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ABSTRACT

An advanced tube-burst test system was designed to test nuclear fuel cladding materials under conditions
relevant to the design-based reactivity-initiated accident (RIA) in light water reactors. The system is based
on the “driver-tube” concept and allows for high-speed testing with internal pressure impulses of 10-1000
ms. To measure strains, the experimental setup includes high-speed video camera equipped with a
telecentric lens to provide high depth of view field to compensate the solid-body motion of specimens. A
mirror system was developed to project four views of the specimen into a single camera frame. Images
taken during the test can be analyzed using the digital image correlation approach to evaluate surface strains.
Several experiments were conducted, and the results are reviewed and discussed to assess the performance
of the offered advanced experimental setup.
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1. Introduction

Improving the safety of nuclear power plants (NPP) requires a better understanding of material behavior
during design-basis and beyond-design-basis accidents. Accident-tolerant nuclear fuel cladding candidate
materials should be tested under these transient conditions to ensure their adequate mechanical response.
One of the design-basis accidents that should be addressed is the reactivity insertion accident (RIA) for
light-water reactors (LWRs). During a RIA, the ejection of the control rods from the nuclear reactor core
cause a prompt increase in the density of fission reactions, which yields a rapid temperature increase of the
nuclear fuel. The thermal expansion of the nuclear fuel not only closes the gap between the fuel pellet and
the cladding tube, but also provides fast mechanical loading due to the pellet-clad mechanical interactions
(PCMI). RIA duration varies for different fuel and fuel cladding designs and typically lies in the 10-30 ms
range for LWRs (Desquines et al., 2011; Fuketa et al., 1997).

The mechanical loading of the cladding due to the PCMI is complex during RIA since the deformation
of the cladding is indirectly induced by the expansion of nuclear fuel. The thermal expansion of nuclear
fuel induces a radial expansion with an equiaxial surface traction at the fuel pellet-clad interface due to
isotropic thermal expansion of fuel and the surface traction due to the friction caused by the contact between
the fuel pellet and the cladding. This complex mechanical interaction is postulated to impose a biaxial state
of stress, with a ratio of principal stresses (c2/61) on the cladding ranging from 0.5 to 1 (Desquines et al.,
2011).

Rather than conventional testing procedures developed for the nuclear fuel cladding tubes (Billone et
al., 2013; Cockeram and Hollenbeck, 2015; Desquines et al., 2014; Hong and Olander, 2001; Jiang and
Wang, 2014; Leclercq et al., 2008; Link et al., 1998; Nagase and Fuketa, 2005), PCMI loading conditions
are aimed to be replicated by the indirect mechanical tests, such as expansion-due-to-compression (EDC)
(Shinozaki et al., 2016), mandrel-driven (Foster, 1987; Nilsson et al., 2011; Nobrega et al., 1985), and
modified-burst (MBT) tests (Cinbiz et al., 2017; Yueh et al., 2016), where the mechanical deformation of
the tube sample is triggered by a motion or a deformation of another object, such as the compression of a
polymer pellet (EDC), expansion of ceramic pieces (mandrel-driven), and expansion of a secondary tube
(MBT). For these tests, the stress determination requires extra mathematical calculations under some
assumptions or usage of high-fidelity finite element analysis for the specific tests.

The strain on the outer surface of the tubular samples is often measured by strain gauges (Cinbiz et al.,
2017) , laser micrometers (Yueh et al., 2016), proximity transducers (Jiang and Wang, 2014), and non-
contact optic methods including edge tracking (Gussev et al., 2015), artificial meshes and markers (Tsuji
and Meshii, 2011), and digital image correlation (DIC) (Hellouin de Menibus et al., 2014; Le Saux et al.,
2015). All these techniques, except DIC, provide localized hoop strain data that is strongly dependent on
the location where the instrumentation is located. If its location is not coincident with or close to the failure
location, the measured strains may be off-calculated.

