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Abstract. During a loss-of-coolant-accident (LOCA), the fuel cladding is submitted to a high temperature
increase in a steam environment, along with an internal pressure increase which would eventually lead to ballooning
and burst of the cladding. Steam could then penetrate through the burst opening and lead to inner surface oxidation
and secondary-hydriding of the cladding. Post-quench cladding rupture can then occur either in two-sided oxidized
areawith wall thinning due to ballooning, or in single-sided oxidized areawith large hydrogen content.

Common tests involved in the evaluation of the post-quench ductility are Ring Compression Tests (RCT) [1-
4], Expansion Due to Compression Test (EDC) [5] or Axia Tensile Tests (AT) [6].

Questions arise about these mechanical tests, as for instance, the influence on sample failure of the oxide layer
thickness partitioning between inner and outer diameter.

A systematic study was carried out to compare several mechanical tests on both single-sided and two-sided

Zircaloy-4 oxidized samples. Five different mechanica tests were compared, including RCT: “C”-shaped ring
Compression Test (CCT), Axia Tensiletest (AT), Ring Tensile Test with well-defined machined gage section (RTT)
and plain Ring Tensile Test (pRTT). All samples were taken from cladding tubes which had been oxidized in steam
at 1200°C and then water-quenched. Mechanica tests were performed a room temperature and two to three samples
were tested for each oxidation conditions and for every sample geometry to assess the reproducibility.
Metallographic examinations were carried out to measure the ZrO, and aZr(O) layer thicknesses and the ex-B/a(O)
phase fraction. Mean hydrogen content measurements were also performed systematically on each sample.
Results indicate that the different mechanical tests have not the same sensitivity to the oxide layer partitioning: RTT
and pRTT load at failure seems to depend mainly on the cumulated oxide layer thickness rather than on its
partitioning, whereas this parameter has an impact on CCT and AT test results. For all tensile tests, stresses at failure
were derived from load-displacement curves. The failure of brittle samples was assumed to be governed by linear
elastic fracture mechanics. Using conventional stress intensity factor solution, a value of the materia fracture
toughness controlling the sampl e failure was determined from experimental results and discussed.

Keywords:. Zircaloy, Mechanica Testing, LOCA.

INTRODUCTION

During a loss-of-coolant-accident (LOCA), the fuel cladding is submitted to a high temperature increasein a
steam environment, along with an internal pressure increase which would eventually lead to balooning and burst of
the cladding. Steam could then penetrate through the burst opening and lead to inner surface oxidation and
secondary-hydriding of the cladding. Post-quench cladding rupture can then occur either in two-sided oxidized area
with wall thinning due to ballooning, or in single-sided oxidized area with large hydrogen content.

Several mechanical tests are usually used to evaluate the degree of material embrittlement after a LOCA
transient: tests controlled by bending such as Ring Compression Tests (RCT) [1-4], or tests controlled by rather
homogeneous tensile stress components such as Expansion Due to Compression Test (EDC) [5], Axia Tensile Tests



(AT) [6] or Hoop Tensile Tests. Comparable tests are involved in the determination of cladding fracture toughnessin
the axial direction [7]. Each mechanical test has its advantages and di sadvantages.

Hoop Tensile Tests with well-defined gage section (RTT) rely on sample stretching using two mandrels. The

