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Abstract

During a Reactivity Initiated Accident (RIA), nuclear fuel cladding experiences a
multiaxial loading state in which the Pellet-Cladding Mechanical Interaction (PCMI) produces
a strain biaxiality ratio (€.-/€¢0) of between 0 and 1. This study examines the effect of strain state
and loading path on the fracture of Zircaloy-4 fuel cladding. A new mechanical test has been
developed in order to apply several levels of strain biaxiality. Digital Image Correlation (DIC)
is used to measure the strain field, to identify the onset of cladding failure, and to obtain the
corresponding critical loading state. Results show that the strain biaxiality has a significant
effect on the hoop strain at failure, and the smallest fracture strain is obtained for nearly plane
strain conditions. A model is proposed for the accumulation of damage due to plastic
deformation, based on the Lode parameter of the plastic strain rate tensor. The model is used to
predict the failure hoop strain as a function of the strain biaxiality ratio (ez-/€e0), and good
agreement is found between the experimentally measured and predicted failure strains.
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1. Introduction

A Reactivity Initiated Accident (RIA) caused by the ejection of a control rod is a design
basis accident that can potentially occur in a Pressurized Water Reactor (PWR). During the first
phase of a RIA, the zirconium alloy fuel cladding tubes may be subjected to Pellet-Cladding
Mechanical Interaction (PCMI) due to the thermal expansion of the pellet. In this scenario, the
expanding pellet imposes a hoop strain and a tensile axial strain on the fuel cladding. Data from
previous experiments in research reactor programs simulating the PCMI phase of RIAs show
that, at high burnup of the fuel, the cladding undergoes a multiaxial loading state characterized
by a strain biaxiality ratio (g./€e0) between plane-strain (no axial strain in the cladding) and
equi-biaxial tension (equal tensile strains in the hoop and axial directions). These values were
obtained from measurements of the residual axial and hoop strains on cladding tubes [1].

Additional experiments are necessary to characterize the failure conditions of fuel
cladding in accidental scenarios. However, due to the high cost and complexity of tests in
experimental reactors, it would be preferable to obtain the necessary information from
laboratory tests that allow the effects of various parameters to be studied individually. To
understand the effect of the strain biaxiality ratio (e./€e0) on the hoop strain at fracture of the
cladding, laboratory tests should accurately reproduce reactor conditions that affect this
parameter. The objective of this study is to develop a laboratory test that reproduces the strain
biaxiality imposed on the cladding in the reactor, and to analyze its effect on the hoop strain at
failure of non-irradiated Cold-Worked Stress-Relieved (CWSR) Zircaloy-4 cladding. Tests
using different strain ratios were coupled with a ductile failure model to examine how the failure
strain and failure mechanism are affected by the strain biaxiality ratio.

Previous researchers have used various testing methods to evaluate the effect of strain
biaxiality on the fracture behavior of zirconium alloys. The effect of the strain biaxiality ratio
for sheet metals has been studied by Yunchang and Koss [2], Seo et al. [3] and Kim et al. [4].
Yunchang and Koss [2] performed biaxial tests that showed a decrease in the ductility of
hydrided Zircaloy-2 sheets as the strain biaxiality increases. The ductility decrease is more
pronounced for high hydride concentrations. However, Seo et al. [3] and Kim et al. [4] found
either no variation or a slight increase of the ductility when the biaxiality increases from 0 to 1
for Zircaloy-4 and Zirlo sheets, respectively. Each of these studies [2-4] found that the failure
strain of sheets is much higher in pure tension (strain biaxiality = -0.5) than in plain strain (strain
biaxiality = 0). These studies have revealed that the strain biaxiality ratio is an important
parameter with a significant effect on the strain at failure. However, these results were obtained
for sheet materials and cannot be directly applied to cladding tubes, which have different
crystallographic texture and mechanical properties.

The effect of biaxiality on the failure of cladding specimens has been studied by many
authors with different loading modes. Kaplar et al [5] examined the impact of biaxiality in plane
strain and equi-biaxial conditions for Zr-1%Nb alloy. In their tests, fuel cladding tubes were
loaded with a combination of internal pressure and axial tensile force to obtain different strain
biaxialities. Their study shows that an increase of the strain ratio (€./€e0) from O to 1 leads to a
50% reduction of the hoop strain at failure. In these tests, the tube fails by the onset of plastic
instabilities in the form of ballooning followed by localized necking [6]. This type of loading
does not reproduce the displacement-controlled strain imposed on the cladding by the
expanding fuel pellet, and thus the test does not reproduce PCMI conditions.

