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Abstract

The thermo-mechanical behavior of Zircaloy-4 fuel rods under Loss-Of-Coolant Accident (LOCA) conditions is
investigated. A custom experimental setup is dedicated to the high-temperature creep ballooning study of 90mm long
cladding samples. Creep tests were performed under an inert environment (argon), for temperatures from 750 to 850
°C and internal pressures ranging from 1 to 5SMPa. During its operating life, Zr-4 cladding is submitted to oxidation
and hydriding. These parameters strongly influence the creep behavior of Zirconium alloys at high temperatures. A
first campaign on as-received Zr-4 was performed.

Creep-rates are computed using 2-Dimensional Digital Image Correlation (2D-DIC) and are correlated to local
temperatures measured using Near Infra-Red thermography. As-received Zr-4 behavior laws are determined using
Finite Element Model Updating (FEMU). Norton exponents and activation energies are determined for thermal-
mechanical conditions of the performed tests. The stress and temperature effects on the steady-state creep parameters
are highlighted in this study.

Keywords: Zr-4, FEMU, creep-rate map, steady-state creep law.

l. INTRODUCTION

Loss-Of-Coolant of the primary loop is a complex multi-physical design basis accident. The study of the thermal
mechanical and thermal hydraulics behavior of a fuel rod assembly is the context of PERFROI project [1]. It relies on
both experimental and modeling activities about the flow blockage caused by fuel rods deformation, fuel fragment
relocation and the potential loss of cladding integrity. In this framework, the ballooning behavior of fuel rod claddings
submitted to high temperature and internal pressure is investigated.

Creep-tests and thermal ramps are usually performed in order to investigate the cladding behavior under LOCA
conditions [2-5]. The setups proposed in this literature provide on a test a single temperature condition assuming
thermal field is homogeneous when testing. A unique stress condition is often investigated. The number of the tests
to be performed is consequent in order to accurately determine material parameters.

The study focuses on creep ballooning tests. Creep power-law in equation (1) is assumed to well model the secondary-
creep behavior &, of zirconium alloys [6] depending on the temperature T and the von Mises stress gy,u. The
multiplicative coefficient A, the Norton exponent n and the activation energy Q are widely investigated with
experimental studies.
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These creep parameters depend on the temperature and applied stress conditions. The parameters derived from tests
are often considered as valid over large temperature range [3-4].

Experimental mechanics measurements have been increasingly improved using digital image techniques. Digital
Image Correlation [7] (DIC) is now widely performed to get strain fields from 2-Dimensional (2D), 3D or even volume
measurements. The use of infra-red and near infra-red [8-9] thermography is also expanding with thermal field
measurements. Recent material identification procedures [10] are taking advantages of such rich measurement
databases.

The experimental setup designed by Tardif et.al. [11] has been adapted [12] in order to perform ballooning creep tests
on Zr-4 claddings. A single test provides creep-rate data on a 20°C temperature range. Two or three internal pressure
loadings are applied addressing to different stress levels. Tests are instrumented for performing 2D-DIC and near
infra-red thermography. FEMU [13] is then performed in order to determine the creep parameters addressing to the
thermal-mechanical conditions of the test. Results on as-received Zr-4 specimens are presented and discussed in
section 1.

1. MATERIAL AND METHODS

Steady-state creep behavior of as-received Stress Relieved (SRA) Annealed Zr-4 is investigated in this study. Outer
diameter D and thickness w of the specimens are respectively 9.5mm and 0.57mm. Claddings are cut using an electro
discharge machining into 90mm long samples. Eccentricities = were estimated between 1 and 3% using equation (2).

w, — Wpi
E — Wmax + WmlTl. (2)
max min
Experimental bench

Scheme of the tests
The experimental setup aims to cover a 20°C temperature range and several stress levels in a single test. The specimen
is first heated up temperature of interest then three internal pressure levels are successively applied as plotted in Figure
1. Steady-state creep rates are expected for each mechanical loading.
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FIGURE 1. Temperature measurements are plotted in a). Measurements were performed using 6 thermocouples. Internal
pressure is plotted over test time in b). The three pressure levels are 2.17, 2.89 and 3.51MPa.

