instability immediately upon yielding, it is noted that the dimpled fracture surface
external to the shear band did not experience plastic deformation. This suggests that the dimpled
fracture surface may be a product of the irradiation damage and not necessarily the result of ductile
plastic deformation.
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Fig. 48. SEM micrographs showing the fracture surface of Zircaloy-4 cladding irradiated to
21-GWd/MT fuel burnup.
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Fig. 49. SEM micrographs showing the fracture surface of Zircaloy-4 cladding irradiated to
50-GWd/MT fuel burnup. High-magnification micrograph show fracture surface within deformation shear
band.
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Fig. 50. SEM micrographs showing the fracture surface of Zircaloy-4 cladding irradiated to
50-GWd/MT fuel burnup. High-magnification micrograph shows fracture surface outside of deformation
shear band.
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6. SUMMARY AND CONCLUSIONS

Tensile hoop strength and ductility testing of irradiated and unirradiated Zircaloy-4 fuel cladding
was performed. Specimens consisted of sections of Zircaloy-4 fuel cladding irradiated to various
burnup levels aswell as unirradiated Zircaloy-4 specimens. Fuel rod assemblies were constructed
with MOX fuel pellets fabricated from weapons-grade plutonium via two processing routes. One
route applied a conventional pellet fabrication path; the other included an additiona thermal-induced
gallium removal step. Although subsequent chemical analysis reveal ed that the gallium content was
very low for both processing methods, an objective of this project was to determine if the gallium had
any deleterious effects on cladding performance. Fuel rod assemblies were irradiated to five levels of
neutron fluence. The cladding in these assemblies provided specimen material for measurements of
cladding performance as a function of the evolving material state associated with neutron irradiation.

In order to assess cladding properties, a novel expanding plug tensile hoop test was devel oped
and applied to determine tensile hoop performance. The test uses a cylindrical polyurethane plug
sized to closely fit within the cladding inner diameter. Axial compression of the plug creates aradia
displacement that acts upon the cladding ID and produces a predominantly tensile hoop stress. The
force required to compress the plug and the radial displacement of the cladding OD are measured and
recorded. These tests proved to be a valid method for evaluating the tensile hoop strength of cladding
material. Tensile hoop strength results were supplemented with SEM for characterizing fracture
surfaces and deformation behavior. From the results generated in this project, the following
conclusions were drawn.

1. Thetensile hoop properties of irradiated cladding are independent of pellet gallium removal
processing. Tests performed on cladding associated with MOX pellets produced with an
additional thermal-induced gallium removal step displayed negligible difference to cladding that
housed MOX pellets fabricated without the extra gallium removal step.

2. A significant degree of irradiation hardening was observed in tensile hoop test results. Stress
estimates indicate that tensile hoop yield strength increased from 670 MPafor the unirradiated
material to ~830 MPafor the lowest neutron fluence of 2.7 x 10%° neutrons/cm? up to 950 MPa
for the highest irradiation levels.

3. Plastic instability or flow localization in the form of shear bands was observed in specimens
irradiated to 6.8 x 10 neutrons/cm? and greater. Deviations in displacement measurements of the
specimen OD suggested nonuniform deformation in some irradiated specimens, and optical and
SEM micrographs clearly reveal the formation of shear bands. At the highest irradiation dose,
load displacement data suggest negligible uniform plastic deformation. However, the material
appearsto exhibit a significant amount of nonuniform plastic deformation.

4. SEM micrographs of fracture surfacesin irradiated specimens reveal adimpled fracture surface
suggesting ductile behavior. However, in specimens irradiated to 16.8 x 10%° neutrons/cm?, a
dimpled fracture surface was observed in the fracture external to the deformation shear band.
Because these specimens experienced flow localization with the onset of plastic deformation, a
dimpled fracture surface outside the shear band suggests that this characteristic may be a product
of neutron irradiation and not associated with ductile behavior.

5. A new test for determining tensile hoop properties of irradiated nuclear fuel cladding has been
demonstrated and shown to provide excellent characterization of clad tensile hoop behavior. The
method is cost-effective, applicable to irradiated specimens, and has demonstrated good
reproducibility. The results generated in this project validate the expanding plug test as a method
for evaluating irradiated fuel cladding tensile hoop properties and performance.
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