Very few mechanical tests can load tubular samples with a high-biaxiality displacement-
controlled load. One of the tests that best represents PCMI involves placing a pellet-shaped
cylindrical device inside a sample of fuel cladding. The device is compressed axially, causing
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it to expand in diameter, thereby creating a hoop strain in the cladding sample (Fig. 1a).
Mishima [7] developed a test in which a ductile, pellet-shaped lead cylinder was compressed
by two pistons to measure the failure hoop strain of beryllium cladding tubes. Researchers have
also used a segmented expanding mandrel with an axial core of ductile material [8].
Compression of the ductile core causes the segmented mandrel to expand, thereby imposing a
hoop strain on the sample. Expansion Due to Compression (EDC) tests have been the subject
of various recent numerical and experimental studies [9-14] due to their ability to characterize
the loading and the failure mode encountered during the PCMI stage of RIAs.

Yvy vy

Piston—y | /o
Pellet —
Cladding |:> |:>
Pisson—_ [~ | W [wWTTC
53 53
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Fig. 1. EDC test configuration, (a) free-end EDC test, (b) fixed-end EDC test

In the original version of the EDC test, the ends of the tubular sample are free and
unconstrained. During this type of free-end EDC test, the sample shrinks axially as it expands
in diameter (Fig. 1a). Therefore, the strain biaxiality in the sample, (€../€0), 1S not representative
of that experienced by fuel cladding during PCMI. In order to produce a more representative
biaxial strain state in the sample, Nobrega [15] introduced two axial retainers at the ends of the
tube to restrain it from axial shrinkage (Fig. 1b). The end restraining fixture prevents any change
in length of the sample, so the strain biaxiality is much more representative than that of a free-
end test. Hellouin de Menibus et al [16] used this type of fixed-end EDC test on Zircaloy-4
cladding at 25°C and found that the fracture strain is half of that obtained in free-end EDC tests.

Shinozaki et al. [17-18] and Li et al. [19] developed a type of EDC test in which the
sample experiences tensile axial strain as well as tensile hoop strain. Therefore, the strain
biaxiality is very similar to that experienced by fuel cladding during PCMI. This test uses two
actuators to load the sample. The first applies an axial tensile load to the ends of the tube, and
the second compresses a media inside the tube to impose a hoop strain. They performed tests
on pre-cracked cladding samples with an outer hydride rim, and they measured the strains using
strain gauges mounted on the side of the tube opposite the pre-crack. Their research revealed
that the rupture strain of a pre-cracked cladding tube decreases as strain biaxiality increases. In
their case, the rupture is governed by the propagation of an existing crack, which they analyzed
by calculating the J integral.

In order to be able to test the rupture strain of irradiated cladding tubes in conditions
representative of the PCMI phase of an RIA, a research program is ongoing at the French Institut
Tripartite CEA-EDF-Framatome. An experimental device that can apply a displacement-
controlled biaxial load is being developed at the CEA for application in a hot cell. This
Expansion Due to Compression with Tension (EDCT) device is used in the current study to
determine the effect of the biaxiality on the fracture strain, and the results are coupled with a
numerical procedure to analyze the ductile damage. The EDCT device was used in this study
to perform tests on CWSR fuel cladding samples. The initial tests were performed on non-
irradiated samples at room temperature with a slow strain rate. The current paper describes the
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results and analysis of these tests. Based on the results, future efforts will be directed at adapting
the device to allow testing at higher temperatures, greater strain rates, and implementation in a
hot cell.

The new EDCT device and the strain measurement technique are described in Section
2. In Section 3, the results of the mechanical tests are presented. The influence of biaxiality on
the fracture strain is studied using free-end and fixed-end EDC tests in addition to EDCT tests.
Scanning electron microscopy (SEM) observations of the fracture surfaces are also presented.
In Section 4, the tests are simulated using the finite element method (FEM). Section 5 presents
a fracture initiation model that reproduces the experimental results by post-processing
elastoplastic finite element simulations.

2. Experimental procedures

The material used in this study was non-irradiated CWSR Zircaloy-4 fuel cladding,
which is commonly used in PWRs. The tubes have an outer diameter of 9.5 mm, an inner
diameter of 8.36 mm, a wall thickness of 0.57 mm, and a length of 27 mm. In order to ensure
that fracture occurred in the central part of the sample, some samples were prepared with a wall
thickness that was reduced to 0.52 mm in this region. The pellet inside the sample is made of
polytetrafluoroethylene (PTFE) and has a length of 14 mm and a diameter of 8.34 mm.

