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ABSTRACT 

Maintaining the integrity of nuclear fuel rods is essential for ensuring public health and safety in nuclear 

power generation. During reactor operation, this integrity is confirmed by demonstrating compliance with 

established regulatory acceptance criteria. For moderate-frequency events, such as limiting transients and 

anticipated operational occurrences (AOOs), the current fuel integrity criterion is based on preventing 

boiling transition. This criterion assumes that prevention of boiling transition will prevent excessive 

cladding heating and, thus, fuel failure during normal operations. While conservative, this approach 

places significant constraints on core design, fuel cycle economics, and a plant’s ability to perform major 

power uprates, leading to suboptimal fuel utilization and inefficient carbon-free energy production. A 

more efficient approach could be achieved by revising the failure criterion to a material-specific limit 

rather than strictly preventing the boiling transition, since boiling transition per se is not a cause of fuel 

cladding failure. As a result, a new licensing framework based on material properties, termed time-at-
temperature (t@T), is needed. This approach would allow for brief periods of post–critical heat flux 

operation during an AOO without compromising safety. Implementing the t@T licensing strategy 

requires a robust technical foundation in material properties, which must be established through 

comprehensive data collection on both unirradiated and irradiated fuel and cladding materials. This 

foundation would enable the development of a safety basis that ensures safe operation while providing 

greater flexibility and efficiency for reactor operation. This paper documents a thorough review of the 

available data to establish a baseline knowledge that can inform the development of cladding mechanical 

models, as well as identify experimental data gaps that need to be addressed in future research. Machine 

learning and data informatics were utilized to extract the importance of parameters on the t@T parameter. 

Industry tools were used to perform baseline analyses to define the relevant transient conditions for data 

analysis. The subsequent review successfully identified applicable experimental data, as well as sufficient 

data to evaluate changes in cladding mechanical properties following an AOO transient. Rather than 

developing new models, this work coupled existing irradiation annealing and recrystallization models to 

calculate changes in hardness, yield stress, and ultimate tensile stress following an AOO event. The 

findings from this review were summarized to highlight the experimental data needs required to fill 

remaining gaps and support the development of future t@T licensing methodologies. 

1. Introduction 
Most licensing regulations worldwide use dryout (DO) or departure from nucleate boiling (DNB) criteria 

to assess nuclear fuel cladding’s ability to transfer heat during transient conditions. Specifically, DO and 

DNB criteria are commonly used to evaluate cladding heat transfer during an anticipated operational 
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occurrence (AOO), defining the point at which the critical heat flux (CHF) is exceeded. Fuel rods that 

exceed CHF—whether through DO or DNB—are considered to have failed, regardless of the duration or 

severity of the event [1,2]. This assumption is based on the significant change in coolant conditions that 

these phenomena cause, in which the transition from controlled boiling to steam (in the case of DO) or 

from nucleate boiling to film boiling (in the case of DNB) occurs. For high heat flux in a pressurized 

water reactor (PWR), the DNB creates a vapor or steam film that insulates the hot fuel rod, severely 

diminishing heat transfer. For boiling water reactors (BWRs), DO occurs with lower heat flux, where the 

vapor super heat is limited. As a result of DO, heat transfer is dominated by convective cooling to the 

vapor, but the resultant lower heat transfer coefficient leads to reduced cooling efficiency and rapid 

temperature increases in the cladding. This rapid rise in temperature may degrade the cladding material 

properties, resulting in potential for embrittlement if the cladding experiences a sufficiently high 

temperature for a sufficient duration. 

In the U.S., the Nuclear Regulatory Commission (NRC) uses the DO and DNB criteria as conservative 

thresholds to prevent fuel failure when the CHF is exceeded [1]. However, because DO and DNB are 

thermal hydraulic phenomena, they do not fully describe the actual impact on the performance of the fuel 

rod materials. As a result, they are inherently conservative as failure criteria. A more accurate cladding 

failure criterion would consider not only the rate of temperature increase but also the duration of sustained 

high-temperature exposures. These factors are crucial for assessing how cladding’s material properties 

evolve under transient conditions. Cladding mechanical property changes would then need to be taken 

into account when evaluating the continued safe operation of the fuel and, if necessary, post-transient 

handling of the fuel. 

Many AOOs involve a reactor trip, which limits the amount of heat that must be removed by the coolant. 

Although these AOOs, especially those with short durations in post-DNB conditions, are relatively rare, 

international experience with reactor operation in DO conditions suggests that the current, strict DO 

criteria may be overly conservative [1-20]. Adopting a fuel integrity criterion that allows for short 

durations in post-DNB conditions could provide additional operational margins [2]. Such a modification 

would enable improvements in several areas, such as increased plant operational flexibility, fuel 

conditioning, quicker power level adjustments, enhanced fuel cycle economics with more efficient core 

designs, and better-optimized BWR control rod sequencing. Generic assessments indicate the value of 

these changes on the order of 1M to 1.5M USD per cycle for BWRs [4]. Specifically, the development of 

a new limit to replace the current operating limit minimum critical power ratio (OLMCPR) is being 

explored for BWRs. Substituting the OLMCPR with a thermomechanical limit based on time-at-

temperature (t@T) could offer sufficient margin to uprate many high-power-density plants that are 

currently constrained by OLMCPR. The potential benefits for PWRs are more complex. PWR AOOs are 

generally more severe than those in BWRs, and the effective use of additional margin may depend on a 

variety of factors. Nevertheless, PWRs could see a potential ~5% increase in power output or peaking 

factors, which, when combined with successful burnup extension and higher enrichment levels, can 

further enhance performance [4]. 

This paper presents a review of available data on AOO events and related analyses to determine the 

appropriate conditions for evaluating Zircaloy cladding performance following such events. This review 

is followed by an examination of existing data on Zircaloy behavior under steady-state and transient 

annealing conditions, with the goal of assessing how simulated AOO transients affect the evolution of 

cladding mechanical properties. Additionally, the paper explores how these findings could inform the 

development of a t@T threshold for cladding integrity and concludes with a gap analysis that identifies 

areas for future research. 

2. Example Cladding Temperature Conditions during an AOO  

A parametric study using the TRACG model of the Edwin I. Hatch Nuclear Power Plant (Hatch) Unit 2 

was conducted to evaluate post-DO parameters, such as peak cladding temperature (PCT), peak heatup 



 

rate, and the duration of time in DO for a typically limiting AOO event. This analysis aims to help 

identify the potential operational envelope for extending AOO operation to include DO analysis but does 

not intend to constrain or require the analyzed envelope in future core licensing evaluations. 

