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Highlights

 Modified burst testing was used to experimentally simulate the mechanical response of 
nuclear fuel cladding subjected to reactivity-initiated accident–like mechanical test 
conditions.

 Uncoated Zircaloy-4 and chromium-coated Zircaloy-4 specimens were tested using the 
modified burst test, and in situ strain data was obtained using digital image correlation 
analysis.

 Chromium-coated Zircaloy-4 samples were found to burst at lower hoop strains than the 
uncoated Zircaloy-4 control group samples.

Abstract

A reactivity-initiated accident (RIA) is the result of a control rod ejection or control blade drop, 
causing an increase in the fission rate. The resulting injection of energy causes rapid thermal 
expansion of the fuel pellet due to the rapid increase in temperatures. This thermal expansion may 
result in pellet–cladding mechanical interaction (PCMI), whereby the fuel imparts a mechanical 
strain to the cladding. PCMI may cause the cladding to fail, and thus the mechanical response of 
cladding due to PCMI must be investigated when characterizing new cladding materials. 
Chromium-coated Zircaloy-4 is a near-term accident-tolerant fuel cladding that exhibits improved 
high-temperature oxidation resistance. In this work, modified burst testing was utilized to 
experimentally simulate the effects of PCMI on both uncoated and chromium-coated Zircaloy 
cladding samples at hot zero power conditions. Samples were coated using either cold-spraying or 
physical vapor deposition (PVD) to understand the differences in behavior that the coating 
application method may cause. Digital image correlation was used to analyze images of the 
deforming specimens to extract the cladding’s in situ strain behavior. The uncoated specimens 

http://energy.gov/downloads/doe-public-access-plan


were shown to burst at hoop strains ranging from 8.8% to 17.2%. The cold-sprayed chromium-
coated Zircaloy specimens burst at hoop strains of 7.0% to 11.0%. The PVD-coated tubes burst at 
hoop strains of 9.1% to 11.5%. These results indicate that the chromium coating causes a loss of 
ductility in the cladding. The higher burst hoop strains of the PVD-coated samples relative to the 
cold-sprayed samples indicate that the cold spraying technique causes a greater loss of ductility 
than the PVD method. 

1. Introduction

The nuclear industry is working to enhance the accident tolerance of Zircaloy, a zirconium-
based alloy [1]. Accident-tolerant fuel (ATF) systems [1–13] are fuel and cladding systems for 
light-water reactors (LWRs) that exhibit an improved safety response to accident conditions while 
maintaining or improving upon the good operational characteristics of current fuel and cladding 
systems (UO2 and Zircaloy). ATF cladding should have favorable characteristics for normal 
operation (low neutron absorption cross-section, high melting point, radiation resistance, oxidation 
and corrosion resistance at operating temperatures, and minimal interactions with water) as well 
as high-temperature oxidation resistance, minimal hydrogen generation, and good dimensional 
stability [3,14]. Additionally, ATF cladding materials should be able to cope with accident 
conditions better than Zircaloy [3]. One such accident scenario is the reactivity-initiated accident 
(RIA), during which pellet–cladding mechanical interaction (PCMI) may cause cladding rupture. 
To mitigate this, cladding materials should be designed to maintain good ductility [3]. The second 
motivation for improved cladding materials is to support higher burnups of nuclear fuel and large-
scale power uprates. The nuclear industry aims to extend the cycle length of LWRs, which would 
increase burnup levels beyond the current peak rod average burnup of 62 GWd/tU [15]. However, 
at higher burnups, Zircaloy cladding loses its ductility due to radiation-induced damage, and 
hydrogen embrittlement occurs from hydrogen uptake as the waterside corrodes [16]. In addition, 
large-scale power uprates in conjunction with higher burnups will result in the fuel being operated 
at higher powers for longer periods of time. Therefore, to meet the goals of both ATFs and high 
burnup, an oxidation-resistant cladding with good ductility is needed. 

A near-term cladding candidate is chromium-coated Zircaloy [17,18]. Zircaloy exhibits 
desirable qualities for normal operation, and the chromium coating protects the waterside surface 
of the cladding from oxidation and hydride pickup. While Zircaloy exhibits good ductility on its 
own, the effects of the added coating on its deformation behavior must be investigated. In the work 
documented herein, the deformation behavior of chromium-coated Zircaloy cladding under RIA-
like conditions was investigated using a modified burst test (MBT) [19]. Several experiments were 
performed on uncoated Zircaloy-4 and chromium-coated Zircaloy-4. For the coated tests, two 
different coating methods were explored: cold spray and physical vapor deposition (PVD) [20].