Three types of EDC tests were used to obtain different strain biaxialities, which
consequently affects the stress state. The tests were designed to obtain a mean hoop strain rate
of approximately 10 s! in the area of interest. All tests were conducted up to failure, except
the free-end EDC test, which did not rupture. The tests were carried out at room temperature
on an electro-mechanical tensile testing machine equipped with a 100 kN load cell and
displacement sensors.

2.1 Free-end and fixed-end EDC tests

In this study, EDC tests were performed using a compression cage on a tensile testing
machine. The free-end EDC test consists of axially compressing, between two pistons, a ductile
PTFE pellet inside a sample of cladding tube with free ends, as shown in Fig. 1a. The axial
compression causes the pellet to expand in diameter, thereby imposing a hoop strain on the
cladding in the area in contact with the pellet, the area of interest. The test reproduces the
displacement-controlled loading mode of PCMI, in which the expanding fuel pellet imposes a
strain on the fuel cladding. However, at the beginning of the test, the sample shrinks axially as
it expands in diameter, such that €,, /eg9 = —0.6 and 0,,/099 = 0. Thus, the biaxiality
created in this test is not representative of the PCMI phase.

The fixed-end EDC test (Fig. 1b) is an improved version of the free-end EDC test. The
tubular sample passes through the plates of an end restraining fixture, and the ends are fixed in
place. The samples used in the current study are similar to those used by Hellouin de Menibus
et al. [16]. Each sample consists of a tube with a threaded cap welded to each end. Prior to
welding the caps in place, a ductile pellet and two stainless steel disks are inserted inside the
sample. After passing the ends of the sample through the holes in the restraining fixture, a nut
is screwed onto each threaded cap. Each threaded cap contains a central hole so that a piston
can pass through it in order to compress the pellet. At the beginning of the test, the strain state
resembles that of a free-end EDC test. However, as the test progresses, the strain biaxiality
approaches plane-strain (e22/€e0 = 0). Thus, the biaxiality is more representative than that of a
free-end test, and it approaches the lower limit of the PCMI phase near the end of the test.



2.2 EDC test with Tensile load (EDCT)

In order to reach higher biaxiality levels, a type of EDC test with an axial tensile load
on a zirconium alloy sample was developed in this study. Fig. 2 presents a schematic illustration
of the test.

i — Support 1
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Fig. 2. EDC test with a tensile load

During this test, in addition to the compression of the pellet, four deformable tie rods
(two on each side), which are attached to the outer plates of the compression cage, apply a
tensile load to the ends of the sample. Therefore, the sample is subjected to simultaneous tensile
hoop and axial loads during the test. The strain biaxiality, €,,/€e0, in this test is controlled by the
mechanical behavior of the tie rods. These tie rods are made of stainless steel and are designed
to deform plastically during the test. The force that they apply to the sample varies throughout
the test and is a function of their geometry and the mechanical tensile behavior of the stainless
steel, namely the yield strength and the strain hardening characteristics. Finite element
modeling was used to identify a suitable material and geometry for the tie rods in order to obtain
a strain biaxiality close to 0. Thereafter, the cross section of the ties rods was altered slightly to
either increase or decrease the biaxiality.

2.3 Strain measurement technique

Strain measurements on the outer surface of the tube were performed with a digital
image correlation (DIC) system (Fig. 3). The surfaces of the specimens were spray-painted with
a random black speckle pattern on a uniform white background, and the samples were
illuminated with two spotlights. The DIC system is equipped with 2 cameras with 4 megapixel
resolution, a focal length of 50 mm, and an aperture of f/22. The specimen diameter
corresponds to about 300 pixels. The frequency of image acquisition was set to 2 frames per
second, and the correlation algorithm was performed with the VIC 3D® commercial software.
A Gaussian filter was applied to reduce noise. A facet size of 27 pixels with a grid spacing of 7
pixels was used. The 3-D DIC technique can calculate out-of-plane and in-plane full-field
displacements of the cladding throughout the test.
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Fig. 3. Schematic representation of the EDC test setup and the 3D DIC system

Fig. 4 shows the hoop and axial Green-Lagrange strain components in the tube measured
by the 3D DIC system. The strain at failure is recorded in the area of interest of the specimen,
at point A in Fig. 4, where the axial and hoop strains reach their maximum absolute values. The
axial strain gradient is high due to bulging, but the hoop strain gradient is relatively small, which
allows the failure hoop strain to be determined reliably. The Green-Lagrange strains calculated
by VIC-3D are transformed into logarithmic strains, which will be used throughout the
remainder of this paper.
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Fig. 4. Measured hoop and axial Green-Lagrange strain fields for an EDCT test

3. Experimental results

3.1 Mechanical tests

Two specimen shapes were used in this study. The first one has the thickness of
industrial fuel cladding (0.57 mm). With this configuration, a strain ratio of 0.4 was achieved.
Beyond this value, the excessive axial force causes the sample to rupture in tension outside of
the area of interest. To reach higher biaxiality values, the thickness of the tube was reduced
using a lathe to 0.52 mm (91% of the initial thickness) over the central 14 mm of the sample.
This solution leads to rupture in the area of interest at greater biaxiality values. It was verified
that for a fixed-end EDC test and an EDCT test with a biaxiality equal to 0.21, machining to
this thickness did not affect the failure strain. The various EDCT tests performed with a wall
thickness of 0.52 mm are listed in Table 1.