Hatch Unit 2 is a BWR/4 located in Southeast Georgia and operated by Southern Nuclear, utilizing GNF3 

10×10 fuel [20]. A licensing model of Cycle 29 was used as a reference case to simulate a turbine trip 

with no bypass (TTNBP) and no end of cycle recirculation pump trip (RPTOOS) event and a feedwater 

controller failure (FWCF) – High Demand event, which are both typically limiting AOOs for the plant. 

Two modeling approaches were used to artificially worsen the reference licensing model results. A range 

of hot channel power peaking factors (HCPPFs) were applied to perturb the reference licensing model and 

induce a CPR < 1.0 during the transient. This approach artificially increases the bundle power during the 

event beyond the reference model, thereby worsening the CPR response. The results of this perturbation 

are shown in Figure 1. Separately, a range of CPR multipliers were applied to reduce the calculated CPR 

from the reference licensing model without impacting bundle power distribution. This method artificially 

lowers the critical power calculated from the licensed CPR correlation, thereby resulting in predicted 

bundle powers that are closer to the DO condition relative to the reference case. The results of this 

perturbation are shown in Figure 1. In the perturbations, DO times were calculated as the maximum of 

either a) the amount of time where CPR < 1.0 or b) the amount of time between when CPR first drops 

below 1.0 and the time at which PCT begins to decrease (from rewetting).  

A combination of these effects would be expected in a core design that credits limited DO for licensing. 

Firstly, core designs would take advantage of the additional CPR margin and seek to lower bundle CPRs. 

This would be partially obtained by reducing core reload batch sizes, which would tend to concentrate 

power into fewer, higher-power bundles. Both of those modeling approaches were taken in order to 

determine whether post-DO behavior significantly differs between these effects.  

As evidenced by the results in Figure 1, DO occurs as the HCPPF increases from 1 to 1.15, although the 

calculated duration of DO is extremely short (~0.15 s). The calculated heating rate is quite high (~300–

400°C/s), causing the cladding temperature to rise by approximately 60–120°C during this brief DO. 

Increasing the HCPPF further to 1.2 results in DO lasting longer (~1s). Longer durations of DO naturally 

lead to higher PCTs with increased heating rates. The HCPPF = 1.2 scenario represents a reasonable 

condition for the expected cladding performance regime, with a pre-transient MCPR > 1.20 (the non-

perturbed case initial CPR was 1.49).  

As evidenced by the results in Figure 1, DO duration increases as the predicted CPR is scaled from 1 to 

0.5, although the calculated PCTs and heatup rate are less severe. The calculated heating rate for CPR 

multipliers of 0.6 and 0.5 are on the order of ~500–650°C/s, causing the cladding temperature to rise by 

approximately 150–200°C during this brief dryout (<1.3 s). The CPR multiplier of 0.6 scenario represents 

a reasonable condition for the expected cladding performance regime, with a pre-transient MCPR > 1.18 

(the non-perturbed case initial CPR was 1.49). This initial pre-transient MCPR is similar to the case 

described above with the HCPPF = 1.2. These two cases are comparable with the case that has a higher 

channel power (HCPPF = 1.2), resulting in a higher heatup rate and maximum PCT as expected. 

Based on these results, the post-t@T transient operational envelope can be defined as a scenario where the 

heating rate is approximately 650°C/s to 800°C/s, the PCT reaches around 550°C, and the temperature is 

sustained for just over 1 s. This configuration keeps the cladding well under the alpha–beta phase 

transition temperature for zirconium-based alloys. However, these temperature regimes may be high 

enough to impact irradiation hardening and as-fabricated residual cold working, alter predefined 

microstructures, and affect second phase particle (SPP) size and distribution within the material; they may 

also be high enough cause the cladding to exceed the yield stress. 



 

 

Figure 1. Plant Hatch Turbine Trip with No Bypass (TTNBP) [21] and Feedwater Controller 

Failure (FWCF) CPR Sensitivity Evaluation focusing on PCT, Heatup Rate and DO Duration  

PWRs are typically constrained by Class IV transients, such as locked rotor events. Currently, there is no 

publicly available analysis that defines the expected temperatures, heating rates, and duration at 

temperature for these conditions. PWR AOOs are generally considered more aggressive than their BWR 

counterparts. Therefore, conducting such an analysis for PWRs would provide valuable insights into the 

expected operating conditions. However, it is important to note that results may vary depending on the 

specific PWR design and vendor assembly. Fortunately, a post-t@T experiment conducted at the 

University of Wisconsin-Madison [22] offers some relevant data. The results indicate that under 

simulated PWR AOO conditions following CHF, cladding temperatures are likely to range from 525°C to 

850°C and potentially reach a maximum temperature of 1000°C, and these temperatures can persist for up 

to 6 seconds. Reaching these temperatures would place the cladding well within the alpha–beta transition 

zone, or potentially even fully in the beta regime. If the cladding temperature does reach these 

temperatures, significant microstructural changes could occur, along with higher oxidation rates and 

hydrogen uptake. Although it may be unrealistic to assume that the cladding could return to service 

following such an event, these changes do not necessarily imply cladding failure or excessive brittleness. 

Demonstrating the structural integrity and mechanical properties of the cladding after such an event could 

provide valuable data for refining dose consequence analysis.  

3. Zircaloy Phenomenon Occurring during a Rapid Temperature Transient  

The evolved microstructure of the cladding during operation prior to rapid transient is briefly described 

here to illustrate the expected mechanical behavior under rapid transients. During operation, multiple 

degradation mechanisms affect cladding microstructure. The major mechanisms considered here are 

irradiation damage, corrosion, and hydrogen effects (hydriding). The effect of the irradiation damage 

corresponds to irradiation hardening of the cladding due to the increase of the number density of 

irradiation-induced defects. These defects act as barriers to dislocation motion, which increases the flow 

stress. Major defects are <a> or <c> component dislocation loops, either interstitial or vacancy in 

character, and precipitate amorphization or dissolution occurs under irradiation [5-8]. The dissolved 

elements, such as Fe from Zr(Fe,Cr)2 or Zr(Fe,Ni)2 or Zr2Fe/Ni, are associated with <c> component 



 

dislocation loops [9]. A similar phenomenon occurs for Nb-bearing alloys, where Nb preferentially 

precipitates at <c> loops. Oxide layer formation is commonly considered non-load-bearing, so its impact 

on mechanical behavior is limited to the reduction of wall thickness.  

During a rapid transient, the local oxide layer thickness at the affected region may increase, which could 

initiate a localized surface defect during cooling. Hydriding affects mechanical behavior in several ways, 

including delayed hydride cracking [10,11], embrittlement caused by unfavored hydride microstructure 

and reduced deformability at high hydrogen concentrations [12-17], and altered thermal creep rates [18]. 