RIAs are caused by a control rod ejection in pressurized water reactors (PWRs) or a control 
rod drop in boiling water reactors (BWRs), and they result in a rapid increase in the fission rate in 
a localized area of the fuel [21]. This higher fission rate causes the fuel temperature to increase 



swiftly, resulting in thermal expansion. As it expands, the fuel may impart a mechanical strain to 
the cladding, especially if the fuel–cladding gap has already closed. This is the low-temperature 
phase of a RIA, and this phase is the focus of the present study. The low-temperature phase of a 
RIA may last for tens of milliseconds to hundreds of milliseconds, and a high enough strain rate 
may cause the cladding to burst [22]. 

To experimentally simulate the PCMI during a RIA, MBTs were developed at Oak Ridge 
National Laboratory [19,23] based on a design by the Electric Power Research Institute [24,25]. 
Discussed in greater depth in the Methods section, the MBT setup offers the capability of varying 
the pulse width of the transient, which makes it possible to better understand the mechanical 
behavior of cladding under a variety of rapid loading conditions. Additionally, the setup uses 
digital image correlation (DIC) analysis to calculate the in situ strain of specimens across the entire 
surface of the cladding. MBT is a separate-effects testing rig designed to investigate the 
mechanical deformation behavior of nuclear fuel cladding under RIA-like conditions due to PCMI 
at hot zero power (HZP), room temperature, or in between. Multiple studies have utilized MBTs 
in the past to analyze a variety of materials, including ZIRLO, iron-chromium-aluminum (FeCrAl) 
alloy tubes, and silicon carbide (SiC) fiber-reinforced/SiC matrix (SiC/SiC) composite tubes 
[19,22,26].

2. Methods

2.1 Materials

Unirradiated Zircaloy-4 cladding was utilized for this study. The uncoated Zircaloy-4 tubes 
had an outer diameter of 9.5 mm and a wall thickness of 0.56 mm. See Table 1 for the chemical 
composition of the specimens. Some tests were performed on uncoated Zircaloy-4; these tests 
served as a control group to better understand how the coating affects the strain behavior of the 
cladding. For the coated cladding specimens, some were cold spray-coated, while others were 
PVD-coated. This configuration allowed for an understanding of whether one coating method is 
more desirable than the other. All coated specimens were coated with pure chromium. 

Table 1. Chemical composition of Zircaloy-4 cladding specimens [27].

Element Zr Sn Fe O Cr
Weight (%) 98.23 1.32 0.21 0.13 0.11

The cold spray methods used in this work are discussed in greater depth in Hazan et al. [27], 
but key details are discussed here. The cold spray system operated with helium as a carrier at a 
flow rate of around 1300 m3/hr, a pressure of 3.1 MPa, and a temperature of 675 C. The tungsten 
carbide nozzle was positioned 2.5 cm from the cladding specimens and had a gun speed of 
200 mm/s.



Cladding specimens were 25.4 mm long and were attached to a driver tube with Aremco 671 
ceramic adhesive and allowed to cure for at least 24 hours before experimentation [28]. The driver 
tube was made of age-hardened Inconel 718 and had a thin-walled region surrounded by thick-
walled regions (see Figure 1). The thin- and thick-walled regions were 0.45 and 0.98 mm thick, 
respectively. The cladding specimens were coated with engine-grade paint: first a complete coat 
of white followed by a sparse spraying of black to provide a speckle pattern (see Figure 2) for 
analysis via the DIC software, discussed further in the DIC Analysis section. Tests were set up and 
run quickly after the paint was applied to prevent it from curing and flaking off the surface of the 
specimen during deformation. 

Figure 1. Schematic of driver tube and cladding assembly cross-section.



Figure 2. Images taken with telecentric lens and high-speed camera during a test. The top image 
was taken the moment pressurization started, and the bottom image was taken immediately 

before burst.