mandrels are usually machined by cutting a cylindrical bar into two haves; some additional thickness is then
removed over the flat surface in order to facilitate mandrel insertion into the sample. If the mandrel diameter is
smaller than the inner diameter of the cladding tube, then the test starts with a bending phase until the entire mandrel
surfaces are in contact with the inner cladding surface. If the mandrel diameter is higher than the sample inner
diameter, frictional forces aso develop. The bending phase can be reduced by inserting an additional part, called
“dog-bone”, between the mandrels [8, 9]. However, the insertion of this additional part introduces frictional forces
due to the direct contact between the dog-bone and the specimen. Hoop Tensile Test can also be performed on plain
ring without well-defined gage section (pRTT) [10, 11]. The RTT and pRTT tests cannot be fully considered as hoop
tensile tests, a rather short region is actualy loaded in this direction. Additionaly, the hoop extension of the gage
section strongly depends on friction coefficient between the mandrels and the inner side of the samples. The sample
behavior is known to be influenced by lubrication under close testing conditions for these two tests [7, 8]. Expansion
Due to Compression Test consists in compressing axially a soft pellet inserted in the cladding tube. The ends of the
sample are free to move axially, therefore, limited axial compression stress is generated in the cladding [12]. The
hoop stress field during an EDC test is quite homogeneous azimuthally [13]. However, severa friction effects can
influence the test (piston/pellet, pelet/cladding, piston/cladding) and the test temperature is limited to a maximum
temperature due to the soft pellet material properties (Teflon, auminum or copper). Axial Tensile Test consists in
applying a tensile load to double-leg samples [14]. This test is governed by rather uniform axial stress determined
straightforward as the ratio between applied load and gage cross section. Integral Thermal Shock tests are also used
for fuel cladding studies and rely on load-controlled conditions [15, 16]. This type of test is closer to LOCA
conditions but aso higher complexity to analyze the phenomena. Ring Compression Test is based on transverse
compression of aring of cladding tube [1, 17]. This test is a good ductility screening test to study the ductile/brittle
transition. However, it leads to inhomogeneous stress distribution rather governed by a complex bending hoop
component varying azimuthally. An alternative to RCT can be “C”-shaped ring Compression Test (CCT) [18]. For
CCT, the loading is amost pure bending in the hoop direction inducing a maximum stress value at outer diameter
and equatorial location.
To get aclearer view on these different mechanical tests and their response regarding the oxide layer partitioning, a
study has been launched and results are presented in this paper. EDC test was not considered due to its complexity
induced by the association of several materials properties and large strains and displacements but aso intense
friction. During EDC tests, the strains can be measured but the stress distribution cannot be accurately deduced.
Single or two-sided oxidation of Zircaloy-4 cladding tubes was performed under steam at 1200°C. Oxidation was
interrupted by water-quench. Then, five different mechanical tests were compared, including RCT: “C”-shaped ring
Compression Test (CCT), Axia Tensiletest (AT), Hoop Tensile test with well-defined machined gage section (RTT)
and Hoop Tensile test on plain rings (pRTT). Mechanical tests were performed at room temperature and two to three
samples were tested for each oxidation conditions and for every mechanical test to compare the testing techniques
and to assess the reproducibility. Metallographic examinations were carried out to measure the ZrO, and oZr(O)
layer thicknesses and the ex-p/a(O) phase fraction. Hydrogen contents were measured.

MATERIAL AND METHODS

Samples preparation
The specimens used in this study were cut from Zircaloy-4 AFA2G stress relieved annealed (SRA) industria
cladding tubes, provided by AREVA-NP. The aloy composition is given in TABLE 1. The outer diameter and wall
thickness of the tubes are 9.5 mm and 570 pum respectively.

TABLE 1. Chemica composition of the Zy-4 batch used in this study.
Sn (wt%) Fe (wt%) Cr (wt%) O (Wt%) H (wppm)
1.30 0.21 0.10 0.12 10




Testing protocol

Speci men geometry and configurations

Five different mechanica tests were systematically carried out for each experimental condition:

- Ring Compression Test (RCT): Tests were performed on 10 mm long specimens.

- C-shaped ring Compression Test (CCT). Tests were performed on 10 mm long specimens.

- Axia Tensletest (AT): Testswere performed on 70 mm long specimens (FIGURE 1 (a)).

- Machined Hoop Tensile Test (RTT): Tests were performed on 5 mm long specimens (FIGURE 1 (b)).

- Hoop Tensile Test (pRTT): it requires 5 mm long ring specimen.
No lubrication was used for any of the above mentioned tests. A dlight difference in friction coefficient is expected
depending on the oxidation state of the contact surfaces (for example contact between mandrel and inner surface of
pRTT and RTT).

Cutting/Machining
Thefirst step of the protocol consisted in cutting and machining the samples.
For one-sided oxidation tests, Zircaoy-4 caps were welded on 70 mm long samples using electron beam. Ring
cutting, and milling of the AT and RTT samples was performed after high temperature (HT) oxidation.
For two-sided oxidation tests, the AT samples were spark machined before oxidation. For CCT, RCT, RTT and
pRTT, 30 to 40 mm long samples were cut using a diamond saw prior to oxidation. After oxidation, 5 or 10 mm long
rings were cut using again the diamond saw. Milling of the RTT was performed after HT oxidation in a5 mm long
ring.
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FIGURE 1. AT (a) and RTT (b) specimen geometries. Dimensions are expressed in millimeters.