To reduce the off-calculation of the strains, speckle analysis using DIC is a favored tool to predict the
two-dimensional strain distribution on the sample surface (Pan et al., 2009). To determine three-
dimensional shape changes and the deformation of an object of interest, three-dimensional DIC techniques
have been developed based on the use of two synchronized cameras (or mirrors with a single camera) to
capture the objects deformation from two distinct views (Chen et al., 2014; Wu et al., 2015; Yu and Pan,



2017, 2016). Most of these techniques work with flat or neat-flat objects and will fail to depict a complete
tube geometry. Therefore, their applicability to the experimental evaluation of advanced cladding
candidates for nuclear applications might be limited because these are subjected to very complex loading
conditions, which require a full 360°-view of the object (Tsuji and Meshii, 2011) to determine the failure
location and the resulting value of strain at failure.

In this study, an advanced experimental setup to observe the 360°-view of a tubular test specimen has
been developed using a single ultra-high-speed camera and a set of mirrors to assess the mechanical
behavior of cladding candidates during an RIA relevant loading conditions. Using images taken during the
test and DIC-based approach, mechanical strains were evaluated at different locations on the surface of the
tubular test specimen.

2. Description of the Modified-Burst Test (MBT)

The MBT has been designed to simulate PCMI-type loading during RIA-relevant conditions for nuclear
fuel rods that exhibit low ductility as a result of irradiation hardening during operation (Yueh et al., 2016).
Recently, the MBT has been improved by adding the capability of changing the shape of the mechanical
pulses to investigate various RIA-like scenarios for distinct candidate materials (Cinbiz et al., 2017).

In the present work, the experimental setup design was configured to enable the evaluation of tubular
test specimens, and to measure strains on the outer surface of the test specimen. The mechanical
deformation of the test specimen is induced as follows: (1) a cylindrical projectile, whose motion is
accurately controlled by an actuator, hits the core-pin and triggers the motion of the core-pin at high-speeds
into the hydraulic oil-filled driver tube (an aged-hardened Inconel alloy) as shown in Fig. 1a. (2) As the
core-pin penetrates the driver tube, the hydraulic oil gets pressurized and is redistributed through the
channels of the core-pin to cause radial expansion of the driver-tube, mostly the thin-wall section (see Fig.
1b). (3) The expansion of the driver tube strains the test specimen which is shear-fitted or glued to the
driver-tube. In this study, two different driver-tubes with heights of 25.4 and 12.7 mm were used. It should
be noted that because the MBT aims to replicate the PCMI conditions during a possible RIA, the sample
rupture may not occur due to the candidate alloy’s ductility and strength.



E Driver tube

Inside is filled
with hydraulic oil

Thinned-wall
region where
expansion occurs

Test =
specimen

Core-pin

Fig. 1 Schematics of the working principle of modified-burst test

3. Mirror Arrangement for the 360°-View of Tube’s Outer Surface

Traditional techniques (e.g., gauge-based tools) (Cinbiz et al., 2017; Yueh et al., 2016) perform
measurements in an inadequate number of localized regions of interest, which may or may not include the
failure location. This approach limits the amount of information needed for a complete analysis of the test.

To address this shortcoming, a camera and lens system that includes a set of mirrors, as shown in Fig.
2, was developed to capture a 360°-view of the tube. Four mirrors were placed between the telecentric lens
and the test specimen, while two mirrors were located behind the tubular test specimen, as shown in Fig. 3.
The sample projections were recorded by a high-speed camera (Photron AX-200). Depending on the
experiment plan, the camera may record up to 900,000 frames per second (“Mini AX — Photron,” n.d.) .
During the test, the test specimen and the holder may experience rigid body motions in arbitrary directions,
due to the compliance of the experimental set-up and the rapid, impact-like loading conditions. With a
conventional lens, rigid body motions of the test specimen would result in displacements out of the focal
plane and appearance of phantom strains (Schreier et al., 2009). To overcome this challenge, an Opto
Engineering TC16M 120 telecentric lens was utilized providing a field depth up to 15.0 mm, following the
approach of Pan et al. (Pan et al., 2013),
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Fig. 2 Schematics of the optics system providing 360°-view of a tubular test specimen.