Biaxiality

6./600 -0.20 { -0.17 | -0.13 | 0.01 | 0.04 | 0.08 | 0.15 | 0.21 | 0.38 | 0.44 | 0.61 | 0.75

€00 0.316]0.274(0.222 1 0.123|0.095|0.102 | 0.113 [ 0.115 | 0.116 | 0.120 | 0.127 | 0.137
at rupture

Table 1. Measured hoop strain at fracture of Zircaloy-4 tubes of thickness 0.52 mm for
different strain biaxiality ratios

Fig. 5 presents the evolution of the hoop strain obtained from free-end, fixed-end, and
EDCT tests as a function of strain biaxiality. All of the strain measurements correspond to point
A, shown in Fig. 4. The last point of each curve corresponds to the rupture of the specimen,
with the exception of the free-end EDC test, which reached a hoop strain of 0.53 without
rupturing. The loading path of the free-end EDC test (black curve) is close to pure tension. Due
to plastic anisotropy, the theoretical biaxiality in pure tension is not equal to -0.5. At the
beginning of this test, the strain ratio is close to -0.6, and it increases to -0.3 at a hoop strain of
0.53. For the fixed-end EDC test (green curve), the strain ratio is initially -0.3, and it increases
to -0.07 at a hoop strain of 0.17. Although the ends of this specimen were fixed, an axial
shrinking was measured in the area of interest, and a positive axial strain was measured close
to the ends of the sample.

In order to characterize the material ductility at low biaxiality, several EDCT tests (red
curves) were performed at strain ratios less than zero. During these tests, the tie rods had a small
cross section and allowed the specimen to shrink in the axial direction, but not as much as in
the free-end EDC test. Using this design, rupture was observed at a hoop strain of 0.316 for a
biaxiality of -0.20. It was not possible to obtain a lower biaxiality in this study, because the tie
rods would need to be thinner than could be machined with a uniform diameter. The minimum
observed failure strain was 0.095 for a biaxiality of 0.04, which is close to plane strain. As the
biaxiality increased from 0.04 to 0.75, the failure strain increased from 0.095 to 0.137.

0.35

Up to Free-end EDC test
0.30 0.53 | / Fixed-end EDC test

—— EDC test with tensile load

0.25

0.20

o [ A 2
] AN U N

-0.6 -04 -0.2 0 0.2 0.4 0.6 08 1.0

€zz | €00
Fig. 5. Evolution of strain ratio for free-end, fixed-end, and EDCT tests

Hoop strain

These same data are presented in a different manner in Fig. 6, in which the hoop strain
is plotted versus the axial strain. Using this format, the data can be compared to Forming Limit
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Diagrams (FLD) that have been reported in the literature. The figure exhibits a characteristic
V-shape with a strongly decreasing ductility for biaxialities less than 0 and a slightly increasing
ductility for biaxialities between 0 and 0.75. This type of curve was found by [20] for
AA6111-T4 aluminum sheets, and by [21] for aluminum 2008-T4 sheets using the
hemispherical punch stretching method. FLDs were obtained for aluminum tubes in [22] and
[23]. In [22], the tubes were loaded using a combination of internal pressure and axial force to
vary the biaxiality. The authors observed a marked increase in ductility as the biaxiality
increased from 0.1 to 1. In [23], EDC tests were performed using rubber as the compression
medium. The biaxiality was varied using a clamping system to decrease the effective free length
of the specimen, which leads to an increase in biaxiality. The FLD at necking obtained by the
authors exhibits the characteristic V-shape. The authors also measured the local strain at
fracture by measuring the thickness of the specimen at the crack. It is interesting to note that
this local strain at fracture decreases as the biaxiality increases up to 0.35, but this trend should
not be directly compared to the macroscopic behavior represented in Fig. 6. In the case of
zirconium alloys, Yunchang and Koss [2] measured a decrease in the principal strain at failure
when biaxiality increases from plain strain to equi-biaxial strain for hydrided Zircaloy-2 sheets
using hemispherical punch tests, and they noted that void nucleation is strongly influenced by
the presence of the hydrides. FLDs obtained from punch tests on Zirlo and Zircaloy-4 sheets
[3-4] exhibit a V-shape similar to that of Fig. 6. Thus, the dependence of the failure strain on
the biaxiality observed in this study is similar to trends exhibited by FLDs reported by several
previous researchers.