2.2 Experiment

Prepared specimens were attached to a nut via threads on the driver tube. The nut was then 
attached to an outlet nozzle on a hydraulic press. To experimentally simulate the effects of PCMI 
on the cladding, viscous hydraulic oil was rapidly injected through the nozzle into the driver tube. 
This treatment caused the thin-walled region of the driver tube to expand and apply a force to the 
cladding. Pressurization rates were determined by the velocity of a strike pin that initiated 
injection. Strike pin velocities ranged from 25.4 mm/s to 762 mm/s. Six first-surface mirrors and 
four ceramic heating elements were positioned around the specimen. The heating elements allowed 
for the execution of tests with the cladding at around 300 C, which was confirmed by a K-type 
thermocouple wrapped around the bottom of the driver tube (see Figure 2). The mirrors projected 
four depictions of different sides of the specimen toward a single camera with a telecentric lens. 
This approach allowed for the DIC analysis of the entire specimen without introducing timing 
errors between multiple cameras. See Figure 3 for a detailed depiction of the test setup. 



Figure 3. MBT setup schematic [22].

After painted specimens were attached to the outlet nozzle on the hydraulic press, the 
thermocouple was carefully hooked around the bottom of the specimen. Next, a custom quartz 
tank was placed over the setup. The quartz tank helped to contain the heat from the ceramic heaters 
to keep the specimen at the experimental temperature. Additionally, the quartz prevented the oil 
from spraying on the camera lens when burst occurred. The camera was focused, and lights were 
adjusted. Insulation was then placed over the quartz tank on all sides, and the ceramic heating 
elements were turned on. The temperature of the thermocouple was monitored until it reached 
275 C. In a previous study, it was found that when the bottom of the specimen—where the 
thermocouple contacts the cladding—is 275 C, the center of the cladding is 300 C [29]. The 
primary deformation occurs in the center of the cladding, making it essential that this location on 
the cladding be at an HZP-like temperature. Once the sample reached the proper temperature, the 
insulation was carefully removed from the quartz tank, and the test was performed. A pressure 
transducer recorded the pressure during the test while the camera captured images of the deforming 
specimen at frame rates in the range of 2000–10000 frames per second.

2.3 DIC Analysis

DIC is an analysis technique that allows the user to compute displacement values across the 
surface of a deforming specimen without any physical measurement instruments in contact with 
the specimen. DIC software does this by dividing an image into a grid of subsets, each of which is 
defined by the grayscale values it contains for each pixel. The matrix of grayscale values from an 
image of the deformed specimen is then compared to the matrices from an image of the 
undeformed specimen, the reference image, to track the movement of subsets through the 
deformation [30]. The resulting data is a series of displacement values across the specimen for 
each deformed image. This data can then be used to calculate values like strain. The spray-painted 
random speckle pattern applied to each specimen before testing provided the DIC software with 
distinct grayscale patterns to track during analysis. The speckle pattern must remain adhered to the 
specimen and deform with it, which is why tests were rapidly run after application while the paint 
was still malleable. 

DIC engine (DICe), a software developed and maintained by Sandia National Laboratories, 
was utilized to analyze these tests [31–33]. Key details are outlined herein, but the reader is 



directed to the work by Espersen et al. [34] for more information on the analysis process used in 
the present study. The subset-based full-field mode was used to analyze the entire surface of the 
cladding. Translation, normal stretch, and shear stretch shape functions were applied to each 
analysis. These shape functions helped DICe to process how the specimens were expected to 
deform between images. DIC software utilizes a virtual strain gauge, analogous to the area that a 
physical strain gauge foil covers, to compute the strain across the specimen [35]. Strain was 
computed with the default virtual strain gauge size, which is dependent on step size [31]. Subset 
size and step size, both measured in pixels, are two of the most important parameters in any DIC 
analysis. The subset size determines the area of the square that a DIC software uses to match pieces 
of subsequent images. For a subset size of 15 pixels, the software uses 15 × 15 pixel squares for 
matching. Larger subset sizes improve the quality of the software’s matching by allowing it to 
compare more distinct features between images. However, when subsets are too large, the spatial 
resolution of calculated displacement values is lost [36]. A subset should, therefore, be small 
enough that the displacement gradient within it is nearly constant [30]. A DIC best practice is to 
select subset sizes so that one subset contains at least three distinct pattern features [35]. A 
technique developed in a previous study was utilized to determine subset sizes for these tests; in 
the selected technique, subset sizes are selected based on the relative fraction of light features on 
the specimen surface [34]. The fraction of light features represents the relative density of the 
speckle pattern on the specimen, which is one indication of speckle pattern quality. The step size, 
which is the distance between subsets, was chosen to be 1/3 of the subset size [35]. The regions of 
interest chosen for analysis were the entire areas of the cladding visible to the camera (see Figure 
4). The analysis’s resulting data was a comma-separated file (CSV) file for each image analyzed. 
Each CSV contained the DIC-calculated XX-, YY-, and XY-strain values at each subset. Because 
the straining to the cladding occurred mostly in the thin-walled region of the driver tube, the hoop 
strain at this location was most important for analysis. A Python post-processing script was used 
to sort the strain data into axial bins. To estimate the hoop strain, the XX-strain values at the axial 
location of the burst were averaged. This step also helped to decrease the effects of random errors 
in any one DIC strain calculation. 