For no-liner BWR cladding, the estimated overall hydrogen content at limiting transients (i.e., ~30 

GWd/MTU or less) is expected to be around 200 wt. ppm and is expected to dissolve completely during a 

transient; in contrast, lined BWR cladding can have hydrogen concentrations above 1000 wt. ppm at high 

burnups [19]. Depending on the temperature and hydrogen content during a rapid temperature transient, 

the thermal creep rates can increase due to hydrogen-enhanced localized plasticity mechanisms. As 

cooling starts, dissolved hydrogen re-precipitates according to the cooling rate profile; the final hydride 

microstructure can affect ductility if unfavorable hydride features are present in the cladding. Hydrogen 

pick-up is considered to be negligible due to the duration of the transient. 

4. Zircaloy Performance under Transient Annealing Conditions 
The performance of Zircaloy, particularly its mechanical behavior and corrosion resistance, has been 

extensively studied since its adoption for nuclear applications. The interest in removing DO and DNB as a 

failure metric for Zircaloy under AOOs and reactivity initiated accidents (RIAs) is growing and has 

generated a renewed focus on Zircaloy performance following transient annealing conditions—termed 

t@T, as mentioned previously—in order to inform licensing methodologies. Two key figures of merit are 

relevant to t@T applications. The first is the impact of thermal transients on the post-transient mechanical 

performance. Thermal transients induce changes in the microstructure of Zircaloy that then affect its 

mechanical properties. These microstructural changes are primarily driven by the recovery of irradiation-

induced defects and recrystallization processes. These phenomena are expected to reduce the yield and 

ultimate tensile strength of the cladding while increasing both uniform and total elongation. Additionally, 

thermal and possibly irradiation-induced creep may become more pronounced compared to the pre-

transient state. However, following the transient, irradiation hardening resumes, which shifts the 

mechanical properties of the material back toward their pre-transient conditions. These changes in the 

microstructure following the transient do not mean that the cladding will regain its pre-transient state, and 

they also do not indicate whether the rod has failed or will fail. Instead, a licensee will need to incorporate 

these changes into their respective methodology and assess how these changes impact subsequent 

operation.  

 

The second figure of merit concerns the impact of thermal transients on the post-transient corrosion 

behavior of the cladding. Like mechanical behavior, this characteristic is influenced by microstructural 

changes, particularly those involving the redistribution and growth of SPPs in the material. SPPs are 

deliberately introduced through heat treatments during fabrication to enhance the cladding’s resistance to 

oxidation and hydrogen pickup. Alterations in the size or concentration of these SPPs during a thermal 
transient can potentially lead to increased oxidation and hydrogen uptake, both of which are known to 

contribute to failures in various accident scenarios (e.g., loss-of-coolant accidents, RIAs, and fuel 

handling accidents) [40]. Although understanding the redistribution and growth of SPPs during an AOO 

transient are crucial, this manuscript focuses primarily on the mechanical performance of Zircaloy. 

The mechanical performance of cladding is typically assessed by measuring properties such as hardness, 

yield stress, and ultimate tensile stress. However, comparing these properties across different datasets 

(e.g., hardness vs. yield stress) and materials (e.g., Zircaloy-2 vs. Zircaloy-4) can be challenging due to 

inherent differences in material properties, measurement techniques, and material compositions. 
Therefore, it is necessary to organize the data in a way that normalizes the changes in mechanical 

properties so that a direct comparison of the variations across different material types and conditions can 



 

be performed. In this context, the goal is to compare how the mechanical properties change relative to the 

thermal transient conditions (i.e., heating rate, duration, and maximum temperature). To better understand 

the relationship between these post-transient changes and the material’s pre-transient and fully annealed 

or recrystallized behavior, the following proportional relationship for recrystallization [25-27] was 

modified and applied: 

𝐹 =
𝑀𝑃𝑚−𝑀𝑃𝑎

𝑀𝑃𝑖−𝑀𝑃𝑎
.      (1) 

 

In Eq. (1), MPi represents the initial mechanical property of the material prior to a thermal transient. For 

example, it could be irradiated or unirradiated material. MPa corresponds to the expected lower bound of 

the mechanical property measured after the transient, and MPm is the measured mechanical property 

following the transient. MPa was defined based on the fully annealed condition of the material. In all 

referenced studies, a data point is reported in which the material was fully annealed at an elevated 

temperature (approximately 700 °C) for about one hour. Where such a condition was not explicitly 

documented, the condition with the highest annealing temperature and longest hold time was considered 

representative of the fully annealed state. The outcome of this analysis yields a factor F, which ranges 

between 0 and 1. In some cases, F may exceed 1 as a result of a lack of statistical testing and the presence 

of unreported uncertainties and errors in the experimental test data. However, if sufficient statistical data 

are available, the value of F, minus its associated uncertainties, will generally be ≤ 1. It is important to 

note that this method requires certain assumptions, as the data acquired from the literature may not always 

have been intended for this specific application. For instance, when a material property is not measured 

prior to the thermal transient, MPi will be taken from the lowest temperature transient available in the 

dataset. Similarly, MPa is theoretically one of two values: either the as-fabricated mechanical property 

representing the annealing of all irradiation defects or the fully annealed mechanical property representing 

a fully recrystallized microstructure. In this case, MPa was selected from the highest temperature transient 

in the available datasets. This approach is designed primarily to normalize the data for comparison across 

different conditions. A more detailed discussion on the best practices for applying this method in fuel 

performance applications is provided later in the manuscript. 

 

4.1. Parameters Influencing Zircaloy Performance Post-t@T Transient 
Much of the existing research on the impact of thermal transients on Zircaloy performance has 

concentrated on evaluating the annealing of irradiation-induced defects and recrystallization [1-36]. The 

material data used in these studies are sourced from publicly available datasets that encompass both 

unirradiated and irradiated Zircaloy-2 and Zircaloy-4. Unirradiated Zircaloy-2 materials are classified into 

two categories: standard recrystallized annealed (RXA) material and RXA material that has undergone 

either 50% or 80% cold work (CW). The CW being introduced to simulate the introduction of irradiation 

defects and dislocation loops. The irradiated Zircaloy-2 materials are all RXA, some of which are 

specifically noted as having a liner. One study included hardness testing on the pure zirconium liner [31]. 