0.35 B=-0.20 — Free-end EDC test
0.30 ' Fixed-end EDC test
) =_0.17| = EDC test with tensile load
0.25
- =-0.13 p=0.01
=
E 0.20 B=0.04
o 7%
2015 | %,
= &7
0.10
0.05
0

-0.12 -0.09 -0.06 -0.03 0.00 0.03 0.06 0.09 0.12

Axial strain

Fig. 6. Major (hoop) strain as a function of the minor (axial) strain.

3.2 Observation of damage

In the EDCT tests, failure occurs by axial propagation of a through-thickness crack,
whose axial length at the end of the test is equal to the height of the media. The though-thickness
crack initiates in the middle of the specimen, where the hoop strain is greatest, and propagates
through the thickness of the sample at an angle close to 45° to the principal direction of loading
(the hoop direction). This failure scenario closely resembles the macroscopic failure mechanism
observed during RIA experimental reactor tests [24-25].
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The fracture surfaces of three of the EDCT tests were observed with a Scanning Electron
Microscope (SEM). The samples were subjected to biaxialities, €,,/€e0, of 0.75 (Fig. 7a), 0.04
(Fig. 7b) and 0.20 (Fig. 7¢). The fracture surfaces consist of very fine dimples (between 0.5 and
3 um) that initiated at Zr(Fe,Cr) strengthening particles (Laves phase) [26], some of which are
circled in Fig. 7d. The dimples have approximately the same size for all biaxialities. However,
the dimples for tests in which the absolute value of the biaxiality is large (-0.20 and 0.75) appear
deeper, whereas they appear to be sheared for a biaxiality close to 0. It therefore can be
concluded that failure of Zircaloy-4 cladding is essentially controlled by void nucleation at fine
strengthening particles followed by rapid coalescence by internal necking at high biaxiality [27]
and possible coalescence by void shearing at low biaxiality [28].

Fig. 7 (a) Fracture surfaces observed for EDCT tests with biaxiality €,, /g9 = 0.75,
&g (rupture) = 0.137, (b) with biaxiality €,,/c99 = 0.04, ggg (rupture) = 0.095, (¢
with biaxiality €,,/c99 = —0.20, ggg (rupture) = 0.316 and (d) Laves phase precipitates.

4. Plastic behavior and modeling of the tests

4.1 Finite Element Analysis

Finite element simulations were carried out to provide insight into the deformation and
the failure modes observed during the tests. The simulations were performed using the Cast3M
software, which was developed by the CEA [29]. Quadrangular quadratic finite elements with
8 nodes and 4 Gauss points are used for the calculations, which are based on a large
displacement and large rotation formulation. The geometry used for the finite element
simulations of the EDCT tests is shown in Fig. 8, along with the boundary conditions. In order
to simplify the calculations, only a half of the pellet and the cladding was modeled, as was done
by previous researchers [9-11]. The left edge of the model is the axis of symmetry and is
constrained in the radial (horizontal) direction. The bottom edge of the model is a plane of
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symmetry at the mid-plane of the sample and is constrained in the axial (vertical) direction. The
tie rods are modeled as a single cylindrical structure with an appropriate cross-sectional area.
The bottom surface of the tie rod is fixed to the upper surface of the fuel cladding. During the
simulation, an axial (vertical) displacement is applied to the upper surface of the tie rod. A
displacement of equal magnitude but opposite direction is applied to the upper surface of the
piston that compresses the pellet. Both the tie rod and the fuel cladding experience axial tensile
stress as a result of this load, and at the same time, the pellet expands as it is compressed to
apply a tensile hoop strain to the cladding.

The simulations of the fixed-end and free-end EDC tests use this same geometry, but
without the tie rods. For the free-end EDC simulations, the top surface of the cladding tube is
free and unconstrained. For the fixed-end EDC simulations, the top surface of the cladding tube
is constrained in the axial (vertical) direction.