Oxidation
Samples were oxidised in averticd resistive furnace in a steam + argon flow at 1200°C. The argon and steam flow
rates were respectively 10 NI.min™ and 500 g.h™* (50% vol. Ar and 50% vol. steam). After the high temperature
oxidation, the sample was water-quenched by dropping into awater bath.

Mechanical testing

All the mechanica tests were performed at room temperature using an INSTRON 5566 electromechanical test
device. Load-displacement was recorded for each mechanical test.

The tests were carried out with a constant displacement rate of 0.016 mm/s. The CCT and RCT test consists in
compressing the sample up to sample failure. A 1 kN load cell was used for these tests (measurement uncertai nty
0.25% with a 95% confidence level). For RTT and pRTT, two haf cylindrica mandrels were used to apply a
transverse tensile load to the sample. Five pairs of mandrels made of 718 Inconel were available. Their diameter
range from 8.20 to 8.36 mm, to adjust diameter to the sample inner diameter. For AT, loading was applied up to
sample failure and tests were video-recorded in order to determine which of the two-legsfailed first (when possible).



Either a5 kN or a 10 kN load cell was used for the tensile tests (measurement uncertainty 0.25% with a 95%
confidence level).

Sample characterization
Weight and length of the samples were measured before and after oxidation with an accuracy of 0.1 mg and 0.01 mm
respectively. Sample weight before and after oxidation was used to determine the weight gain, giving a direct
measurement of the Equivalent Cladding Reacted (ECR).
After the HT steam oxidation, metalographic cut were taken for every sample. For AT samples, the leg
corresponding to the first rupture was taken for metallography. On each metallographic cut, the thicknesses of the
oxide and a-Zr(O) layers were measured at eight different locations at both outer and inner surfaces. Mean thickness
values were caculated as the average of 32 measurements. Metallographs were aso used for image analysis to
determine the 0Zr(O)/p phase fraction.
Global hydrogen content was measured by the hot extraction technique using a Bricker ONH mat 286. Mean
hydrogen concentrations were calculated as the average of 6 measurements for every steam oxidized sample. When
possible, the mean hydrogen concentrations were also measured on as-received samples (on scraps resulting from
machining of the axial tensile sample legs).

Test matrix
The test program includes 72 samples, with measured ECR ranging from 10 to 27%, either for one or two-sided
oxidation (TABLE 2).

TABLE 2. Test matrix, including oxidation duration, Baker-Just (BJ) [19] and measured ECR, the number of
samples for each mechanical test and testing condition.

Oxidation One(0S) or | ECRBJ (%) | Measured Mechanical tests/number of tested samples
duration (s) two-sided ECR (%) RCT CCT AT RTT pRTT
)
oxidation
116 TS 14 10 4 5 3 3 4
236 TS 21 17 2
465 TS 29 21 2 3 3 5 3
500 TS 31 24 1
560 TS 32 25 1
465 0s 11 10 3 3 1 2 3
1120 oS 17 17 1
1200 oS 18 18 1
1280 0s 18 185 1
1365 0s 185 19 2
1860 0s 22 22 3 3 2 3 3
2700 oS 27 27 2

EXPERIMENTAL RESULTS

Oxidation results

After steam oxidation, metallographs show the presence of a dense and uniform oxide layer and an aZr(O) layer
underneath, either on both inner and outer side for two-sided oxidation or on outer side for one-sided oxidation. The
absence of inner side oxide layer for one-sided oxidation confirms the tightness of the welded caps. Beneath the
aZr(O) layer, prior-B phase is observed. The prior-B phase is mixed with 0Zr(O) inclusions for measured ECR of
17% or higher. The typical microstructure of Zircaloy-4 samples after steam oxidation at 1200°C is illustrated in
FIGURE 2.