Zircaloy-4 samples were exclusively cold-worked, stress-relieved (CWSR), although some unirradiated 

data are available for Zircaloy-4 subjected to 30% CW and annealing treatment prior to testing. Sauby et 

al. [34] performed tests on Zircaloy-2 material with four different oxidation concentrations to assess the 

impact of oxygen on the material behavior response. There is no publicly available literature on advanced 

or niobium-bearing Zircaloy alloys (e.g., ZIRLO, Opt. ZIRLO, or M5). In terms of testing methods, most 

samples were heated using induction heating, and a single thermocouple was used to monitor the 

temperature. The exception to this setup was the samples tested in the Halden BWR [35,36], which were 

exposed to AOO heating conditions. While other heating methods may have been employed in some 

studies, the induction heating method was used in the majority of tests. 
 

Any new material criteria intended to replace the existing DO/DNB criteria must account for the full 

range of relevant parameters, including both the transient conditions and the material’s state prior to the 



 

transient. The transient itself involves three key factors: (1) heating rate, (2) maximum temperature, and 

(3) duration at temperature. The material properties are more complex but can be categorized into two 

primary aspects: the as-fabricated material and the accumulated fluence. It is important to note that the 

types of defects accumulated during irradiation depend on temperature. However, in LWR claddings, the 

temperature is well-defined and remains constant. Therefore, temperature effects can be excluded from 

further consideration. An independent t@T criterion would need to incorporate a more detailed analysis 

of the as-fabricated material, taking into account factors such as heat treatment and alloy composition. 

However, a fuel vendor could eliminate this consideration by developing a specific criterion for their 

various Zircaloy cladding concepts.  

 

The initial analysis examined the impact of a simple heat-up and cool-down transient, where the time at 

temperature was effectively instantaneous. This approach involved using an induction heater to rapidly 

heat the samples to a target temperature under atmospheric conditions. The samples were then quenched 

to stabilize the microstructure and prevent any further changes. Figure 2 shows a few examples of these 

heating conditions for a range of heating rates from approximately 1°C/s to 100°C/s. The primary goal of 

the study was to assess the effect of the thermal transient on the material microstructure by measuring the 

change in hardness prior to and following the transient. The proportional factor from Eq. (1) was then 

plotted as a function of terminal temperature to identify the temperature at which the mechanical 

performance of the cladding begins to be adversely affected. 

 

Figure 2. Example temperature and heating rate conditions used to assess the changes to the 

Zircaloy recrystallization factor for an instantaneous temperature transient. 

Figure 3 summarizes the change in the proportional factor calculated from unirradiated Zircaloy-4 

hardness data as a function of temperature following a thermal transient with no hold time at temperature. 



 

A detailed analysis of the data suggests that it can be categorized by slow, medium, and fast heating rates. 

The figure plots data points grouped according to three distinct heating rates: <0.5°C/s, 5–28°C/s, and 

>100°C/s. The first observation is a clear dependence on the heating rate. Both recrystallization and 

annealing are time- and temperature-dependent processes. A slower heating rate allows more time at 

temperature up to the terminal point, which thus allows for more time for dislocation mobility, 

annihilation of dislocations alongside nucleation and growth of recrystallized grains. In contrast, there is 

less time at temperature at higher heating rates, which limits recovery and recrystallization. This kinetic 

suppression of these mechanisms can lead to retained deformation substructures or inhomogeneous grain 

growth after quenching. While there is a noticeable distinction between the 5–28°C/s and >100°C/s 

heating rates, the statistical resolution between these two groups remains unclear. Further statistical 

analysis may be necessary to define a clear demarcation line. However, given that AOOs in both BWRs 

and PWRs experience heating rates around 200°C/s, the >100°C/s data set offers a reasonable 

representation of the transient conditions expected during such events. 

 

Figure 3. Proportional factor for unirradiated Zircaloy-4 generated from hardness data as a 

function of heating rate and maximum temperature [1,27,30]. 

Figure 3, specifically the >100°C/s heating rate data, suggests an upper boundary condition for cladding 

mechanical behavior changes around 700°C–750°C. However, AOOs inherently involve a time 

component during the period at temperature. Figure 4 builds on the data from Figure 3 by incorporating 

and analyzing this time component. The data from Figure 3 is represented in Figure 4 as the <1 s data 

(black squares). Note that the <1°C/s data is excluded, as it is considered outside the relevant conditions 

for an AOO transient. The remaining data, for hold times greater than 1 second, are new in Figure 4. The 

key observation here is the clear effect of time at temperature on the cladding proportional factor. The 

cladding mechanical response begins to decrease at lower temperatures when the hold time increases to 5 

s. However, there are insufficient data to pinpoint the exact temperature at which material properties 

begin to change. The data suggest the cladding is either fully recrystallized or annealed at temperatures 

above 650°C, with the cladding being in a partially transformed state around 650°C. At times longer than 

15 s, the cladding appears to be fully recrystallized or annealed at 600°C, and no further changes in 

hardness are observed below 600°C. Lastly, there were insufficient data to make this comparison for 

Zircaloy-2 or to make a comparison between Zircaloy-4 and Zircaloy-2. 

 



 

AOO conditions are rapid events that typically last between 3 and 5 seconds; however, spent fuel drying 

involves lower cladding temperatures (<500°C) and longer hold times (~hours). These differing 

conditions require a more detailed look at the data and possibly a breakdown of the data by long and short 

hold times. The data shown in Figure 4 are broken up by material type; Figure 4a represents unirradiated 

Zircaloy-4, and Figure 4b represents unirradiated Zircaloy-2 with CW of either 50% or 80%. The 

proportional factor results in Figure 4a suggest, for short hold times, an upper bound temperature of 

around 700°C (possibly up to 750°C) for time intervals of <1 s when the cladding hardness is fully 

impacted. The lower bound temperature for cladding changes in the proportional factor appears to be 

around 600°C.  

 

 

Figure 4. Unirradiated proportional factor for a) Zircaloy-4 and b) Zircaloy-2 generated from 

hardness data as a function of hold time and max temperature [1-34]. 



 

As previously discussed, two possible mechanisms could have driven the observed change: 

recrystallization or dislocation annealing. The data shown thus far reflect only the change in the 

mechanical response but do not explain which mechanism governs the observed change. Determining the 

phenomenon responsible for this change requires detailed microstructural analysis, such as electron 

backscattering diffraction (EBSD) or transmission electron microscopy (TEM), to examine grain size 

morphology and dislocation loop structures before and after the thermal transient. Hunt et al. [1] 

thoroughly investigated the microstructural changes on Zircaloy-4 during simulated thermal transients; 

they used TEM to explore the mechanism responsible for the change in material hardness. They 

systematically evaluated the microstructure and hardness of a Zircaloy-4 following a transient held at the 

terminal temperature for 60 seconds. Additionally, they investigated the microstructure of cladding that 

experienced a transient with a heating rate of 25°C/s, similar to those shown in Figure 2. Hunt’s TEM 

analysis successfully demonstrated that the change in the hardness of the material was directly related to 

recrystallization rather than recovery. The study also demonstrated that the proportional factor from the 

hardness data correlated with the measured TEM images for a number of hold times. Additionally, they 

noted that TEM provided a more accurate representation of the proportional factor, as there were 

noticeable errors in the measured hardness, particularly after high-temperature transients. 