T Applied displ acement
0.12 minfmin

Tie rods
Attached lines
= ',’I
Il : o Cladding
e
=
Bl o012 Geq MPa
E :mmfmin 976
g1 l |
Bl v
L:E: i 845
§ EPistnn
E 714
583
L4 Pellet I
r 452

Flane of symmetry w, = 0

Fig. 8. Geometry and boundary conditions used for the finite element simulations of the
EDCT tests

During the tests, frictional contact occurs between the piston and the pellet, and between
the pellet and the cladding. The friction is modeled by Coulomb’s friction law in the Cast3m
software. It is not possible to experimentally measure the coefficients of friction between the
different components. Therefore, simulations were used to identify suitable values.

A series of simulations revealed that the coefficient of friction between the pistons and
the pellet has negligible influence on the simulated force-displacement response and on the
local deformation of the specimen. Therefore, to facilitate the simulations, a coefficient of 0
was used for this interface. However, the coefficient of friction between the pellet and the
cladding has a significant effect on the simulated strain field, strain biaxiality, and force-
displacement response. Values of 0.1, 0.2, and 0.4 were used in the simulations for this
interface. A coefficient of friction of 0.4 leads to the closest agreement between the simulations
and the experimental results for all types of EDC tests considered. Therefore, this value was
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used for all of the simulations in this study. It is interesting to note that Desquines et al [30] also
used a value of 0.4 for the coefficient of friction between the pellet and the cladding in their
simulations.

4.2 Material behavior
To simplify the model describing the behavior of the polymer pellet, the effect of the
strain rate is not accounted for. Because polymers exhibit a strong strain rate dependence, the
model parameters given below should only be used for the strain rate used in this study
(10~* s71). In the simulations, the flow stress of the polymer pellet, 0pel (based on von Mises
plasticity), is expressed as:
Epelzo—y_i_KE_g (1)

€p is the equivalent plastic strain, o,, is the yield strength equal to 8 MPa, K is the
strength coefficient equal to 30 MPa, and n is the strain hardening exponent equal to 0.5.
Young’s modulus is 0.6 GPa and Poisson’s ratio is 0.47.

A unified anisotropic viscoplastic model for the cladding tube, which was specifically
identified in RIA-PCMI conditions by Le Saux et al. [31], was used in this work. The complete
model accounts for strain hardening, temperature, strain rate and irradiation conditions. A
simplified version is used in this work. The plastic orthotropy of the material is described by a
Hill quadratic yield criterion [32] with isotropic hardening. The equivalent stress gy is given in
the orthotropic radial-circumferential-axial (r, 8, z) coordinate system of the tube as:

Oy = [Hrr(GGO - Gzz)z + HOH (Uzz - Grr)z + sz(arr - 099)2 + 2 HrB-O-EQ
+ 2 H,y.0% + 2 Hyy.04,]M? (2)

The following coefficients are used following Le Saux et al. [31] :
H,, =058 Hygy=042 H,,=041 H,9= H,,=Hyg,=15

The yield surface is expressed as: ¢ = gy — 0,4 = 0 where 7, is the flow stress of the
cladding material. The plastic strain rate tensor is calculated by the normality rule and is given
by:

. . Ooy
£=D 5y ®

p is the equivalent strain associated with the Hill criterion. d,;, is plotted as a function
of p in Fig. 9. Young’s modulus and Poisson’s ratio for zirconium are £ = 95 GPa and v =
0.34. Tensile tests were performed to identify the behavior of the 304L steel used for the tie
rods, as shown in Fig. 9. Von Mises plasticity is used to describe its behavior. Young’s modulus
and Poisson’s ratio for 304L steel are taken as: E = 200 GPa and v = 0.3. Finite element
simulations were then used to select the cross section and the length of the tie rods to obtain the
desired strain biaxiality in the sample during the EDCT tests.
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Fig. 9. True stress-strain curves for 304L steel and Zircaloy-4

The simulated hoop strain versus biaxiality curves are compared with the experimental
data in Fig. 10. The simulations are in good agreement with the tests, and the different levels of
biaxiality are well reproduced. At the beginning of each of the EDCT tests, the biaxiality is very
high due to the fact that the tie rods start pulling on the cladding before the media begins to
impose a hoop strain. The biaxiality then settles to its final value at a hoop strain of a few
percent. The fixed-end EDC test (dark green symbols and curve) is also well reproduced by the
simulation. For the cases where the biaxiality is less than 0, the pellet becomes severely
deformed and tends to flow between the piston and the cladding. This large distortion leads to
convergence difficulties, and the simulations terminate before reaching the rupture point. These
simulations are indicated with a star marking the last computed step before the simulation
diverged. Each of the simulations can then be post-processed to create a rupture initiation
criterion, as discussed in the following section.