Figure 4. Regions of interest (highlighted in neon green) analyzed by the DIC software. The 
yellow square in the center is the size of a single subset for this test (33 pixels). The yellow dots 

on the regions of interest are the data points analyzed by DIC.

3. Results

3.1 Mechanical Test Results

As a case study, Figure 5 depicts the averaged in situ DIC hoop strain in the burst region for 
one of each material tested in addition to the respective applied pressures. The pressures are shown 
as solid lines and correspond with the right-hand y-axis. The hoop strain data points are represented 
by individual markers and are plotted on the left-hand y-axis. Based on a previous study, the error 
in DICe-calculated strain values is expected to be no more than 0.2% [34]. Error bars are not 
depicted in Figure 5 because they would be too small compared to the plot markers. Although the 
pressurizations for these three tests are not the same, they are within about 10 MPa of each other, 
allowing us to compare these three results. The cold spray-coated tube burst the earliest and at the 
lowest hoop strain of 10.0%. The PVD tube burst at a slightly lower hoop strain than the uncoated 
tube. These tubes burst at 11.5% and 11.9%, respectively. This case study indicates that the coated 
specimens may burst at lower hoop strains than the uncoated specimens, with the cold spray–
coated tubes bursting at a significantly lower hoop strain than the other two tubes. This is 
investigated further by looking at the test results for all cases. 



Figure 5. In situ hoop strain and pressure data for the 36.4 ms uncoated Zircaloy-4 test, the 
32.2 ms cold spray–coated Zircaloy-4 test, and the 34 ms physical vapor deposition (PVD)– 

coated Zircaloy-4 test.

A summary of the results is given in Table 2, where the coating is specified in the left column. 
The pressure rise time indicates the amount of time from when pressurization was initiated to the 
point at which burst occurred. All specimens investigated in this study burst during testing. The 
average pressure rate was found by fitting a linear regression to the pressure data. The maximum 
pressure is the highest-pressure value recorded by the pressure transducer during the test. This was 
typically the value recorded immediately before burst. The failure hoop strain is the hoop strain 
measured with DIC immediately before burst. Finally, the minimum, maximum, and average hoop 
strain rates are reported. Pressure rise time and average pressure rate are inversely related, as 
expected. The maximum pressure held by the tube also appears to be inversely related to the 
average pressurization rate and directly related to the pressure rise time. This finding indicates that 
given a slower transient, the cladding can hold a larger amount of pressure. Additionally, the hoop 
strain rate is directly related to the average pressure rate, as expected. In general, faster 
pressurizations (shorter pressure rise times and higher pressurization rates) tend to result in lower 
maximum pressures and higher hoop strain rates. 



Table 2. Results from MBTs.