 

The Zircaloy-2 data in Figure 4b are for noticeably longer hold times (times ≥0.25 hrs), which makes it 

challenging to directly compare material performance to the Zircaloy-4 data. Nonetheless, the results 

suggest that material performance under these extended hold conditions is generally comparable. The 

trend in Figure 4b shows greater scatter than the trends observed in Figure 4a, and the temperatures are 

slightly lower: the onset of change occurs around 450°C and completes at ~600°C. Additionally, the 

mechanical properties under these conditions do not show a strong dependence on hold time. Although 

longer exposures (4–64 hours) at higher temperatures may indicate a slight decrease in the terminal 

temperature, this trend may reflect a lack of statistical data rather than a true material effect. 

 

Data from Sauby et al. [34] are represented by the 1 h hold time, and the primary variable of interest in 

the study was the oxygen content in Zircaloy-2. While oxygen was shown to impact the magnitude of the 

hardness, the analysis shown in Figure 4b indicates that the rate of change between the four variations of 

Zircaloy-2 remained the same. TEM data do not exist for this dataset to assess the responsible mechanism 

for the lower temperature changes, but one possible explanation is that the observed changes result from 

annealing of dislocations induced by the CW. This would suggest that recrystallization has not occurred 

and that perhaps the observed change in the proportion factor is more representative of irradiation-

induced annealing rather than recrystallization.  

 

A comparative analysis is shown in Figure 5, which contrasts the effects of slow heating rates (<1°C/s) 

with extended hold times (>15s). The resulting changes are nearly identical, suggesting that similar 

modifications to mechanical performance can occur based on either the heating rate or the hold time—as 

long as there is sufficient time for recrystallization mechanisms to activate and alter the microstructure. 



 

 
Figure 5. Comparison of the Zircaloy-4 recrystallization factors based on hardness data for long 

hold times (>15 s) and slow heating rates (<1°C/s) [1,28,30]. 

The final and potentially more complex assessment concerns the impact of a thermal transient on 

irradiated materials and their post-transient performance. Irradiation generates point defects, which may 

evolve into larger defects, such as dislocation loops. This defect propagation leads to an increase in 

material hardness, thereby affecting both the steady-state and transient performance of the cladding. In 

addition, irradiation temperature may also be an important parameter to consider [32]. As previously 

discussed, two primary mechanisms contribute to changes in mechanical performance. During a thermal 

transient, irradiation-induced defects may be annealed such that the material’s mechanical properties may 

be restored to pre-irradiated levels. Additionally, recrystallization may occur in conjunction with recovery 

of radiation damage, further complicating the response. It is, therefore, crucial to identify the temperature 

ranges where these mechanisms are active and to evaluate the transition between them. In some cases, one 

mechanism may dominate in specific temperature regimes, which would eliminate the need to consider 

the other phenomenon. To assess this behavior, t@T testing on irradiated Zircaloy-4 and Zircaloy-2 is 

presented in Figure 6a and Figure 6b, respectively. Two key observations emerge from the data. First, a 

regression of the proportional limit occurs at lower temperatures, starting around 350–400°C. However, 

this regression is likely directly related to the extended hold times (ranging from hundreds of seconds to 

several days). These hold times are significantly longer than those typical of AOO t@T conditions (3–5 s) 

and those associated with recrystallization (0.1–135 s). The presence of a high concentration of 

dislocations may lower the recrystallization temperatures. This suggests that the observed change is 

primarily due to the annealing of irradiation-induced defects. Figure 6b shows two distinct data clusters. 

The first cluster, spanning temperatures from 225°C to 425°C with hold times of >1000s, strongly 

suggests that annealing is taking place. The second cluster, which is observed at higher temperatures 

(~500–625°C) with shorter hold times (~100 s or less), may indicate either annealing or recrystallization. 

However, due to the lack of microscopy analysis, it is difficult to definitively determine which 

mechanism predominates in this temperature range. 



 

 



 

 

Figure 6. Proportional factor for irradiated a) Zircaloy-4 and b) Zircaloy-2 as a function of hold 

times [29-32,35-39]. 

A key parameter to consider is the effect of irradiation temperature on the pre-transient material 

properties and the subsequent impact on defect annealing during a transient. This has been a primary 

focus of research for many metals used or considered for nuclear environments. However, this topic has 

not been as extensively studied in other materials. Notably, Howe et al. [8] investigated this behavior in 

Zircaloy-2 at two different irradiation temperatures. After irradiation, the samples were subjected to 

various annealing conditions to assess the influence of irradiation temperature on the annealing rate. The 

effect was examined in two ways: as a function of annealing temperature for a constant annealing time 

(Figure 7a) and annealing time at a constant temperature (Figure 7b). In both cases, significant differences 

were observed in the annealing behavior of the material. The first key observation, shown in Figure 7a, is 

that samples irradiated at higher temperatures exhibit a slower rate of change in material properties 

compared to those irradiated at lower temperatures. This difference occurs at higher annealing 

temperatures. The second observation, shown in Figure 7b, is that samples irradiated at higher 

temperatures undergo less annealing overall than those irradiated at lower temperatures. A likely 

explanation for this result is that the higher irradiation temperatures result in a lower density of 

irradiation-induced defects due to the complex interplay between the generation and irradiation-enhanced 

diffusion of these defects as a function of temperature. Consequently, there are a lower density of larger 

defects in the samples irradiated at higher temperatures, leading to smaller changes in material properties 

during subsequent annealing. In BWRs and PWRs, coolant temperatures during operation are typically 

around 285°C. However, pressure conditions vary, and this variation leads to different coolant and heat 



 

transfer conditions. As a result, cladding temperatures can range from 300°C to 350°C along the axial 

length of the fuel rod. These axial temperature variations can influence the mechanical properties of the 

cladding based on the local irradiation temperature conditions. Following an AOO transient, the 

mechanical properties of the cladding in regions that are subjected to higher temperatures are likely to be 

less affected by the transient. However, there is a general lack of data on this behavior, and, therefore, 

obtaining data to confirm this hypothesis would be valuable, as it could support a deeper understanding of 

post-transient performance. 

 

 
Figure 7. Proportional factor as a function of irradiation temperature with respect to a) annealing 

temperature and b) annealing time at 325°C [32]. 



 

4.2. Machine Learning Analysis of Post Transient Zircaloy Data 

The uncertainty inherent in the sparse t@T data prompted the adoption of a robust data analysis approach. 