0.35 Up to’ —— Simulation
0.30 0.53 . %  End of simulation due to
: . convergence problems
0.25 _' ." points Experimental data
£ .
£ 020 .
w
5
g 0.15
=
0.10
0.05
0

-0.6 -04 -0.2 0
ezz | €00
Fig. 10. Comparison of the simulated loading paths (solid lines) and experimental data
(points) at the mid-plane of the external surface of the sample
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5. Damage model

5.1 Model

Ductile fracture is often described by three distinct phases [33]. In the first phase,
cavities nucleate on defects (Laves phase in the case of Zircaloy-4). If the stress triaxiality is
high, the cavities can then grow and eventually coalesce to form a macroscopic crack (Fig. 7a
and Fig. 7c). Therefore, many micromechanical models of void growth and coalescence [34-
35] consider stress triaxiality as the driving force for damage and rupture. Unfortunately, these
models are not very accurate for certain situations in which the stress triaxiality is low, which
is the case for the thin cladding tubes used in this study. For example, these models predict that
for shear loading, cavities do not increase in size and do not coalesce, which leads to
unrealistically high predictions of the ductility. In shear loading, damage and void coalescence
may occur via fine localization bands within the material, via changes in the shape and
orientation of the cavities that can lead to coalescence [28], or via coalescence triggered by void
sheeting [36-38] or void shearing [39-41], similar to that seen in Fig. 7b. In fact, researchers
have observed that ductility in pure shear can be less than that in pure tension [42-43], despite
the lower stress triaxiality. To be able to represent these experimental trends, shear effects can
be considered by including the Lode parameter in the fracture model [42, 44, 45].

In this work, a macroscopic fracture initiation model is proposed to describe failure for
all levels of biaxiality. The proposed model is “uncoupled” so that the effect of damage on the
elasto-plastic behavior is neglected. Uncoupled models for ductile fracture are based on the
definition of a damage indicator, D, which is computed by post-processing elasto—plastic finite
element simulations. For each material point (Gauss points in the finite element simulations) D

is computed for each time step, t, as:
p(t)
D(t) = W (stress state)dp “4)
0

Fracture is assumed to initiate when D reaches 1. The fracture strain py is the value of
the cumulated plastic strain at the fracture initiation point. However, due to the stress state
dependence of the damage evolution law, the fracture strain ps does not necessarily correspond
to the maximum value of cumulated strain in the entire structure. Note that for a constant stress
state, pr = 1/W.

Several forms for the W function have been proposed in the literature. For high stress
triaxialities, W can take the form of the Rice & Tracey model, in which void growth rate is
affected only by the triaxiality, W = f(T) = a exp(ST) [46] where a and [ are model

parameters, and T is the stress triaxiality ratio defined as:
1 Okk

T=z—% 5)

3 Ocq

Ocq 18 the von Mises equivalent stress. In the case of plastically anisotropic materials,
the use of ‘‘isotropic” quantities such as stress triaxiality or Lode parameter might not be
relevant to describe failure [47]. In this case, it was recently proposed (based on unit cell
simulations) to use a modified triaxiality ratio (T ") to describe damage growth [48]. It is defined
as:

1 oy

T* = =&
30, (6)
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oy 1s the Hill equivalent stress defined in eq. (2). In the case of moderate stress
triaxiality, the W damage function can be written as a function of both the stress triaxiality and
the Lode parameter using an additive form, W = f(T) + g(L) as proposed in [49] to represent
failure of an ultra-high strength steel, or using a multiplicative form W = f(T) x g(L)
proposed in [50] and [51] to represent failure of pipeline steels. More complex forms for W
have been proposed in the literature. Most of them are reviewed in [42]. In this work, the
following definition of the Lode parameter will be used for any second order tensor t. Let t’ be
the deviator of t and t; > t; >t its eigenvalues. The Lode parameter of tensor t is then
defined as [49, 52]:

ty

t1 —t3

Lode(t) = -3

(7

Note that the value of Lode(g) is between -1 and 1. To define the W function, the Lode
parameter of the stress tensor is often used [42]. The Lode parameter is, however, used to
describe the fact that ductility is minimum under generalized plane strain conditions, which can
lead to easy band localization [53]. Based on this consideration, it is proposed in this work to
express the failure criterion as a function of the Lode parameter of the plastic strain rate tensor
&p. Note that in the case of von Mises plasticity, the Lode parameter of the stress tensor (L in
the following) is equal to that of the plastic strain rate tensor (referred to as L* in the following).

In this work, the thickness of the tube is such that a plane stress state is almost achieved.
In this case, the Lode parameter and the triaxiality are linked. In the case of von Mises plasticity

with a strain biaxiality between -0.5 and 1, this relation is expressed as:

 3V3 + 12

In the case of Hill plasticity, the relation between T* and L* cannot be explicitly expressed. This
relation is plotted in Fig. 11 for the investigated strain biaxiality range and the indicated Hill
parameters.