Fig. 3 The mechanical test setup. The telecentric lens at the left in (a) and a sample is shown in (b).

A label, as shown in Fig. 4a, was attached to the outer surface of the tubular object to determine the
observed outer surface area. The actual test specimen was set to be out of focus and four reflected images
(projections) of the model tubular test specimen were captured by the high-speed camera. All four
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projections (images) were in focus. Thus, a 360°-view of the outer surface of the sample may be acquired
as shown in Fig. 4b by using one camera and six first-surface mirrors.

The set-up described above targets acquisition of speckle data from the MBT which occurs in an event-
time of 10 to 100 ms with the capability of 360°-view of a tubular object to determine the failure location.
The image size, thereby, was affected by camera matrix resolution at high-speed, use of a single camera,
and lighting conditions on the test specimen. Photron AX-200 provides resolution of 1024 x 1024 px? at
6400 frames per second (fps). Furthermore, a frame rate of 12,500 fps can be reached at a resolution of
1024 x 768 px?, which allows capture of 125 frames within 10 ms and includes all reflections on a single
camera frame. Obviously, the usage of a single camera also reduces the resolution and image size (in pixels)
since four areas from the sample must be projected into one field-of-view (FOV). However, a multiple
camera scheme, like in (Chen et al., 2014; Tsuji and Meshii, 2011), would make the experiment
prohibitively expensive. Although a penalty is paid in the form of lower resolution, the strain of the sample
can still be calculated by the proper algorithm, as will be discussed below. Also, as a benefit, a single camera
eliminates any issues with synchronization of data streams from multiple sources, which is crucial for short
duration transient testing such as RIA-like conditions.

360° View of the driver tube

Label for the reference

1234567 -
7654321
ABCDEFG
abcdefg

Actual sample is out of focus

Fig. 4 (a) Label attached on the tube sample surface, (b) 360° view of the outer surface of the tubular
object with a label under test condition lighting



4. Digital image correlation and mechanical strain measurement

Digital Image Correlation (DIC) is a widely-used non-contact technique to measure motion,
deformation and shape of an object (Pan et al., 2009; Schreier et al., 2009). DIC processes images of a
speckle-painted object which are acquired during the test. It tracks the displacement of some selected points
between nondeformed (or reference) and deformed subset image, and the mechanical strains are calculated
using numerical methods (see Pan et al.’s review on 2D DIC (Pan et al., 2009) and Schreier et al.’s
comprehensive work on digital image correlation techniques (Schreier et al., 2009)).

The conventional stereo DIC technigues which utilize two cameras (Luo et al., 1993) or a single camera
with mirrors (Yu and Pan, 2016) analyze multiple projections acquired at angles ~5-20° of the same surface
(Pankow et al., 2010; Yu and Pan, 2016). This technique highly improves the strain measurements of a
planar surface and a curved surface spanned by the low angle range. However, the angles between the four
projections in this study are close to ~90°, which results in imaging of the object’s complete outer surface
with some overlapped surface between the projections. The projections acquired at high-angles may limit
the calibration schemes of stereo DIC techniques and the resolution near the sample’s edges. The set-up of
the mirrors, i.e. four 2D projection of the curved sample (see Fig. 4b), could potentially enable a 3D
reconstruction of the object’s outer surface by using appropriate numerical techniques (Tsuji and Meshii,
2011), however the resolution, accuracy and strain sensitivity need to be investigated in detail and will be
addressed in a separate work.

In the context of the present work, the strains were calculated using a custom 2D DIC software and no
3D reconstruction was applied. A custom software with available source code provides better flexibility
and modifications, compared to using proprietary commercial codes. Here, it was decided to limit the strain
analysis by calculating strains along the centerline of the tubular test specimen to reduce inaccuracies.
Similar to a typical 2D DIC software, the first-order shape function was used for tracking the reference
subset during deformation; cubic B-splines were employed as image interpolant to provide image intensity
data with subpixel resolution (Pan et al., 2009); similarity of the reference and deformed subsets were
correlated by using zero-normalized cross-correlation criterion (ZNCC) (Pan et al., 2009), and Inverse-
Computation Gauss-Newton (IC-GN) algorithm was used as the subset matching to solve the incremental
deformation parameters, thus the mechanical strains (Pan et al., 2013). Available DIC algorithms allows
for calculating different strain metrics, such as Green-Lagrangian formulation (Schreier et al., 2009);
however, the engineering strain definition was considered as sufficient for the present work purposes.

