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The ring compression test method has been evaluated as a tool to assess Zircaloy-4 cladding mechanical
properties and to analyze oxide layer damage evolution with applied strain. For sufficient axial length,
the test is shown to develop plane strain conditions at the most deformed location. The test analysis
requires finite element calculations. The aim of the paper is to highlight the potentialities of the ring com-

pression test method.

1. Introduction

Zircaloy-4 is one of the most used fuel-cladding alloys in pres-
surized water reactor (PWR). The PWR primary water oxidizes
the cladding during irradiation. Thus, a zirconia layer develops at
the outer surface of the Zircaloy-4 cladding up to a layer thickness
of about 100 pm for high burnup fuel rods.

In the frame of its research activities on nuclear fuel safety, the
French ‘Institut de Radioprotection et de Siireté nucléaire’ tested
irradiated PWR fuel rods in the CABRI facility. The CABRI REP-Na
program was launched in 1991 to study the consequences of a reac-
tivity initiated accident (RIA) for high burnup fuel rods. This pro-
gram evidenced some important phenomena. One of them was
zirconia cracking and spallation during the RIA transient. Parallel
cracks, induced by plastic deformation, formed a network of zirco-
nia fragments. The average oxide fragment size decreases with
increasing strain, and then saturates at high strain levels [1]. These
fragments spalled for higher strain levels. Oxide thickness has a ma-
jor influence on the cracking and spallation mechanisms. The zirco-
nia layer acts as a very efficient thermal insulator and has a major
influence on the thermal-mechanical behavior of the fuel rod. Oxide
spallation modifies significantly the temperature distribution in the
cladding. It is thus important to better characterize the mechanical
conditions at which oxide spallation occurs. The ring compression
test (RCT) appears to be an interesting tool to address this topic
with a limited amount of testing.
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Some investigations were carried out on aluminum ring com-
pression test [2-4], which focused on predicting either hoop stress
or strain curve for tube materials. Authors introduced analytical
models providing determination of the yield stress and the fracture
strain. However, identifying the mechanical properties by an ana-
lytical approach appeared to have limited accuracy. Lateral com-
pression of aluminum tube was recently studied with a finite
element method (FEM) approach and it has been proven that it is
possible to deduce the mechanical properties of the material by in-
verse modeling [5]. FEM calculation also shows that the maximum
strain obtained by RCT can reach high values (more than 40% in the
case of aluminum ring). Moreover, strain evolution versus angular
position was measured and it has also been shown that strain in-
duced by RCT is localized at the equatorial azimuth of the ring
[6]. The large range of strain values along the ring circumference
has also been highlighted on ring compression test performed on
composite materials [7].

For loss of coolant accident (LOCA) studies, ring compression
tests on cladding tubes are usually performed on high temperature
oxidized and quenched material to check the material embrittle-
ment [8]. In this context, the considered material is highly hetero-
geneous, involving a stratified microstructure. The test result is
rather an empirical evaluation of the cladding residual ductility.
The modeling of this test is thus complex but attempts to perform
finite element modeling provided recently interesting results [9].

Because of its ability to generate high strain levels with steep
gradients along the specimen, lateral ring compression test (RCT)
on Zircaloy-4 cladding tube contributes to analyze the influence
of a large range of strain levels on the oxide cracking and spallation
mechanisms. This paper will focus more specifically on the
mechanical behavior of oxidized rings submitted to RCT. The



analysis of the oxide degradation as a function of strain will be
briefly introduced but it will not be fully addressed.

2. Experimental procedure
2.1. Material and oxidation

Samples are cladding tube segments constituted of low tin Zir-
caloy-4 (Zy-4) supplied by Areva NP. Two different metallurgical
states, resulting from two final heat treatments, have been investi-
gated: recrystallized annealed (RXA) and stress-relieved annealed
(SRA) Zircaloy-4. Chemical compositions of the alloys are given
in Table 1. Outer diameter and wall thickness of the cladding are,
respectively, 9.5 mm and 570 pm.

A sample holder was designed to simultaneously oxidize four
12 cm-long samples (see Fig. 1). Claddings have been oxidized in
air-laboratory at 470 °C, in a horizontal tubular furnace. Moreover,
the tubes were equipped with end-caps to avoid internal oxidation.
The end-caps were not fully gas-tight. An inner layer formed at the
inner diameter but with a much thinner thickness (75%) than the
outer oxide layer.