The bench and the processing methods are detailed in the following.

Test setup
The whole assembly represented in Figure 2 is set on a 10kN servo-hydraulic tensile device (mark 1). Experiments
were performed under an inert environment (argon gas) within an enclosure (mark 2) in order not to oxidize the
specimen. The samples are heated up using an induction system (mark 3). The temperature is regulated using a
thermocouple (mark 4) spot-welded on the specimen (mark 5). The combination of induction heating and water cooled
custom grips (mark 6) leads to a non-uniform temperature distributed along axial direction. Internal pressure (argon



gas) is regulated using a pressure reducer and is measured within the two jaws using pressure gauges. The bottom-end
effect is compensated using a compressive force.

Specimen is set on jaws using Swagelok connectors performing the gas sealing. Cladding is prepared with a black
undercoating and a white speckle pattern is sprayed. The sample is observed through sapphire glasses using cameras
distributed over the enclosure circumference. The specimen is uniformly illuminated using blue pulsing LED rings
(mark 7) disposed above and below the induction coils (mark 8). At least one camera is dedicated to kinematics
measurements and one another to thermal measurements. First camera is fitted with blue band-pass filters and
synchronized with the LED pulses. The high temperature specimen radiation is filtered this way as proposed by Pan
et al. [14]. Itis a requirement for performing 2D-DIC measurements. Second camera registers the specimen radiation.
Each camera is fitted with a 200mm macro lens.

FIGURE 2. Experimental setup a) and the zone of interest b).

Digital image methods

The heterogeneous thermo-mechanical conditions are fully capitalized using both thermal and kinematics field
measurements along the Region Of Interest (ROI).

Axial and hoop displacements fields are calculated in the ROI using a 2D-DIC algorithm. It is performed using
Ufreckles software developed at LaMCoS by J. Réthoré [15]. The conservation of the optical flow is solved using a
non-linear least-square method relying on a finite element basis. Performing 2D-DIC on tubular specimen is not
common considering the 3D geometry. Uncertainties related to out-of-plane displacement (ballooning) have been
estimated and are negligible with respect to the cladding deformation when steady-state creep rates are calculated.
Displacements and strains fields extracted from DIC calculation are exposed in figure 3. Note that the spatial data
used in the following are those in the red boxes in Figure 3, corresponding to the tube generatrix facing the camera.



FIGURE 3. Axial and hoop displacements are presented in a) and b) with the deformed mesh in a). They correspond to the end of
the third internal pressure loading. Axial and hoop strains are plotted in ¢) and d). The hoop strain peak is evaluated to 9.8%.
Logarithmic strains are calculated using axial and hoop displacements. Equivalent strains are derived assuming the
material incompressibility. The steady-state creep-rates are finally determined along the axial direction for each
internal pressure loading.

The second digital image processing is dedicated to near infra-red measurements [9]. Standard cameras (with silicon
detectors) are preferred to infra-red cameras in order to higher the image definition. The K; and K, parameters of the
radiometric model detailed in equation (3) are calibrated using the data addressing to the specimen heating.
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Grey level intensities are measured using digital thermocouples (see the red and yellow boxes in Figure 4) located
close to real ones and correlated to the temperature measurements.

FIGURE 4. The radiometric model is calibrated using the thermocouple measurements on the specimen itself during the heating
and grey level intensities computed using digital thermocouples located near the real ones.

Once calibrated the model computes the temperature distribution along axial direction from grey level intensities. The
distribution is corrected using the 3 thermocouple measurements.

To summarize with the experimental part, pressure and temperature distributions are measured. Steady-state creep
rate distributions are calculated for the three internal pressure loadings. A finite element model of the test is updated
for fitting these kinematics data.