5. Assessment of the DIC Approach

DIC for the mechanical strain calculations on a cylindrical surface was assessed as follows. Images
with 2D random speckle patterns were generated using an approach offered by Bing et al. (Bing et al.,
2006) at similar resolutions as the acquired images during experiments (see Fig. 5). Mechanical straining
was imposed by applying pixel based strains (Apixel/pixel) up to 20% for two distinct strain paths: (i)
“plane-strain” tension of the cladding tubes (ex> 0 and &y = 0, see Fig. 5a) (Desquines et al., 2011) and (ii)
biaxial expansion, i.e., the postulated RIA strain path (Desquines et al., 2011; Fuketa, 2012; Leclercq et al.,
2007) ( ex= &y > 0, see Fig. 5b ). After applying prescribed strains, the images with generated speckle
patterns were digitally 360°-wrapped at each strain value to create a tube surface.



The accuracy of 2D DIC was assessed by the difference in the imposed and the calculated strains for
two distinct loading cases. Furthermore, the effects of subset size, off-centerline subsets, and noise were
investigated in a similar way for the 360°-wrapped pictures of the “plane-strain” tension case.

Original picture 360°-wrapped picture

Original picture 360°-wrapped picture

wogr e
I

[Prescribed X-Y Strain =20% |

Fig. 5 Computer generated reference pictures for the assessment of the DIC software. (a) “plane-strain”
tension (&x> 0 and &= 0) and (b) biaxial expansion (ex=gy/>0)

Fig. 6a and b show the calculated strains of the wrapped pictures for the different subsets and the
prescribed strain. Because MBT aims to test low ductility samples, a finer strain increment was applied up
to 1% (Fig. 6b).

The location where the strain was calculated was the same location for subsets with a size of 31, 45,
and 63 pixels. (see Fig. 6¢). The inaccuracy (offset from the prescribed strain) of the subset with a size of
31 pixels was high compared to other two at each prescribed strain as shown in Fig. 6d. Also, the average
inaccuracies of subsets were 253, 88, 86 pe or subset sizes of 31, 45, and 63 respectively. It is noted that
the inaccuracy, in general, showed a monotonous increase for all cases below 1%-strain and a random
behavior above 2%-strain.
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Fig. 6 Effect of subset size on the DIC-calculated strains for the “plane-strain tension” case. Straining was
applied on only x-direction and strain on the y-direction was zero.

Fig. 7 compares the inaccuracies of the calculated strain of the “plane-strain” and biaxial expansion
cases. The inaccuracy as a function of the prescribed strain was determined below 200 pe for both test
cases (see Fig. 7a) and (see Fig. 7b). The average inaccuracy calculated from the original picture (no
wrapping) was lower (76 and 47 pe for “plane-strain” tension and biaxial expansion, respectively) than the
inaccuracy determined after 360°-wrapping of the original picture (86 and 84 pe for “plane-strain” tension
and biaxial expansion, respectively). The results indicated that the inaccuracy of the strain determined from

a curved object increased compared to the original picture, but this increase was below 37 pe (maximum
for all cases).

Because 2D DIC at high-angles limits the strain calculation at the centerline of the curved object, the
effect of off-axis locations was investigated. Fig. 8a indicated the effect of the off-axis locations (A and B)
on the calculated strains as a function of prescribed strain. At location A, the inaccuracy of the calculated
strain was determined high (maximum value of 469 pe) at low strains below 1% and it was determined
lower at high strains, such as above 2%. The average inaccuracy for the location A was calculated as 237
pe. At location B, the inaccuracy of the strain was lower below 1% but increased above 2%, which indicated
a reverse behavior compared to location A. The average inaccuracy in the strain for location B was
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determined as 130 ue (Maximum value was 330 pe). Hence, the inaccuracy of the strain increased when
the subset was selected off-axis location for a curved object.