Outer oxide layer thickness of 10, 30, 60, 80 and 100 um were
obtained with exposure times of, respectively, 13, 45, 88, 128
and 151 days. Each sample remained in the furnace until the tar-
geted oxide layer thickness was reached. After each high tempera-
ture period, the outer zirconia layer thickness was measured using
a permascope, which has been calibrated by the supplier. Oxidized
claddings were then cut into 1 cm-long rings with an horizontal
diamond wire saw, avoiding the degradation of the oxide layer
thanks to the low pressure applied by the wire to the ring.

In order to evaluate the influence of inner and outer oxide scales
on the load-displacement record, some rings with a 60 pum thick
outer oxide layer were fully or partly removed by polishing. A
manual milling machine was used. This process enables complete
removal of the oxide to the metal-oxide interface. Few oxide
patches with thickness never exceeding 10 um sometimes re-
mained adherent to the sample.

2.2. Ring compression test
An INSTRON 5566 testing machine, equipped with a 5 kN load

cell, was used to perform RCT at two temperatures (20 °C and
350 °C). An INSTRON 3119 furnace was used for the 350 °C tests.

Table 1
Chemical compositions of the studied alloys (wt%).

Sn Fe Cr (0] Zr
RXA Zy-4 1.29 0.21 0.10 0.128 Base
SRA Zy-4 1.32 0.21 0.11 0.141 Base

Fig. 1. Sample holder with four 12 cm-long oxidized claddings.

Axial length of the ring samples, mechanically tested in this
study, is 9.8 mm + 0.1 mm. Only displacement-controlled tests
were performed with a 1 mm/min load-line displacement rate.
The maximum load-line displacement must not exceed 8 mm in
order to avoid excessive loads in the device. Actually, a large in-
crease of sample stiffness during the last steps of sample deforma-
tion is expected. This elastic-stiffness increase is associated with
two phenomena: a decrease of the radius of curvature at equatorial
location, potentially followed by a contact between upper and low-
er internal faces of the ring. Compression strength and load-line
displacement are recorded continuously.

2.3. Scanning electron microscopy and optical observations

Cross-section analysis was performed on specimens embedded
in a resin and carefully prepared with an automatic grinding and
polishing machine. Embedded samples were also observed either
by a LEICA optical microscope, or by SX100 electron microprobe
in the backscattered electron mode at low acceleration voltage
(20 kV). The observations were performed at the ring mid-section.

3. Results
3.1. Preliminary

Equatorial (0=0° or 0=180°) and polar (0=90° or 0=270°)
locations of the ring are of particular importance for test interpre-
tation and modeling (see Fig. 2).

3.2. As-received Zircaloy-4

The two materials (SRA and RXA) were first tested, in the as-re-
ceived bare state, at 20°C and 350 °C. The load-displacement
curves of the compression tests are shown in Fig. 3. The ring first
deforms from circular to elliptical shape. The contact surface is
quite regular and planar. Then, for greater load-line displacements,
it deforms into a peanut-shape (see Fig. 4). As a consequence, the
contact surface divides into two contact bands symmetrically lo-
cated on both side of the direction loading. This behavior has al-
ready been observed on aluminum rings [4].

For tests performed at room temperature, at large displacement
(at about 5.5 mm for SRA Zy-4 and at 7.5 mm for RXA Zy-4) a sig-
nificant stiffness decrease occurs. Optical examinations confirmed
that this event is related to the failure of the cladding at the ring
equatorial location where strains are important. As an example,
an optical micrograph of RXA Zy-4 ring (see Fig. 4) exhibits large
cracks at the equatorial azimuths. These cracks initiate at the outer
surface of the ring and propagate toward the inner surface, and the
crack depth is about half of the cladding thickness.

| | Loading
— l device
Polar location
.7 I Equatorial
O location

[ A

Fig. 2. Definition of equatorial and polar ring locations (axial direction view).
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Fig. 3. Load-displacement curves of Zircaloy-4 RCT at 20 °C and 350 °C.