In this study, the damage W is expressed as a function of the Lode parameter L* as:
W =a(l—|L*?) + c(1 = sign( L) |L*|D) + W, ©)

a, b, c, d and W, are parameters to be adjusted. sign(L") is equal to —1 if L* < 0 and

to +1 if L* > 0. Note that the function has an even part (« |L*|’) and an odd part
(o< sign( L*)|L*|%) to distinguish equibiaxial tension (L = —1) and pure tension (L = 1).
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Fig. 11. Dependence between triaxiality and Lode parameter for a von Mises material
(isotropic) and a Hill material (with the parameters used in this study).

An optimization software is used to tune the model parameters (a, b, c, d, W;) using
the Levenberg—Marquardt algorithm [54]. Elasto-plastic simulations for several biaxiality
levels were post-processed up to the experimental failure point (hoop strain at failure) as
recorded by stereo-correlation. The maximum value of damage over specimen i, D;"®*, is
computed for this time step. The cost function is then defined as:

N
5= ) (Dper -1y (10)
i=1

D™M3* =1 corresponds to failure of the specimen. The N specimens considered in the

fit are only those for which f > —0.1. The optimized damage parameters are listed in Table 2.

a b c d W,

10.576 0.232 0.456 0.641 0.7
Table 2. Parameters of the damage model

5.2 Macroscopic failure point

The predicted and experimental macroscopic failure points are compared in Fig. 12. For
strain biaxialities between 0 and 0.75, the failure point can be evaluated by post-processing
finite element simulations. The agreement for these tests is very good. In particular, strain to
failure is minimum for a biaxiality equal to 0 and slowly increases as biaxiality increases. Below
0, it was not possible to carry out finite element simulations up to the experimental failure point,
because the simulations encountered convergence problems at a hoop strain of approximately
0.18. In these cases, the failure strain was calculated assuming a fixed strain biaxiality (red
symbols). In practice, the simulations were carried out using a single element with a prescribed
deformation gradient corresponding to the desired biaxiality. Nonetheless, a very good
agreement is found when comparing the experimental and simulated strains to failure.
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Fig. 12. Numerical predictions and experimental results

Contour plots of the damage indicator are presented in Fig. 13 for levels of biaxiality at
failure equal to 0.04 and 0.75. For both levels of strain biaxiality, damage was localized near
the mid-plane of the cladding. For plane strain conditions (biaxiality of 0.04), fracture is
predicted to initiate at the external wall of the cladding. At higher biaxiality, it initiates at the
inner wall. As failure occurs very rapidly, these trends could not be verified experimentally.
This result is the outcome of a complex load history. Regardless of the biaxiality, the maximum
cumulated plastic strain is reached at the inner diameter, mainly because the maximum hoop
strain is reached at this location. Friction and bending generate a Lode parameter gradient,
which causes the initiation point to move from the outer diameter (at low biaxiality) to the inner
diameter (at high biaxiality).
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Fig. 13. Damage distribution computed for the experimental failure for (a) biaxiality = 0.04
and (b) biaxiality = 0.75

6. Conclusions

During a Reactivity Initiated Accident (RIA), nuclear fuel cladding experiences a
multiaxial loading state in which the Pellet-Cladding Mechanical Interaction (PCMI) produces
a strain biaxiality ratio €./epp of between 0 and 1. The effect of loading path on the onset of
ductile fracture of non-irradiated Cold-Worked Stress Relieved (CWSR) Zircaloy-4 fuel
cladding is studied by submitting tubular specimens to strain states with biaxiality ratios
between -0.20 and 0.75. The results show that as the biaxiality ratio increases from -0.20 to
0.04, the hoop strain at fracture decreases sharply from 0.316 to 0.095. However, for biaxiality
ratios between 0.04 and 0.75, the hoop strain at fracture increases from 0.095 to 0.137.
Examination of fracture surfaces shows that failure is essentially controlled by the coalescence
of very small voids that nucleate at strengthening particles. Rupture appears to occur by
coalescence via void shearing at low biaxialities, and by coalescence via internal necking at
high biaxialities. Simulations using elasto-plastic behaviors of the cladding, pellets and tie rods
are used to determine the loading path to fracture for all biaxiality levels. A ductile failure
initiation model is proposed, based on the Lode parameter of the plastic strain rate tensor to
account for the changes in failure mechanisms and strains to failure for the different levels of
biaxiality. The model shows very good agreement between experimental and simulated strains
at failure.
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