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ABSTRACT
Nowadays, full field measurements techniques enable heterogeneous experiments to be performed without the need of

averaging assumptions. The richness and the quantity of recording data obtained by these techniques led to the development of
robust identification methods, such as the finite element model updating (FEMU) technique. However, it is still difficult to
measure both kinematic and thermal full fields at the same location and time since the methods and the devices used to compute
them are radically different. Furthermore, it may be complicated to calibrate the temperature measurement system without
interfering with the metallurgical state of the sample. The present paper proposes a low-cost procedure that uses the same two
CMOS cameras to compute both the 3D-surface kinematic field and the associated thermal field, by stereo-correlation and near
infrared thermography, respectively. No interpolation or smoothing operation were finally necessary.
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INTRODUCTION
The Reactivity Initiated Accident (RIA) is a design basis accident that can potentially occur in pressurized water reactors.

During such accident, the fuel claddings can be subjected to intense thermo-mechanical loading conditions. Heating rates above
1000°C/s can be observed up to more than 1000°C while claddings are internally pressurized (5-100 bar). Such thermal
conditions may have a strong impact on the mechanical properties of the material, especially above 800°C from which an
allotropic phase transformation (hcp — bcc) is expected in Zirconium alloys. The present work aims at characterizing the
thermo-mechanical behavior of as-fabricated stress relieved annealed Zircaloy-4 claddings under simulated RIA conditions.

Full field measurements in experimental mechanics have been more and more used these last years for constitutive laws
identification purposes. Local measurements — like strain gages or thermocouples — show their weaknesses when experiments
do not enable averaging assumptions, for instance in case of localization, complex loading conditions or anisotropic behavior.
The use of full field measurements techniques gives access to a large amount of data during the tests. Hence, averaging
assumptions do not remain necessary anymore. It goes even further since heterogeneities in tests are now sought after to obtain
richer data useful for identification purposes [1].

However, it is still difficult to measure both kinematic and thermal full fields at the same location and time since the techniques
used to compute them are radically different. Digital images correlation (DIC) technique for instance requires a high random
gradient in the images. Thermal full field methods, like infrared (IR) or near-infrared thermography (NIRT), need on the
contrary a well-known and homogenous emissivity of the sample surface. Some authors [2, 3] used two different optical
systems to compute the thermal and the kinematic fields but time and spatial interpolations remained necessary at the end to



link the two types of field. Other authors proposed to extend the DIC technique to infrared cameras [4]. However, this method
needs a prior calibration step and IR cameras have often a poor spatial resolution and are relatively costly compared to standard
CMOS or CCD cameras.

An additional difficulty come in case of fast thermal transients where the temperature may be difficult to measure. On the one
hand, thermocouples are subjected to a potential high inertia effect under fast thermal transients. On the other hand, the speckle
pattern leads to an unknown emissivity of the sample surface. Using a pyrometer is therefore complicated.

This paper proposes a low-cost procedure that uses the same two CMOS cameras to compute both 3D-surface kinematic and
thermal full fields under fast thermal transients. The global stereo-correlation software UFreckles [5] was first used to compute
the 3D-surface kinematic field. Then, a simple and robust procedure was developed to identify the radiometric model, used to
perform the NIRT. A weak coupling between the two kinds of fields was finally achieved so that no interpolation or smoothing
operation were finally required. The first section deals with the experimental setup used to perform fast thermal transient
experiments. The thermal calibration procedure and the weak coupling with the 3D-DIC are detailed in the second section.

I. CREEP BALLOONING TESTS UNDER FAST THERMAL TRANSIENTS

1.1 EXPERIMENTAL SETUP
The experimental device ELLIE was used to perform creep ballooning tests on fuel rods samples with very high thermal

transients. A scheme of the setup is depicted in Figure 1. The device is presented in more details in [6]. Some reminders are
given in the following. The test specimens were cut from as-fabricated stress relieved annealed Zircaloy-4 claddings. They
were 90mm long with an external diameter of 9.5mm and a wall-thickness of 0.57mm. In order to perform stereo-correlation
measurements a black undercoating and a white speckle pattern were applied onto the samples with high-temperature paintings.
Three thermocouples (type K, diameter of 79um) were spot-welded in the region of interest (ROI) of the specimens.