The cladding failure was though never observed for ring com-
pression tests performed at 350 °C. The maximum strain reached
at ring equatorial azimuth remains lower than the failure strain.

3.3. Oxidized Zircaloy-4

RXA and SRA Zy-4 samples with different oxide layer thickness
were submitted to RCT at room temperature. In this paper, only re-
sults for a set of five experiments performed on SRA rings covered
by a 60 pm thick outer oxide layer will be discussed. The difference
between these five rings is the oxide grinding: inner and outer
oxide were either partly or fully removed on specimens, as de-
scribed in Table 2.

The load-displacement curves for these tests are shown in
Fig. 5.

Similar load-displacement curves are observed for specimens
with different oxide layer thickness. The typical mechanical re-
sponse of an oxidized ring submitted to RCT is characterized by
three losses of load carrying capacity events, as schematized in
Fig. 6:

1. The greatest loss of load carrying capacity appears at load-line
displacement comprised between 4.5 mm and 5 mm. Indeed,
this event corresponds to the cladding failure at both equatorial
azimuth as already observed on non oxidized rings. All tested
rings failed for quite similar strain level (see Fig. 5), except
the specimen SR60#1, which was likely not far from crack ini-
tiation. After this failure, two halves rings remain. The post fail-
ure behavior will not be further considered.

Load line displacement (mm)

Fig. 5. Load-displacement curves for oxidized SRA Zy-4 ring compression test at
room temperature.

2. Another event appears at load-line displacement close to
0.75 mm. This event is related to buckling failure of the inner
oxide layer at the equatorial azimuths (see Fig. 7). Buckling fail-
ures at opposite azimuths are not simultaneous, thus two sim-
ilar events are observed at very close displacement values. To
confirm this assessment, specimen SR60#2 was polished over
its entire inner surface to remove inner oxide layer. No loss of
load carrying capacity is also observed for similar load-line dis-
placement. Influence of the inner oxide layer on the mechanical
response of an oxidized ring submitted to compression test is
thus evidenced.

Applied load (N)

75 5
Load line displacement (mm)

Fig. 6. Typical mechanical load-displacement curve of an oxidized ring compres-
sion test. Mentioned values concern results of RCT performed on ring covered by a
60 pm thick outer oxide layer.

= 600 um

Fig. 4. Peanut-shape of a RXA Zy-4 ring after RCT at 20 °C. Optical micrograph on
cross-section in the ring mid-section.

Table 2
Details on the oxide polishing of rings covered by a 60 pum thick outer oxide layer.
Specimen Removed

Outer oxide layer Inner oxide layer
SR60#1 None None
SR60#2 None Totally removed
SR60#3 0=90°+20° Totally removed
SR60#4 Totally removed Totally removed
SR60#5 0=0°+45° Totally removed

Fig. 7. Picture of an oxidized ring during RCT.



3. A small failure-event is observed at a displacement correspond-
ing approximately to the beginning of plasticity, when the load-
line displacement reaches about 0.25 mm. Visual examination
during the test enables to conclude that the small loss of load
carrying capacity is the consequence of oxide cracking under
both device-specimen contact surfaces (at polar locations). Pole
cracking is followed by the spallation of very small oxide frag-
ments at these regions. This is confirmed by the test on sample
SR604#3, for which outer oxide has been removed at both poles.

As a conclusion, inner and outer oxide layers significantly con-
tribute to increase the sample stiffness, until they fail. After the
oxide cracking events, the mechanical behavior is the same for
all rings and it is similar to the response of the base metal without
any influence of oxide layers (SR60#4).

Comparison between SR60#4 and SRG60#5 tests (see Fig. 5)
highlights that a large region of outer oxide layer has no main
influence on the mechanical response of the ring. It also means that
only zirconia layer submitted to compressive stresses improves
significantly the strength of oxidized samples during RCT.

At locations corresponding to tensile stresses, oxide degrada-
tion can be evidenced. In particular, axially oriented oxide strips
separated by axial-radial cracks are observed close to equatorial
locations on the outer oxide layer (see Fig. 7).