The measured values of ZrO, and oZr(O) layer thicknesses are plotted in FIGURE 3 versus steam oxidation duration.
The correlation of Cathcart-Pawel [20] for ZrO, and aZr(O) thicknesses are also plotted in FIGURE 3. The zirconia



layer measured thickness is in good agreement with the Cathcart-Pawel correlation, whereas the Cathcart-Pawel

correlation rather underestimates the 0Zr(O) thickness.
The analyses of metallographies reveal the presence of radially-axially oriented cracks in the aZr(O) layer. These

cracks never propagate in the zirconialayer, except for the one leading to sample failure.

) One-sided oxidation for 1860s (Measured ECR 22%)

One-sided oxidation for 465s (Measured ECR 10%

FIGURE 2. Optical micrographs o Zircaloy-4 after steam oxidation at 1200°C.

In order to determine the a-phase fraction from the metallography after the mechanical testing, the metallography is
transformed into a binary image in the metallic part to distinguish the a-phase from the prior B-phase. Thisimageis
then used to determine the volume fraction of a-phase in the metallic part. The a-phase fraction is plotted in
FIGURE 4 versus the measured ECR. The a-phase fraction is well correlated to the ECR and the influence of

hydrogen on the phase fraction seems negligible.
The sample hydrogen content was measured before and after steam oxidation. The hydrogen pickup is 20 wppm at

most.

M AT two-sided A RCT, CCT, RTT, pRTT two-sided A AT [H]<100 wppm[21] ¢ RCT A. Cabrera Thesis [22]
I AT one-sided £ RCT, CCT, RTT, pRTT one-sided @ AT [H[>400 wppm [21]
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FIGURE 3. ZrO;, and aZr(O) layer thicknesses after steam oxidation at 1200°C. Comparison with previous data from [21] and
from[22].
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FIGURE 4. a-phase fraction in Zircaloy-4 after steam oxidation at 1200°C. Comparison with previous results [21].

M echanical testing

Tensiletests

Tensile tests were performed in the cladding axial and hoop directions. The fracture loads for hoop tensile tests and
axial tensile tests are respectively represented on FIGURE 5 (a) and (b). For RTT and pRTT, no significant
difference in the tensile fracture load is observed between one-side and two-side oxidized samples. the fracture load
seems not to be sensitive on the oxide layer partitioning (inner or outer side). However, the fracture load depends on
the global measured ECR. For ATT, the axial fracture loads depend on the globa measured ECR. Furthermore, for
high ECR (above 15 %), it seems that fracture loads are lower for one-side oxidized samples compared to two-side
oxidized samples.

1200 = 15000

(a) 4 two-sided RTT (b) .
A one-sided RTT B two-sided AT
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- ]
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400 5000 ] @
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FIGURE 5. Fracture load for RTT, pRTT and ATT after steam oxidation at 1200°C.
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Bending dominated tests

The fracture loads for ring and “ C” shaped ring samples are represented on FIGURE 6 (a) and (b).

For RCT (FIGURE 6 (&), the fracture load seems to be a function of the global measured ECR and not sensitive to
the oxide layer location (inner or outer), as the same fracture loads were obtained for one-sided and two-sided
specimens for a given ECR. However, it should be pointed out that, failure occurs at the equatorial location for one-
sided samples and at the pole location for two-sided samples. So, RCT results are rather complex to interpret and
require finite element anaysis. For CCT, the stress is heterogeneous and its maximum value is obtained at outer
diameter and equatorial location. FIGURE 6 (b) shows that for a given ECR, the fracture load is lower for one-side
oxidized samples compared to two-side oxidized samples. this result is consistent since the outer oxide layer is
thicker for one-sided oxidized sample than for two-sided one.

80 1 25 .
(a) N B two-sided RCT (b) ® twro-4ided CCT
O 6 O one-sided RCT ® O one-sided CCT
; 20 4 ’ ..
0 % ©RCT A. Cabrera Thesis [22] ,\
.IiI:I

. O. s )

Fracture load (N/mm)

0 5 10 15 2 0 2‘5 0 5 16 I’S 2‘0 2’5
Measured ECR (%) Measured ECR (%)
FIGURE 6. Fracture load for RCT and CCT after steam oxidation at 1200°C. Comparison with CEA results[22].