This approach included data curation, the use of the Pearson correlation coefficient to assess the strength 

of linear relationships between features, and Shapley analysis on a machine learning (ML) model to 

evaluate the impact of features on the target variable, F. The data curation step was performed on the 

dataset shown in Figure 8 as follows. 

 
Figure 8. Snapshot of the original dataset.  

 

(i) The text data—such as materials, initial condition, and test material—were mapped as integer values to 

enable computations. For instance, initial condition was grouped based on the material conditions and 

references where the material’s initial condition was not reported, as shown in Table 1. The same 

approach was applied to all text data.  

  

Table 1. Example of text data mapping 

Initial condition (or reference) Assigned integers 

RXA 0 

HWR-666 (reference) 1 

Annealed 2 

CWSR 3 

SRA 4 

Lee (reference) 5 

Hobson (reference) 6 

 

(ii) Empty data entries were replaced by 0.  

 

(iii) Fluence, burnup, and displacements per atom were treated as separate data features. A conversion 

factor was applied between these parameters when only one feature entry was available. It was assumed 

that a fluence value of 1022 n/cm2 for E > 1 MeV corresponds to approximately 15 dpa, based on the LWR 

core internal components data [41]. To facilitate this approximation, the threshold displacement energies 

of Fe and Zr were considered to be the same, as outlined in the SPECTER code [42]. The conversion 

between burnup and fluence, or vice versa, was carried out using linear regression based on known 

fluence and burnup values. 

  

(iv) Specimens with hardness data collected at the Zr-liner were treated based on the difference in oxygen 

concentration, assuming an O concentration of 350 ppm. This approach was chosen due to the low 

variability in material types and tested materials, for which the Spearman correlation analysis yielded 

insufficient results. 



 

 

(v) By removing unirradiated data, only irradiated data was also analyzed to check the impact of 

irradiation parameters such as irradiation temperature and fluence or burnup or primary neutron damage. 

 

The Pearson coefficient method is a widely used approach to determine the strength of features that are 

linearly related to each other. Pearson correlation coefficients were computed using Eq. (2)  

rxixj
=  

(xi − xave)(xj − xave)

√∑ (xi − xave)2n
i √∑ (xj − xave)

2n
j

 , 
(2) 

where xi,j are arbitrary instances of feature pairs such as (Maximum temperature, F) in the t@T data, xave 

is the average value of each feature, n is the total number of instances, and rxy are the Pearson correlation 

coefficients. Absolute values of the coefficients indicate the strength of the linear relation, and the sign 

indicates the direction of the change. For instance, rxy = +1 or -1 indicates perfect positive and negative 

linear relation between feature pairs, respectively, whereas the rxy = 0 designates no relationship between 

those feature pairs. Thus, the values close to +1 or -1 designates stronger feature pair correlations, 

whereas those close to 0 indicates weak or no relation. Noting that determination of causality between 

features requires a careful analysis. 

Figure 9a and b presents the correlation matrix coefficients for feature pairs in the complete and irradiated 

only t@T datasets, respectively. Since F is the main parameter of interest, we focused on how other 

features impacted the F. The first three strong features were circled in Figure 9a and b. The absolute value 

of the coefficient for maximum temperature with respect to F was greater than 0.5 for both datasets, 

indicating a strong correlation. Based on the correlation strength scale [43], this suggests that as 

maximum temperature increased, the F value decreased. This was expected, as recovery or softening 

tends to reduce the mechanical properties that contribute to the formulation of F. All other features 

showed weak correlations with F, as the absolute values of their Pearson correlation coefficients were less 

than 0.3, except heating rate in only irradiated specimen dataset. Overall, results suggested that the 

maximum temperature during a t@T transient has a more significant impact on fuel cladding performance 

compared to other features, such as fluence, hold time, and heating rate. The Pearson coefficient matrix 

also revealed a moderate correlation between maximum temperature and both heating rate and weak 

correlation with the hold time, suggesting that these factors also influence F. As a result, a detailed 

analysis was conducted to explore these relationships further. 

 



 

 
Figure 9. (a) Correlation matrix showing Pearson coefficients of t@T data used in this study and (b) 

highlighted region of the Pearson matrix. 

 

To further assess the impact of each feature, F was modeled as a function of each feature using supervised 

ML methods, implemented in scikit-learn [44]. The best-performing ML model was then used for Shapley 

regression. The ML regression methods included linear regression, stochastic gradient descent, 

polynomial regression (up to the 6th power), support vector regression, and kernel ridge regression. Grid 

search was applied to optimize the last two methods. The impact of different scaling options was also 

investigated. In total, 96 methods (12 regression models and 8 scaling techniques) were tested to identify 

the model that provided the coefficient of determination (R² score) closest to 1 (see Eq. 2). Data splitting 

was performed randomly, generating training and test sets with sizes of 80% and 20%, respectively: 

R2(y, yp) =  1 −  
√∑ (yi − yp)

2n
i

√∑ (yi − yave)2n
i

 , 
(3) 

where yi represents the true F values, and yp represents the ML-predicted F values. Since F values were 

derived using metrics relevant to mechanical properties, features such as hardness, yield strength (YS), 

and ultimate tensile strength (UTS) were excluded from the ML regression to prevent overfitting. 

Additionally, basic multilayer perceptron (MLP) regression was applied with hidden layers ranging from 

20 to 214, using available solvers and activation functions in scikit-learn. Among all the ML regression 

combinations, the best R² score of 0.766 was achieved using kernel ridge regression with grid search and 

a power transformer. The relatively low R² score can be attributed to the high uncertainty inherent in the 

data. 

For the complete dataset, the best R² score of 0.79 was achieved using SVR with grid search and a 
quantile transformer. The relatively low R² score was attributed to the high uncertainty inherent in the 

data. For the irradiated data only dataset, the best R² score was 0.88 using SVR with grid search and a 



 

power transformer. This was due to more uniform data structure as compared to complete dataset since all 

non-rad data was removed to have an impact on the results. The best-performing model, that with the 

highest R² score, was then used to estimate the Shapley regression values using Shapley additive 

explanations (SHAPs) to assess the feature importance in the ML model [45,46]. For determining the 

Shapley values, the linear Shapley algorithm was applied [45]. 

Figure 10 a and b display the SHAP values for complete and irradiated only datasets, respectively, 

indicating the impact of each feature on the model. In general, features with SHAP values near 0 have 

minimal or weak effects on the F value. As the SHAP values deviate from 0, the impact of those features 

on F becomes more pronounced. According to the SHAP values, the maximum temperature had the 

highest impact on the model’s prediction of F, consistent with the results from the Pearson correlation 

matrix. The hold time was the second most influential feature. For irradiated only dataset, the maximum 

temperature and hold time were the critical features while other features clustered around a SHAP value 

of 0, suggesting minimal or weak contributions to the determination of F. Surprisingly, the SHAP values 

indicated that the initial condition of the cladding or irradiation damage had little to no impact on F both 

datasets. 