3.4. Oxide layer damage during RCT

Figs. 7 and 8 evidence undoubtedly inner oxide spallation at
equatorial azimuth: the oxide cracking is created by tensile strains

i

Fig. 8. SEM micrographs after RCT, on cross-section in the ring mid-section, in
backscattered electron mode of RXA Zircaloy-4 samples oxidized in air at 470 °C.
The outer oxide layer is 60 pm thick. The corresponding load-line displacement is
5 mm.

on the external skin and inner-side oxide bucking induced by com-
pressive stresses is observed. On the outer surface, many oxide
fragments are spalled or close to spallation. The above-mentioned
zirconia layer cracking at outer locations is related to the high
strain level locally reached at the end of RCT [6]. On regions far
from the equatorial azimuth, oxide damages are much more lim-
ited since most of the radial cracks do not fully propagate up to
the metal-oxide interface. Ring compression tests appear to be par-
ticularly interesting to study oxide cracking and spallation under
mechanical load. This study is underway and will not be further
detailed here.

4. Modeling
4.1. Two-dimensional plane strain conditions

Three-dimensional finite element method (FEM) simulations of
the ring compression were runned with the Cast3m software [10].
Only 1/8th of the ring is meshed because of the symmetries. The
loading device is modeled by meshing a thick sheet. 22500 8-nodes
cubic finite elements with linear interpolation were used for the
ring meshing (see Fig. 9).

For this study, the ring mechanical behavior is assumed to be
isotropic elastic-plastic. The isotropic strain-hardening tensile
law is modelled using a power-law: ¢ = K.(¢,)", where ¢ and &,
are the equivalent Von-Mises stress and the corresponding equiv-
alent plastic strain respectively and, K and n are two material
parameters to be identified.

The loading device stiffness is known to be significantly higher
than the sample stiffness. It is anyway assumed to be an elastic
body with a large Young modulus, but material properties for load-
ing device are expected to have a negligible influence on stress and
strain distribution in the ring.

The mechanical properties of the modeled system are specified
in Table 3.

The contact between the ring and the loading device is assumed
to be perfect, without friction. A displacement-controlled loading is
applied to the loading device. Large displacements and large
strains are assumed in the calculation. No resmeshing of the model
is done between calculation steps.

For a 1 cm-long ring, the calculated axial strain is quite negligi-
ble compared to the hoop strain. The three-dimensional strain dis-
tribution in the ring is close to plane strain conditions. A criterion
is introduced to check more accurately the strain state in the mod-
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Fig. 9. Three-dimensional finite element method mesh.



Table 3
Mechanical properties of the ring and the loading device.

Series Series Ring Series load. dev.
Young modulus (MPa) 98000 500000

Poisson ratio 0.325 0.325

K 615

n 0.03

eled sample. Assuming here that ¢ is the strain tensor expressed in
the polar coordinates system linked to the ring, &ps is the projection
of this tensor to the plane strain components,

Er € 0
eps= | &p &w O |. (1)
0 0 O

The following criterion is defined in order to evaluate the rela-
tive error between actual strain state and plane strain state:

_ lle — el
€]l

(2)

The smaller # is, the closer to plane strain state the strain distribu-
tion is. The evolution of 7 is calculated at each node of the mesh (see
Fig. 10). It can also be plotted along the axial direction at equatorial
location (see Fig. 11). Considering a load-line displacement equal to
7 mm, 77 remains smaller than 0.05 over a 7 mm distance. It means
that the plane strain state assumption is valid with a 5% accuracy
along about 70% of the ring length. Remaining 30% is thus affected
by three-dimensional edge effect.

Moreover, this conclusion remains valid whatever the load-line
displacement is (see Fig. 12). The ring length which is near plane
strain is slowly increasing with loading. This point is really inter-
esting in particular for ring submitted to high strains. At equatorial
azimuth and during the test, the strain levels are close to plane
strain conditions in a region which extends on at least over 2/3
of the axial length of the ring.

Consequently, the two-dimensional plane strain is an approxi-
mation of the three-dimensional real behavior (see Fig. 13). The
computation time is thus strongly reduced.