Identification method
The heterogeneous thermo-mechanical conditions are fully capitalized with both thermal and kinematics field
measurements along the Region Of Interest (ROI). An iterative Gauss-Newton algorithm is then performed in order
to lower the error between experimental creep-rate logarithms and calculated ones. The FEM is first introduced and
the optimization process in then detailed.
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FIGURE 5. The model and the boundary conditions are represented in a) and b). A deformed regular CAX41 is plotted
in c).

FEM calculation of the tests were performed using the commercial software Abaqus. The axisymmetric modeling
represented in Figure 5 is chosen regarding the kinematics and thermal distribution calculated from different point of
views. Elastic behavior is modeled using equation (4).
E(T) = 116.1E° — 59ES.T  (Pa) (4)

The thermal expansion coefficient is 6.10°C*. Steady-state creep power-law of equation (1) to be determined is
modeled using the user CREEP routine.

A follower pressure is imposed using the experimental data. The temperature distribution determined using
NIR measurements in the ROI is extended to the total model length using a sinus sum. Several thermal profiles are
imposed at different test times using the user UTEMP routine.

FEMU
An initial parameters set is guessed. The pressure and thermal measurements are processed for modeling the
experiment. Once the FEM calculation is performed, the least-squares error er in equation (5) is outputted.

lOg(écal) - lOg(éexp)
log(€exp)

©®)

2

Gauss-Newton algorithm is then applied to lower this error. The problem is linearized using the creep-rate logarithms
and the solution to be determined is [In(A), n, Q]. The methodology was validated using a FEM virtual experiment.
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FIGURE 6. The experimental and calculation data are compared in this figure. Equivalent creep strains are plotted over time in
a) for two different axial positions (z=-2mm for the dot lines, and z=6mm for the solid ones). Axial and hoop strains are plotted
over time in b) for the same axial positions.

Once the optimized parameters are determined, the model is considered as valid over the measured temperature range.
The FEM calculation are processed in order to determine the von Mises stress range of validity. Experimental
equivalent creep strains versus test time are compared with calculated ones in Figure 6.a). The axial and hoop strains
versus test time are also compared in Figure 6.b). Even if the creep is only modeled using secondary-creep power-law
and the parameters are determined comparing three creep-rate distributions, the calculated creep strains are very close
to the measurements. Note that a single creep behavior law is often not sufficient to accurately model the tube
ballooning for the three internal pressure loadings of a single experiment.

1.  RESULTS

The proposed methodology were applied to seven experiments for temperatures ranging from 750 to 850°C and
internal pressures from 1 to 5MPa.

Test conditions
Table 1 summarizes the experimental conditions of each tested specimen. Note that only 2 thermocouples (Tc) were
visible on experiment AR-7 from NIR camera point of view. A 10°C difference was however measured between the
thermocouples. It was sufficient to accurately calibrate the radiometric model.

TABLE 1. Characteristics of the experiments.

Specimen  Temperature Internal Number of Number of Pixel size of DIC
range (K) pressures (MPa) visible Tc identification steps measurements (um)
AR-1 [1099,1123] [1.04,1.65,2.24] 3 2 9.1
AR-2 [1103,1123] [2.17,2.89,3.51] 3 1 9.5
AR-3 [1078,1098] [2.75,3.33,3.86] 3 2 10.0
AR-4 [1053,1078] [1.48,2.66] 3 1 9.6
AR-5 [1048,1069] [2.75,3.33,3.86] 3 2 8.7
AR-6 [1048,1073] [4.03,4.52,5.04] 3 2 7.3
AR-7 [1013,1033] [3.05,3.70,4.89] 2 2 9.2

Determined parameters and creep-rate maps
The stress exponent n and activation energy Q are the parameters of interest. The results of the identification process
are plotted in Figures 7 and 8.a) representing the Norton exponent and activation energies versus the measured
temperature and calculated von Mises stress. Each colored box corresponds to thermal-mechanical conditions
associated to a single experiment. The determined stress exponents are consistent between the tests. Norton exponent
value increases with increasing von Mises stress for a constant temperature. Dislocation creep-rate is known to be



strongly correlated to applied stress. A well-defined transition between low stress exponent and high stress exponent
is clearly evidenced in this figure.
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FIGURE 7. Determined a) stress exponent and b) activation energies (J/mol) are plotted over stresses and temperatures.