The test bench was composed of a 10kN servo-hydraulic tensile machine connected to a pressurization system. Internal pressure
up to 70 bar could be applied and controlled within the claddings during the whole experiments using Argon gas. An induction
heating device enabled samples heating rates up to 1500°C/s up to more than 1000°C [7]. The temperature regulation was
achieved using a Metis 322 pyrometer at a wavelength of A = [1.45 — 1.65] um. In order to avoid the oxidation of the samples
at high temperatures all the experiments were performed within an enclosure where an Argon flush was setup during the tests.
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Figure 1: Description of ELLIE device (a) Picture of the device [6]. (b) Scheme of the setup



1.2 EXPERIMENTAL PROCEDURE

The experimental procedure is depicted in Figure 2.a. The mechanical loading was first applied by a combination of an internal
pressure P; and a compressive force E,. The compressive force was calculated to compensate the pressure-induced effect as
described in Figure 2.a (with R; the inner radius of the cladding). Once the mechanical loading was stabilized, the thermal
loading was applied with heating rate around 1000°C/s up to the set point. The PID optimization led to overshoots ranging
between -6 and +25°C around the target temperature. The temperature was then stabilized until the specimen burst. An example
of thermal transient is shown in Figure 2.b. 3D surface kinematic and thermal fields were obtained during the whole experiment
using the same two CMOS cameras by 3D-DIC and NIRT, respectively.

Loading — - - -
A Pressure - - -
. 900
FE, = —P,.m.R; —
z i i E-) 800} Am
Temperature o ) |‘ g
S 700} S 1
. E 2920 ‘\
O 8 600} \ feor [
S £ g Y
QQ |G—J 500 -1 . ‘
~ 990°C.s ) A - . . .
1 2 4 [ 8 10
Tlme: 400 F t, Time (s)
2 4 6 8 10 12
Time (s)
(a) (b)

Figure 2: (a) Loading sequence; (b) example of a thermal transient obtained [7]

11 OPTICAL FULL FIELD ACQUSITION

The application of fast thermal transients led to non-axisymmetric temperature distributions in the samples. Full field
measurements techniques were used to record these loading heterogeneities. Two 12Mpx CMOS cameras recorded images of
the ROI during the tests at a frequency up to 55Hz. A scheme of the setup is presented in Figure 3. The two CMOS cameras
were equipped of 200mm macro optics and near infrared pass-band filters (A = 860 +/—10nm) were mounted on the optics.

The exposure time of the cameras was setup to obtain non-saturated images between -100 and +50°C around the test regulation
temperature.
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Figure 3: Scheme of a top view of the setup



11.1 KINEMATIC FULL FIELD MEASURMENTS BY STEREO-CORRELATION
The global stereo-correlation software UFreckles [5], [8], developed by J. Réthoré was used to compute the 3D-surface

kinematic field. A finite element basis of Q4 elements with an element size of 35x35px? was used to perform the images
analysis (1 px = 9um). In order to avoid chromatic aberrations at high temperature the optical system calibration was performed
at low temperature before the test. This step was achieved by lighting the sample in the near infrared domain using a LED ring
at the wavelength A = 860nm. The near infrared band-pass filters mounted on the optics enabled the calibration procedure to
be carried out at ambient temperature while remaining valid at high temperature.

A standard calibration, using calibration grids, could not be performed because of the device geometry and the presence of the
induction coil. This step was then achieved using the well-known geometry of the claddings. Finally, the noise was estimated
to be around 1um for the in-plane displacements and about 5pm for the out-of-plane displacements.

11.2 THERMAL FULL FIELD MEASUREMENTS BY NEAR INFRARED THERMOGRAPHY (NIRT)
The NIRT technique [9] was used to compute the thermal field on the sample outer surface. This method, based on Planck’s

law, links the digital level intensity I of an image (i.e. the gray level of the pixels) to the temperature T using a radiometric
model that can be written as:

K,

n (524 1) (1)

T =

Two unknown constants K, and K, had to be identified in this model.

A large range of temperatures had to be used in order to identify accurately this model. Only the pyrometer data could be used
since the thermocouples are potentially subjected to high inertia effects under fast thermal transients. As mentioned above the
speckle pattern led to an unknown emissivity onto the specimen surface. A prior emissivity identification could not be
performed without interfering with the metallurgical state of the material. The pyrometer emissivity was then setup to an
arbitrary value — close to its expected value — during the experiments. This emissivity value had to be corrected after the test to
obtain correct pyrometer data. A third unknown to identify was then defined to be the true emissivity at the pyrometer pointing
location.

On the other hand, the speckle pattern led to a heterogeneous emissivity onto the claddings. We recall that the radiometric
model is based on a homogeneous and constant emissivity assumption. In order to use a single emissivity value in the
radiometric model it was chosen to use only the black painting since it is the more stable to a potential oxidation of the sample.
A parameter P was then defined as the percentage of pixels corresponding to the black painting. Only the black pixels identified
by this parameter were used to identify the radiometric model and compute the thermal field. A too low value of P would result
in a high impact of the noise. A too important value would lead to the use of multiple emissivities; the thermal field would then
be very noisy.