4.2. As-received Zircaloy-4

Two-dimensional plane strain FEM numerical calculations are
performed in order to identify the mechanical properties of the
cladding (see Fig. 14). Fresh Zircaloy-4 anisotropic model is not
perfectly known in the entire range of strains and strain rates. As
a consequence, authors have chosen to model Zircaloy-4 behavior

0.0
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250007
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3.508-02
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450007
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6.508-02
.00n-07
7.508-02

5.008-02
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Fig. 10. Evolution of the calculated plane strain criterion for a 7 mm load-line
displacement. # is calculated at any nodes of the mesh. Only half of the ring is
shown.

0.4
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Plane strain criteria n

5
Ring axial position (mm)

Fig. 11. Evolution of the calculated plane strain criterion at the equatorial azimuth
versus the axial position of the ring for two maximum load-line displacements.
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Fig. 12. Evolution of the axial length of the equatorial location, where the strain are
close to plane strain conditions (with a 5% accuracy), versus the load-line
displacement.
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Fig. 13. Comparison of the calculated applied load versus load-line displacement
for 3D and 2D plane strain FEM simulations.

with an isotropic model. A better characterization of the orthotro-
pic behavior of the cladding would certainly contribute to a better
assessment of the cladding mechanical properties. Cladding plas-
ticity is assumed to follow a power-law stress-strain curve. The
objective is here to determine these two material parameters K
and n by fitting experimental and calculated load-displacement
curves. When identified, the true stress—strain curve can be used
to simulate a more standard test and then to derive usual engineer-
ing parameters such as the ultimate tensile strength (UTS), the 0.2%
Yield Stress (YS0.2) and the uniform elongation (UE).
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The load-line displacement behavior is assumed to be elastic
(Young modulus = 500000 MPa, Poisson ratio = 0.325).

Previous works [3,5] have shown that it is possible to assess the
UTS value, assuming elastic perfectly plastic material properties,
with the following correlation:

3)

where o equals ? for rings (longer than one diameter), Ry, to, [ are
respectively the initial outer radius, the tube thickness and the
length of the ring. P, is the initial collapse load, which can be ob-
tained by the intersection of the extrapolation of elastic and plastic
parts of the load-displacement curve (see Fig. 15). As a conclusion,
the UTS is geometrically derived from load-displacement curve.

Numerical results are consistent with the experimental ones
(see Fig. 16) and 0.2% Yield Stress and Uniform Elongation are thus
assessed by identification. Results are shown in Table 4.

Another mechanical parameter, the failure strain, can also be
obtained using numerical simulations of the RCT. The great loss
of load carrying capacity observed for the two materials submitted
to RCT at room temperature is a consequence of the cladding fail-
ure at equatorial azimuth. The crack initiation location during RCT
on ductile material is always at the middle of the specimen at
equator locations. Up to now, this has been systematically ob-
served for all RCTs performed in the laboratory on ductile materi-
als. The failure strain was derived by calculating the hoop strain in
the middle of the equatorial line at a displacement corresponding
to the loss of load carrying capacity. Results are summarized in Ta-
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Fig. 15. Definition of the initial collapse load, as mentioned in [3,5].
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Fig. 16. Load-displacement curves of ring submitted to RCT.

Table 4
Mechanical properties identified on RCT of as-received Zircaloy-4.
T (°C) RXA Zy-4 SRA Zy-4

20 350 20 350
Young modulus (MPa) 98830 79360 98830 79360
Poisson ratio 0.325 0.325 0.325 0.325
K (MPa) 640 312 1040 475
n 0.03 0.14 0.03 0.047
YS0.2 (MPa) 530 130 855 350
UTS (MPa) 560 205 905 390
UE (%) 3 14 3 4,7
Failure strain (%) 42 NA' 26 NA'

" NA means not available from RCT without failure

ble 4. For example, concerning SRA Zircaloy-4 tests performed at
room temperature, failure is obtained at 5.5 mm-load-line dis-
placement (see Fig. 16) and the corresponding plastic failure strain
is 26% (see Fig. 17).