DISCUSSION

To compare the different tensile tests with each other, the failure stress was eval uated from the fracture load, in axia
or hoop direction. FIGURE 7 represents the fracture stress versus the measured ECR for the ATT, RTT and pRTT
after steam oxidation at 1200°C. The first important outcome of this comparison is that, the fracture stress is not
significantly different between a mechanica test performed in the axial and hoop direction with or without a
machined gage section.
Considering post-quench LOCA embrittlement, the sample is strongly embrittled and the stress intensity factor is
expected to be arelevant materia property. More, specifically, when the plastic zone at the crack tip has anegligible
size compared to the crack depth, this situation is considered to be achieved for fracture toughness values below
about 12 MPavm. The sample failure is expected to happen when the stress intensity factor (K,) is equal to the
material fracture toughness (K,c) [21]. The materia fracture toughness was evaluated using the failure stress of brittle
samples and the formula of the Tada and Paris handbook (1, 2, 3) [23]:

K,C=JXF(%)>< TXa (1)
where aisthe crack depth, and eis the cladding thickness.
For atwo-sided oxidation, leading to two symmetrical cracks with depth a

a a

1,122 — 0,561 X —>= — 0,205 X (—)Z F0,471 x (1)3 —0,190 x (i)4 2
’ ’ e/2 ’ e/2 4 e/2 ’ e/2

F (a/e/Z) = a
(1-272)
For a one-sided oxidation, leading to alatera crack with depth a

3
\/e/n xaX Jz x tan(1 x 3/, ) x (0,752 +2,02x 54037 x (1 = sin (1 x %)))

cos(T x a/Ze)

F(a/e) = (3)
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FIGURE 7. Fracture stress versus measured ECR after steam oxidation at 1200°C. Comparison with previous results [21].

The crack tip, before crack instability, being located in the prior-B phase, crack depth is estimated as the sum of the
ZrO, and aZr(O) layer thicknesses, a = ez,o, + €4(0) and the fracture toughness is plotted versus the hydrogen
content in the prior- phase in FIGURE 8. The hydrogen content in the prior-p phase was estimated from the global
hydrogen content measured by hot extraction and from the a-phase fraction, assuming that all hydrogen diffuses in
the B-phase during the steam oxidation [2].

Thus, the fracture toughness seems well-correlated to the hydrogen content in the prior-g phase, not depending on
the oxidation conditions (one or two-sided). A strong decrease of the fracture toughness is observed for hydrogen
contents in the prior-p phase between 10 and 100 wppm. For larger hydrogen contents in the prior-B phase, the
fracture toughness dightly decreases with hydrogen increasing content. The obtained values for fracture toughness
are quite close to usual values obtained for ceramics.

The same approach was applied for CCT using the shape function correlation from [24]. As for tensile tests, the
crack depth is estimated as the sum of the ZrO, and aZr(O) layer thicknesses. The values of fracture toughness for
these tests, plotted in FIGURE 8, are consistent with the ones obtained from tensile tests.
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FIGURE 8. Fracture toughness versus hydrogen content in the prior-B phase. Comparison with previous results [21].

CONCLUSION

Five different mechanicd tests (RCT, CCT, AT, RTT, pRTT) were compared on both single-sided and two-sided
Zircaloy-4 oxidized samples. The objective was to get a better understanding of their response regarding the oxide
layer partitioning.

Results indicate that the different mechanical tests have not the same sensitivity to the oxide layer partitioning: RTT
and pRTT loads at failure seem to depend rather on the cumulated oxide layer thickness than on its partitioning,
whereas this parameter has an impact on CCT and AT test results. RCT fracture loads seem to be a function of the
global measured ECR and apparently not sensitive to the oxide layer location. This conclusion is surprising and
careful useis recommended.

Regarding the tensile tests, the first important outcome of this comparison is that, the fracture stress is not
significantly different between a mechanica test performed in the axial and hoop direction with or without a
machined gage section. Comparing RTT and pRTT, authors consider that there is no need to machine a gage section
and pRTT is sufficient when the samples are brittle.

Assuming that the failure of brittle samples was controlled by linear elastic fracture mechanics, a value of the
materia fracture toughness controlling the sample failure was determined from experimental results. Results show
that the fracture toughness seems well-correl ated to the hydrogen content in the prior-p phase.
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