The effect of noise in the images was also assessed on the 360°-wrapped surface since real conditions
include noise effects. Three different noise levels were applied to the 360°-wrapped surface. By analogy
with the study of Zappa and Lui (Zappa and Liu, 2017), a zero-mean uniform noise was added to the
images to evaluate the role of experimental data inaccuracy on the results. Three levels of additive noise
were considered as +2, +4, and £8 of the pixel intensity; the corresponding datasets are marked as 5GL,
9GL, and 17 GL, respectively. 5GL corresponded to the images obtained with a good hardware and
illumination conditions; 9GL represented moderate illumination and imaging conditions; and 17GL
represented low-quality equipment, bad light sources, and noisy environment. For 5GL, the noise did not
affect the inaccuracy in the strain. However, the inaccuracy increased as noise level increased. the average
inaccuracy was 505 pe for 9GL and 363 pe for 12GL. Although, inaccuracy was determined lower at 12
GL than 9GL, the inaccuracy was 1097 pe at the prescribed strain of 10%.
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Fig. 8 (a) Effect of the off-axis subsets on the inaccuracy and (b) Effect of the noise on the inaccuracy

6. Selected Mechanical Tests using the MBT Setup

Tests were performed on the model object, driver tube (an age-hardened Inconel 718 alloy tube), and
advance cladding candidate materials of a first-generation (Gen-1) iron-chromium-aluminum (FeCrAl)
alloy to assess the performance of the designed MBT set-up with the mirror arrangement, see (Yamamoto
et al., 2015) for the materials’ details.

Fig. 9 shows the deformation of the driver tube that is subjected to internal pressure shown in Fig. 10.
Each picture has been labeled with a number, which stands for a specific frame during the experiment.
Frame number (#)1 depicts the sample before testing; Frames # 2,3, and 4 were successively captured right
before failure, at initiation of the failure, and at the final rupture, respectively. Furthermore, the strain on
the sample surface was calculated by point objects shown on Fig. 9 (Frame #1). The point object #1 was
the closest to the failure location, from which a mechanical failure strain of 17 % was calculated, as shown
in Fig. 10.
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Fig. 10 shows the evolution of the internal pressure of the driver tube and the evolution of strain at pre-
determined point objects on the specimen outer surface. The internal pressure of the driver tube was
increased from 18.5 MPa to 131.8 MPa within 10.6 ms, corresponding to a pressurization rate of ~11.3
GPa/s. Also, the overall strain rate on the driver tube, based on Object #1, was calculated as 15.6 s™. The
instantaneous strain rate, especially after 20 ms, reached a value of 41.5 s,

The strain values were determined using a subset with a size of 63 px with a step size of 10 px. The
search window size was also 16 px. The DIC point object #1 exhibits the largest strain due to its proximity
of the failure location. DIC point objects # 2 and 4 exhibited similar strain values of ~ 9% whereas at the
location of the DIC object # 3, it was calculated as 5%. Note that, the speckle analysis was performed with
a two-dimensional DIC. For increased accuracy of the strain calculation, a three-dimensional reconstruction
of the tubular outer surface needs to be developed, but the strain values are representative of diametral strain
which is regularly used to assess the ductility of nuclear fuel cladding tubes, particularly for irradiated
cladding exhibiting low ductility due to irradiation hardening. Furthermore, the DIC calculated strains
showed such a discrepancy between different point objects at strains above 2% is expected due to the
localization of the plastic deformation at a specific region.