FEM calculations enable hoop strain rate calculation at the point
of the ring where failure is expected (middle of equatorial line).
The assessment of strain rate is obtained in a two step process:
the derivative of the strain versus displacement (see Fig. 18) is first
calculated, and then multiplied by the load-line displacement rate.
During tests with load-line displacement rate of 1 mm/min, the
strain rate remains rather constant and close to 5 x 10~ s~ before
significant deformation of the ring. During the last steps of defor-
mation, corresponding approximately to situation with contact be-
tween opposite sides of the inner-diameter of the ring, a sudden

0.5

FEM calculated hoop plastic strain

\ | I I I I
(J() 1 2 3 4 5 6

Load line displacement (mm)

Fig. 17. Evolution of hoop plastic strain at the equatorial location during RCT for
SRA Zy-4 at room temperature.
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Fig. 18. Evolution of the hoop strain rate at the equatorial location during RCT.

increase of strain-rate is calculated. The strain rate plateau can be
easily adjusted to any value by choosing the relevant load-line dis-
placement rate. Apart from this study, an experimental sensitivity
study of the strain rate influence has been performed on non oxi-
dized cladding (from 5 x 107 s1 to 5 x 10~ s~1). Limited strain
rate hardening is observed at room temperature.

4.3. Oxidized Zircaloy-4

Zirconia is assumed to follow an elastic behavior (Young modu-
lus = 168000 MPa, Poisson ratio=0.25). The oxide coating is
meshed using about ten 8-nodes elements with linear interpola-
tion in the thickness direction.

Air oxidation and associated annealing at elevated temperature
induces cladding microstructure change. Actually, SRA Zircaloy-4
reaches a fully recrystallized state after 10 days at 470 °C [11]. In
other words, the mechanical strength of the originally SRA Zirca-
loy-4 slowly decreases and merges with RXA Zircaloy-4 mechani-
cal properties. Mechanical testing was performed at room
temperature after oxidation. Ring material properties were thus as-
sumed to follow the flow rule of recrystallized Zircaloy-4, i.e. with
the following power-law parameters: K = 640 MPa and n = 0.03.

Besides, part of the base metal is consumed during the oxida-
tion treatment. The end-of-oxidation cladding thickness ey is
thus slightly reduced and it can be quite accurately predicted by
the following correlation [12]:
€crad = €0,q — 0.636(e0. + o), 4)

oxide

where €9, (here 570 um), et , ein. . are the initial cladding thick-
ness, the outer and inner oxide layer thickness, respectively.

As previously shown, oxide regions in tensile state have negligi-
ble mechanical strength and poorly contribute to the overall
mechanical response during the test. Numerical simulations high-
lighted that, as soon as RCT begins, the metal-oxide interface is
subjected to tensile state in two regions enclosed by the outer sur-
face of the ring from 0° (equatorial azimuth) of 45° and by the in-
ner surface from 45° to 90°. These regions are thus not included in
the finite element model.

Experimental load-displacement response of an oxidized ring is
characterized by three main events (outer oxide layer cracking at
polar locations then inner oxide layer cracking at equatorial loca-
tion then cladding failure) related to extended and well-defined
areas with damaged oxide. Three corresponding finite element
models have thus been developed. The evolution of damage within
the oxide is thus modeled once for all with each of the three
models.

e For model #1, outer and inner oxide layers are meshed (see
Fig. 19(a)).

e In model #2, only the inner oxide layer is modelled (see
Fig. 19(b)).

e No zirconia layer is meshed in model #3. This last calculation is
thus similar to the one previously described for as-received Zir-
caloy-4, with reduced cladding thickness (see Fig. 19(c)).

Numerical results consistently describe the main steps of the
oxide damage that were observed during experiments (see
Fig. 20). Actually, model #1 is valid at the very beginning of the test
until the outer oxide layer fails near the contact area with the load-
ing device. After this first event, model #2 is expected to reproduce
the load evolution until the inner oxide layer failure. Experimental
results exhibit higher stiffness than numerical ones. It could be ex-
plained by the fact that the polar outer oxide cracking does not oc-
cur exactly at 45°. Actually, apart from regions in close vicinity
with the loading-device-sample contact surface, most of the outer
oxide layer remains undamaged. Concerning model #3, numerical
results are consistent with experimental data. As a conclusion, FEM
calculations confirm the different oxide layer cracking mechanisms
identified experimentally.

(a) Model #1

(b) Model #2

(¢) Model #3

Fig. 19. FEM models for Zircaloy-4 ring covered by a 60 pm and 15 pm thick outer
and inner oxide layer, respectively.
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Fig. 21. Evolution of FEM calculated ring elastic-stiffness versus load-line
displacement.