Four parameters had finally to be identified to compute the thermal field: the two constants K; and K5, the emissivity ¢,,,,,., at
the pyrometer pointing location and the parameter P that can be seen as a percentage threshold value defining the black painting.

Identification procedure

The pyrometer emissivity could not be identified directly using the thermocouples data since the pyrometer and the
thermocouples were not located at the same position. The NIRT was then used to link the pyrometer with the thermocouples.
An identification procedure of the four parameters {K;, K;, &,yr,, P} is proposed below. Two objective functions are first
defined:



erlz = (TilyCIRT — Tre)?, 2

2
erzz = (TgffoT - TPyro) ) (3)

With:

e Trc: The temperature measured by the thermocouples,
e Tpyro: The temperature measured by the pyrometer,
o  TNIRT: The temperature obtained by NIRT at the thermocouples areas (green circles in Figure 4.b),

. T,i‘gfg: The temperature obtained by NIRT at the pyrometer area (red circle in Figure in 4.b).
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Figure 4 : (a) Scheme of the sample with the induction coil and (b) example of an image obtained with the DIC mesh

The parameter ,,,, was identified by minimizing the error er using the plateau temperature data, once the thermocouples
were stabilized. The temperature TXRT was obtained by identifying the three others parameters (K;, K, and P) using a Newton-
Gauss algorithm where the error er2 was minimized. The data obtained during the thermal transient were used to minimize er.
This crisscrossed procedure enabled characterizing properly the “emissivity of the pyrometer” while identifying the radiometric
model with a large range of temperature. The authors recall that only the P percentage of the brightest pixels where used to
compute T7#R" and T2\ The Figure 5 depicted the results obtained for a test performed at a regulation temperature of 970°C
with a thermal transient of 1260°C/s. A “delay” of around 30°C is observed during the thermal transient for the thermocouples
because of their intrusive nature.

980
A970 i
O
2_960F
g
S 950
=
@©
5 940} —Pyrometer
Q —TE9
g 930 F TC2 L
bt NIRT Pyrometer
920 . o NIRT TC 1 L
1260°C/s NIRT TC 2
910 N N . N
1 2 3 4 5 6

Time (s)

Figure 5: Example of results obtained after the identification procedure for a test carried out at a regulation temperature of 970°C. Two
thermocouples (TC) were visible on the ROI.



Weak coupling with the 3D-DIC

The same images were used to compute both the thermal field and the kinematic field. A weak coupling between the 3D-DIC
and the NIRT was then developed to obtain the two kinds of data at the exact same location without need of interpolations. To
do so, the correlation mesh used to perform the 3D-DIC (see in Figure 4.b) was reused to compute the thermal field. Two
assumptions were first formulated:

e The temperature is averaged within each element of the correlation mesh (an element has a size of 315x315um?)
e The P percentage of the brightest pixels within an element correspond to the black painting (only these pixels will be
used to compute the thermal field).

Since the correlation mesh “follows” the deformation, the pattern within an element remains constant in all images. The black
pixels identified in the reference images remain then unchanged in all images, excepting noise effect.

These two assumptions enabled computing the thermal field at each time step on the deformed correlation mesh. This thermal
field is smooth, because non-affected by the speckle pattern. No interpolation or smoothing operation were finally necessary.
An example of “coupled fields” is presented in Figure 6. The uncertainty of the thermal field mainly results from the devices
that are used to identify the radiometric model [6]. The thermal uncertainty is then estimated to 0.7% of the measured
temperature.

T(°C)

880

0.28

0.26

870

0.24

865

0.22

0.2 860

855

(a) (®)

Figure 6: Example of “coupled fields”: (a) Magnitude of displacement obtained by stereo-correlation normalized by the initial outer radius
of the sample Ro; (b) thermal field obtained by NIRT using the deformed correlation mesh obtained by 3D-DIC.

CONCLUSION
A low-cost procedure that uses only two CMOS cameras has been presented to compute in the same time the 3D-surface

displacement field by stereo-correlation and the associated thermal field by NIRT. No interpolation or smoothing operation
were necessary at the end. The thermal calibration was performed after-experiment in order to enable experiments to be
performed without unexpected changes of the metallurgical state of the samples. This “coupled” full fields method will enable
identifying constitutive laws by a finite elements method updating algorithm (FEMU).
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