 
Figure 10. SHAP values of the t@T for (a) complete and (b) only irradiated specimen dataset 

features in the ML model. Color contours depicted value of feature on the model 

Figure 11 presents the mean SHAP values, illustrating the average impact of features on the model's 

prediction of F. As expected, the maximum temperature had the highest average impact on F, followed by 

hold time. All other features had little to no impact on F. Assuming any variations were not due to dataset 

quality, the t@T transients, as well as softening and recovery, were likely influenced more by the 

maximum temperature and hold time. For irradiated data only, there effects on the F parameter was 

significantly higher. 

It is important to note that the dataset available in the literature was incomplete. Therefore, it is 

recommended that well-designed experiments on well-characterized specimens, preferably using pre-

pilgered rods, be conducted to generate a high-quality dataset. Additionally, further studies on cladding 

tubes would be valuable. 

 



 

 
Figure 11. Average SHAP values of the t@T for (a) complete and (b) only irradiated specimen data 

features in the ML model. 

5. Proposed Time-at-Temperature Criteria for Zircaloy Mechanical Performance 
Torimaru et al. [31] investigated the irradiation annealing of recrystallized Zircaloy-2 material that had 

been irradiated to a fluence of 2.7 × 10²¹ n/cm². The irradiated material was then subjected to a simulated 

BWR AOO transient, after which the UTS at 343°C and the hardness were measured. The resulting data 

were fitted using the least squares method to develop an expression for assessing the time–temperature 

relationship (i.e., t@T) required to anneal out the irradiation defects, where t represents the hold time in 

seconds and T is the maximum temperature in kelvin. 

 

𝐹(𝑇) =  exp (−(𝐾𝑡)0.5) 

 

𝐾 =  2.24𝑒11exp (−
2.09𝑒5

8.314 ∗ 𝑇
) 

This model can be superimposed onto the data presented in Figure 6 to evaluate how well it correlates 

with a large experimental dataset. It is worth noting that other models have been developed that may be 

equally applicable [32,39]. However, these models primarily focused on low temperatures and extended 

annealing times, which are consistent with spent fuel applications. Future work should aim to develop a 

comprehensive model that bridges the gap between spent fuel applications and short-duration transients. 

The comparison of the Torimaru to the experimental data is shown in Figure 12 for both Zircaloy-4 and 

Zircaloy-2. The comparison of the irradiation annealing model with the Zircaloy-4 data is presented in 

Figure 12a, and the hold time data range from approximately <5 s to 3 h. The model considered only a 

100 s hold time, and the model generally fits the data fairly well relative to the experimental data. 

However, some scatter was observed in the longer hold times; therefore, there would be value in 

collecting additional data under known conditions to better explain this observation. Figure 12b presents a 

comparison of the model with irradiated recrystallized-annealed Zircaloy-2 data. The model predicts the 

behavior for both 1 s, 1 h, and 100 h hold times, which are consistent with the majority of the reported 

data. As shown, the model calculations effectively fit the data in the lower temperature range (<500°C). 

However, the model appears not to capture the behavior in the higher temperature regime as well, which 

generally corresponds to hold times shorter than approximately 100 s. This behavior warrants further 

investigation and may result from recrystallization or another mechanism not captured by the current 

model. 



 

 



 

 

Figure 12. Comparison of the irradiation annealing model to the a) Zircaloy-4 and b) Zircaloy-2 

irradiation data for various hold times. 

Recrystallization is fundamentally a diffusion-controlled process, and Hunt et al. applied a first-order rate 

equation to model the data [1,27]. This rate equation typically assumes a constant temperature; however, 

when applying it to t@T conditions, it is important to account for the effects of both the heating rate and 

the quenching rate on the resulting microstructure. These factors introduce a time-dependent temperature 

component, which can be expressed in the following form: 
𝑑𝐹

𝑑𝑡
= 𝜆𝑜𝑒𝑥𝑝 (−

𝑄

𝐾𝑇(𝑡)
),     

where λ₀ is a material-specific constant, Q is the activation energy required to initiate recrystallization, K 

is molar gas constant (8.314 J/mol-K), and T(t) represents the material’s temperature at a given time. 

AOO transients can lead to complex temperature and heating rate profiles in the cladding. However, the 

process can be simplified into three distinct phases: the heat-up phase is defined by 

𝑇(𝑡) = 𝑇𝑜 + 𝛼𝑡,                       0 < 𝑡 < 𝑡1. 
Incorporating T(t) into equation 1 yields the following:  

𝐹(𝑇, 𝛼, 𝑡) =  −
𝜆𝑜

𝛼𝐾
(𝑄𝐸 (

−𝑄

𝐾(𝑇𝑜 + 𝛼𝑡)
) + 𝐾(𝑇𝑜 + 𝛼𝑡) exp (

−𝑄

𝐾(𝑇𝑜 + 𝛼𝑡)
)). 

 

The isothermal phase is defined by 

𝑇(𝑇) = 𝑇1,                                 𝑡1 < 𝑡 < 𝑡2 . 



 

And incorporating T(t) into Eq. (1) yields the following equation for the isothermal phase of an AOO 

transient: 

𝐹(𝑇, 𝑡) =  𝐹𝑜𝑒𝑥𝑝 (−𝜆𝑜𝑡𝑒𝑥𝑝 (−
𝑄

𝐾𝑇
)).          

Lastly, the quench phase is defined by 

𝑇 = 𝑇2 + 𝛽(𝑡3 − 𝑡)          𝑡2 < 𝑡 < 𝑡3, 
where α and β represent the heating and quenching rates experienced by the cladding, respectively. By 

integrating Eq. (1) as a function of time, the resulting expression can be written in terms of temperature, 

heating rate, time, and quench rate as follows: 

𝐹(𝑇, t, 𝛽)  =  −
𝜆𝑜

𝛽𝐾
(𝑄𝐸 (

−𝑄

𝐾(𝛽(𝑡2 − 𝑡3) − 𝑇2)
) + 𝐾(𝛽(𝑡2 − 𝑡3) − 𝑇2) exp (

−𝑄

𝐾(𝛽(𝑡2 − 𝑡3) − 𝑇2)
)) 

where t represents the time at a given hold, either at an intermediate or terminal temperature, and 𝐹𝑜 is the 

uncrystallized fraction. Typically, 𝐹𝑜 is assumed to be 1, unless the cladding has been heat-treated to 

induce a partially recrystallized structure, as is the case with more advanced Zircaloy alloys. E(x) is the 

exponential integral, defined by the following equation: 

𝐸(𝑢) =  ∫
𝑒𝑥𝑝(𝑢)

𝑢
𝑑𝑢 . 