5. Discussion

Failure strain values deduced from RCT at room temperature are
consistent with total elongation values obtained using ring tensile
tests recently performed by CEA in the frame of the PROMETRA
program. The typical geometry of hoop tensile tests is described
in [13]. Total elongation obtained within the PROMETRA program
with similar material and testing conditions was about 16%. This
result is not so far from the 26% failure strain deduced from RCT
in the present study. For highly ductile material, RCT-derived fail-
ure strains appeared to be significantly higher than expected. It is
thus not possible to conclude that the obtained failure strain is
equal to the total elongation. The hoop tensile samples of the
PROMETRA program have a well-defined gage section whereas
RCT samples has a localized and changing gage section. This might
explain the difference between the values deduced from both men-
tioned tests. Regarding the other material parameters (Ultimate
Tensile Strength, 0.2% Yield Stress and Uniform Elongation), values
deduced from RCT are consistent with values deduced from PROM-
ETRA ring tensile tests performed on similar Zircaloy-4, which are
still unpublished.

Parametric calculations have been performed in order to assess
the influence of friction between the Zircaloy-4 ring and the load-
ing device. The friction coefficient was varied from 0 to 1 and had
negligible influence on the mechanical response of the test. This
can be linked to a rolling-like contact on a localized area during
the test, as mentioned in [4,6].

In LOCA studies, claddings are much more embrittled than the
one considered in the present study (brittle oxygen stabilized o-

Zr(0) layer...). In order to avoid or delay the LOCA-specimen failure
at polar location, a slot is usually machined in the loading device
[8]. This slot also contributes to maintain the sample after pole
cracking. But, for the ductile materials considered in the present
study, failure first happens at equatorial location and was never
observed at polar location. As a conclusion, for ductile materials,
there is no need for a slot in the loading device.

FEM calculations, with a set of loading and unloading during the
test at several steps, have been performed to evaluate the evolu-
tion of the ring elastic-stiffness during the test (see Fig. 21). The
ring elastic-stiffness remains quite constant for the first 4 mm
load-line displacement, then a large increase is predicted. Thus
plastic displacement can be easily calculated for the beginning of
the test taking into account initial elastic-stiffness. However, it
needs to be calculated carefully for load-line displacements
exceeding 4 mm.

6. Conclusion

Ring compression test is an interesting test method to deter-
mine some useful mechanical properties of cladding tubes. Its re-
duced machining cost and the low material consumption give to
the test a real potential. Moreover, the test has no sensitivity to
friction between the loading device and the sample, whereas the
friction remains a complex and influent parameter when consider-
ing ring tensile test loaded with inserted mandrels.

An inverse method, based on finite elements calculations, can
be run. The corresponding results are compared to the experi-
mental ones to determine parameters, such as the Ultimate Ten-
sile Strength, the 0.2% Yield Stress and the Uniform Elongation.
This study showed that a 10 mm long ring sample provides rea-
sonably plane strain conditions. With more than 10 mm long ring
samples, a two-dimensional numerical simulations under plane
strain assumption provides with sufficient accuracy a good mean
to analyze load-displacement curves. It is also possible to assess
the evolution of stress or strain at each point of the ring and at
any applied displacement. However, one important drawback of
such a test is that the material behavior is investigated simulta-
neously for tensile and compressive loading. Without comple-
mentary information, it is thus necessary to assume that
material stress-strain curve is similar under tensile and compres-
sive stress.

The RCT test has a great potential to analyze the mechanical
behavior of irradiated claddings, which are usually embrittled by
hydride rims at the outer diameter of the cladding. When perform-
ing a RCT on irradiated claddings, the first crack is expected at the
outer diameter of the equatorial location. Actually, the inner diam-
eter remains more ductile. The analysis of oxide influence during
RCT shows that oxide layer has to be removed. Efforts are now
underway to implement RCT test in hot cells at CEA.

Oxide spallation and cracking can be interestingly addressed
using post-RCT metallographic examination. Further efforts are
underway to describe locally the oxide degradation mechanisms
under mechanical loading.
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