The determined activation energies are plotted in Figure 7.b) and are also consistent between various tests. The
activation energies in the a-phase domain are ranging from 123 to 291kJ/mol. Q magnitude is increasing from a-phase
to (a+p)-phase domains. The transition regime from o to (o-+f)-phase is clearly evidenced at 1080K.

TABLE 2. Parameters determined and thermos-mechanical validity.

Specimen Temperature  von Mises stress In(A) n Q
(K) (MPa) (MPa"s) (kJ/mol)
AR-1 [1099,1123] [7,12)/[12;17] 33.5/33.2 0.96/1.64 416/430
AR-2 [1103,1123] [17,32] 21.4 3.42 359
AR-3 [1078,1098] [20,26]/[26,32] 17/12.6 3.5/45 329/321
AR-4 [1053,1078] [11,19] 6.97 1.8 193
AR-5 [1048,1069] [20,26]/[27,32] 20/7.32 1.2/4.5 291/275
AR-6 [1048,1073] [31,39]/[39,48] 1.37/-5.67 4.4/5.4 215/183
AR-7 [1013,1033] [22,28]/[28,42] -5.69/-3.33 3.3/4.7 123/184

Table 2 summarizes the final results of the processed tests on as-received Zr-4 specimens.

Creep-rate logarithms are finally plotted in Figure 8.a).

Comparison with literature data
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FIGURE 8. Creep-rate logarithms are plotted in figure a) over stresses and temperatures of the processed tests. Test results are
fully consistent with each other. The map plotted in b) derived from the behavior law proposed by Kaddour et al. in [KAD].



The a—phase behavior law proposed by Kaddour et al. [3] is plotted in Figure 8-b) in the diffusion and dislocation
regimes. Stress exponents and activation energies of these two regimes are respectively 1.3-5 and 190-316kJ/mol. The
determined creep-rate magnitudes are consistent with those proposed by Kaddour et al..

The 360kJ/mol activation energy magnitude in the (a+p)-phase domain was experimentally determined by Garde et
al. [16]. It corresponds to a grain boundary sliding creep mechanism.

Norton exponents and activation energies determined in the study are consistent with the Rosinger et. al. database
detailed in [4].

IV.  CONCLUSION

Creep-rate logarithms map is presented in the framework of as-received Zr-4 cladding ballooning under LOCA
conditions. A FEMU methodology were performed in order fully capitalize high-temperature creep ballooning tests
data and determine the parameters a steady-state creep power-law. The ballooning structural effect are accounted for
using FEM granting access to the true stress level and state over a 20mm gauge length. Results of seven tests are
detailed in this paper addressing to thermal conditions ranging from 750 to 850°C and von Mises stresses in a range
of 7 to 48MPa.

The effect of applied stress on the Norton exponent is evidenced in the study for both a-phase and (a+p)-phase
domains. The determined stress exponent magnitudes are very consistent with literature data depending on the thermo-
mechanical test conditions.

The activation energy parameter is very sensitive to the thermo-mechanical conditions and remains valid within a
limited temperature and stress ranges to the authors’ knowledge. The beginning of the (a+)-phase domain is clearly
identified with the activation energy increase.

Finally, steady-state creep is accurately modeled depending on ballooning thermo-mechanical conditions.

Further work will be dedicated to the analysis of the creep parameters variation depending on the temperature and
applied stress conditions. A creep mechanism map based on Norton exponents and activation energies magnitude is
expected from this analysis.

During their operating life, Zr-4 claddings microstructure is modified due to high temperature water contact. In order
to be more representative of the high temperature creep behavior of the alloy, similar creep tests will be performed on
pre-hydrided and both pre-hydrided / pre-oxidized specimens.
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