Obj#1 Obji#2 Obj#4
Obj#3—>

Y A4 % a | = A2 3 g =

Fig. 9 Failure of the model tubular object driver-tube (age-hardened 718-alloy). Frame #1 shows the
reflections of the tube sample before the test and identifies the location of the tracked point objects
(Obj’s # 1, #2, #3, and #4). Frames #2 , #3, and #4 were sequential during the test and Frame#3 and
#4 show the moment when the driver tube fails. The Obj #1 could not be tracked due to being at the
rupture location.
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Fig. 10 Evolution of the driver tube internal pressure and the strain in the hoop direction on the
sample surface.

In an attempt to assess the MBT in detail, a test was performed on a Gen-lI FeCrAl to study the
mechanical response of the samples during MBT. Specific to FeCrAl test, a shorter driver tube was used to
increase the internal pressure by reducing the volume of the hydraulic oil to guarantee failure. This also
enabled us to reach even higher pressurization rates during MBT, such as 21.9 GPa/s for this test.
Furthermore, the sample and the driver tube were glued to each other with a ceramic-based glue rather than
the shear-fit (Cinbiz et al., 2017; Yueh et al., 2016) of the sample and the driver tube. The purpose of this
arrangement was to avoid any sliding of the sample from a shorter driver-tube.

Fig. 11 shows the mechanical response of the FeCrAl test specimen at different selected frames. Frame
#1 showed the sample prior to MBT; Frame #2 showed the sample right before fracture; Frame #3 captured
a moment when the crack was propagating along the axial direction, and Frame #4 captured the moment
when the test specimen failed. Frames #2, 3, and 4 were sequentially collected. The rupture of the sample
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started before the rupture of the driver tube. A rough speckle paint was applied to the sample surface to
improve the DIC calculations.

Fig. 12 shows the progression of the internal pressure in the driver tube and the calculated strains on
the sample. The internal pressure increased from 25.7 MPa to 221 MPa within 18.2 ms during the test. The
evolution of the calculated strain along x-direction (e, diametral) reached up to ~ 0.8% while the change
in the y-direction strain (gy, axial) was calculated as -0.013 % at the failure (Frame #2 in Fig. 11). Also, a
vibration was determined in the axial strain which was very likely caused by the motion of the core-pin in
the driver tube and the redistribution of the hydraulic oil inside the driver-tube.

The sample moves upward due to the impact

Fig. 11 The steps of the mechanical response of the Gen-I FeCrAl specimen during MBT. Frame #1
shows the projections of the tube sample before the test and indicates the tracked point object (Obj’s
#1). Frame #2 was captured before the failure, frame #3 was a moment while crack propagated, and
the frame #4 was at the ultimate rupture of the specimen whereas driver tube was not ruptured.
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Fig. 12 Evolution of the internal pressure of the driver-tube and the strain in the hoop and axial
direction on the surface of a FeCrAl alloy test specimen. The dashed red-line shows the trend of the
strain in the axial direction.

7. Concluding Remarks

An advanced test setup was designed to replicate pellet-clad mechanical interaction (PCMI) conditions
during reactivity insertion incident (RIA); the system includes custom-designed optic system allowing for
a 360-degree view of the tube specimen. Because PCMI-induced deformation of the sample was reproduced
by the displacement of the driver tube, the MBT provided a uniform expansion of the displacing entity
(driver-tube) up to strain of 2% compared to the mandrel-driven mechanical tests developed for the PCMI
simulation (Foster, 1987). In addition to the published data about MBT (Cinbiz et al., 2017; Yueh et al.,
2016), the tests in this study re-confirmed that MBT was capable of generating sufficient mechanical
loading within 10 to 30 ms for current claddings utilized in LWRs.

The development of the advanced optic system enabled tracking the cladding mechanical response and
failure location. The reflections of the samples were projected into a single digital image and recorded using
a single high-speed camera by a telecentric lens resulting in the 360°-view field with high depth-of-focus.
Applicability and limitation of 2D DIC was also investigated by comparing strained speckle patterns images
wrapped on tubes with a prescribed corresponding mechanical strain. The inaccuracy (or precision) of the
mechanical strain was calculated below 500 pe (0.05%) for the regions close to the centerline of a tubular
object, which showed that the 2D DIC was applicable for the strain determination on a curved specimen.
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