Coating Pressure 
Rise Time 
(ms)

Average 
Pressure 
Rate 
(GPa/s)

Maximum 
Pressure 
(MPa)

Failure 
Hoop 
Strain 
(%)

Minimum 
Hoop 
Strain 
Rate (%/s)

Maximum 
Hoop 
Strain 
Rate (%/s)

Average 
Hoop 
Strain 
Rate (%/s)

29.6 2.6542 120.48 8.8 1.4 2294 299.5
36.4 3.0985 134.81 11.9 2.6 2259 328.5
54.5 1.9352 139.2 10.8 0.36 2274 198.2
57.8 1.5137 135.76 12.6 0.19 2094 218.2
141.2 0.86115 149.3 17.2 0.055 895 121.7

None

143.3 0.86819 159.74 11.7 0.20 1165 82.0
778.0 0.23411 192.42 16.3 0.0026 207 21.0
24.6 2.6412 99.13 11.0 3.3 3430 447.0
32.2 3.0255 123.55 10.0 1.1 2115 311.4
49.6 2.3037 127.11 7.3 0.20 1902 148.6
145.0 1.0616 167.6 8.6 0.52 629 59.1

Cold 
Sprayed

652.6 0.23145 189.27 7.0 0.02 171 10.7
32.4 2.5799 116.12 9.1 0.88 2337 281.8
34.0 2.6777 121.31 11.5 0.15 2438 339.8
58.2 1.6553 133.56 9.4 0.011 1707 161.6
142.5 0.83583 161.24 9.6 0.016 1110 67.5

Physical 
Vapor 
Deposition

751.5 0.21667 197.18 10.0 0.0020 286 13.3

To visualize the positive correlation between the average pressurization rate and the maximum 
strain rate, these values were plotted together as shown in Figure 6, where each test is plotted with 
a distinct marker indicating the material used in the test. Additionally, a linear trendline was added 
for each material to show that the trend is generally consistent across all three tested materials. 
This correlation was also found in a previous MBT study [22]. These results confirm that a faster 
pressurization, analogous to a larger energy deposition during a RIA, results in a higher strain rate. 



Figure 6. Maximum hoop strain rate vs. average pressurization rate. Linear fits of each material 
are included to show similar trends.

Next, the failure hoop strain was plotted against the maximum pressure held by the tube, as 
shown in Figure 7. The same symbols used in Figure 6 are used to depict each material, and 
trendlines are provided for each material. The uncoated Zircaloy-4 tests (gray circles) depict the 
trend we expected to see; with an increasing maximum pressure, the burst strain also increased. 
However, the PVD cases (teal diamonds) show that these tubes all burst with similar hoop strains 
independent of the maximum pressure in the tube. Finally, the cold spray–coated cases (red 
squares) show a negative correlation, implying that with increasing maximum pressure, the tubes 
burst with a lower hoop strain. More data is necessary to confirm these trends. However, the 
implication is that the coating caused the tubes to be more brittle than those in the uncoated control 
group. The two hypotheses proposed for this phenomenon are (1) the coating method resulted in 
the Zircaloy-4 becoming embrittled and (2) the coating is so well adhered to the surface of the 
cladding that when it cracks, the crack propagates into the Zircaloy, causing earlier burst. 
Hypothesis (1) would make the most sense for the cold spray samples, as cold spraying involves 
the bombardment of particles onto the surface of the Zircaloy. This may introduce dislocations in 
the lattice, causing it to lose ductility. Hypothesis (2) could hold true for either material, assuming 
that the adherence of the coating is strong enough. 



Figure 7. Hoop strain immediately before burst (failure hoop strain) vs. maximum pressure held 
by the tube. Linear trendlines are included for each material to depict trends.

3.2 Post Test Characterization

4. Conclusions

MBTs were performed on uncoated Zircaloy-4, cold spray–chromium-coated Zircaloy-4, and 
PVD–chromium-coated Zircaloy-4 tubes. These tests mimic the PCMI that occurs during the low-
temperature phase of a RIA at HZP conditions. Hoop strains at burst were measured to be larger 
for the uncoated cases (8.8%–17.2%) than for the chromium-coated cases (7.0%–11.5%). 
Additionally, the cold spray–coated tubes burst at lower hoop strains (7.0%–11.0%) than the PVD 
tubes (9.1%–11.5%). While it is expected that the failure hoop strain increases with increasing 
maximum pressure, the PVD cases showed no correlation between those two values, and the 
cold-sprayed cases showed decreasing hoop strain with increasing maximum applied pressure. 
These results indicate that the chromium-coated Zircaloy-4 tubes are less ductile than the uncoated 
Zircaloy-4 tubes. To further understand the behaviors seen in these experiments, BISON modeling 
is being performed, and the results will be discussed in a future work. 
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