A comparison of F(T,α,t,β) requires both input conditions and an iterative solver, such as a fuel 

performance code. Many applications of this model will involve heating rates on the order of 200°C/s. At 

these heating and cooling rates, the impact on recrystallization behavior is minimal, suggesting that the 

isothermal response may sufficiently capture the material’s behavior without accounting for transient 

effects. Hunt et al. demonstrated the model’s applicability to varying heating rates of 0.5°C/s and 25°C/s. 

Following that approach, the isothermal component in Eq. (2) was considered the available hold times of 

comparative data from Figure 4, and the results are shown in Figure 13. Figure 13a compares the model to 

the Zircaloy-4 data and shows good agreement with the hold time datasets. However, the comparison with 

the 5 s dataset suggests that the model may be somewhat less conservative. It is important to note that 

data for the 5 s hold time is limited, and, therefore, additional data are needed for a more comprehensive 

assessment. Lastly, for the <0.5 s hold time data, it would be more appropriate to apply the transient 

components of the model. While the isothermal model can capture this behavior, doing so requires certain 

assumptions to be made. The model is also compared to the Zircaloy-2 data in Figure 13b, which feature 

notably longer hold times (>0.25 hours) as compared to the Zircaloy-4 data. The model was evaluated for 

hold times of 0.25 h and 1 h, respectively. For a 0.25 h hold time, the model accurately predicts the rate of 

change in the material properties. At a 1 h hold time, the model provides a reasonable prediction for the 

rate of change as well. Together, the Zircaloy-4 and -2 comparison suggests that the recrystallization 

model offers a fairly accurate prediction of changes in material properties. However, the model may not 

be applicable when applied to modern Zircaloy cladding materials with varying heat treatments. As such, 

a heat treatment parameter will need to be incorporated into the model as relevant data becomes available. 



 

 

 

Figure 13. Isothermal model for various hold times compared to the representative recrystallization 

factor. 

Up to this point, irradiation annealing and recrystallization have been discussed separately based on 

empirical models fitted to experimental data. However, to accurately capture the changes in material 

properties during an AOO event, both phenomena must be integrated into a comprehensive t@T analysis. 

Irradiation annealing is a lower-temperature process that theoretically precedes recrystallization [5-8]. 

Therefore, in developing a unified model, it is logical to start with irradiation annealing. Before an AOO 

event, the material will have undergone neutron irradiation, likely reaching a saturated state. If irradiation 

annealing is the only phenomenon considered, then the theoretical lower limit of the material’s 

mechanical properties would correspond to the as-fabricated state. Consequently, irradiation annealing 



 

can be calculated using the model described earlier. From there, the equation for the proportional factor 

can be applied to estimate the mechanical properties (e.g., hardness, UTS, or YS) resulting from 

irradiation annealing: 

𝐹𝑖𝑟𝑟.  𝑎𝑛𝑛. =
𝑀𝑃𝑚 − 𝑀𝑃𝑎𝑠 𝑓𝑎𝑏.

𝑀𝑃𝑖 − 𝑀𝑃𝑎𝑠 𝑓𝑎𝑏.
 , 

where MPm is the material property following an AOO transient, MPi is the pre-transient mechanical 

property, and MPas fab. refers to the as-fabricated state of the material properties. As temperature increases, 

the exponent in the recrystallization model results in an increase in recrystallization, potentially triggering 

changes in the material’s microstructure. In the irradiated state, the material has already undergone 

irradiation annealing before recrystallization, so the pre-transient material property should account for the 

effects of this annealing on the material properties. Additionally, the theoretical lower limit of the 

material’s mechanical properties must be defined. In this case, the theoretical limit corresponds to the 
material’s microstructure in a fully annealed state. The recrystallization model can then be applied to 

calculate the proportional factor, which, in turn, can be used to compute the total change in the 

mechanical property, as defined by 

𝐹𝑟𝑒𝑐𝑟𝑦. =
𝑀𝑃𝑚 − 𝑀𝑃𝑎𝑛𝑛.

𝑀𝑃𝑖 ∗ 𝐹𝑖𝑟𝑟.  𝑎𝑛𝑛. − 𝑀𝑃𝑎𝑛𝑛.
 , 

 

where MPm represents the material property following an AOO transient, MPi is the pre-transient 

mechanical property, and MPann. refers to the material properties in the fully annealed state. A key 

modification is the inclusion of Firr. ann., which accounts for changes induced by irradiation annealing. The 

equation can then be refined to calculate the final mechanical property of the material after an AOO 

transient, as follows: 

𝑀𝑃𝑚 = 𝐹𝑟𝑒𝑐𝑟𝑦. ∗ (𝑀𝑃𝑖 ∗ 𝐹𝑖𝑟𝑟.𝑎𝑛𝑛. − 𝑀𝑃𝑎𝑛𝑛.) + 𝑀𝑃𝑎𝑛𝑛. 

 
MPm can then be used in vendor or best-estimate methodologies to assess the impact of changes in 

mechanical properties on the potential for reusing the fuel following an AOO transient. 

6. Conclusion and Future Experimental Data Needs 

A substantial body of public literature is available on CWSR Zircaloy-4 and RXA Zircaloy-2, and it 

includes data with various materials with pre-transient work hardening or annealing. Much of this 

research focuses on irradiation annealing and recrystallization during simulated thermal transients. The 

majority of the data examines the evolution of hardness and microstructure in both irradiated and 

unirradiated Zircaloy as a function of heating rate and hold time. Irradiated data typically involve longer 

hold times, exceeding 100 s for Zircaloy-4 and 0.25 h or more for Zircaloy-2. In contrast, the unirradiated 

data primarily address recrystallization in relation to heating rate and hold time. Some studies have 

investigated pre-transient work hardening and annealing, but no significant differences were observed in 

the rate of change in material behavior. Collectively, this body of work suggests that it may be possible to 

develop a t@T criterion for incorporation into fuel performance codes to assess both irradiation annealing 

and recrystallization. This criterion could help evaluate how these phenomena modify the hardness, UTS, 

and YS of Zircaloy following an AOO transient. However, several data and modeling gaps remain, 

preventing the immediate application of this criterion for licensing purposes. 

This paper provides a basic analytical comparison of historical cladding alloys, but additional work is 
required to validate the proposed criterion. Several key data gaps remain that must be addressed to build 

confidence in the model and improve its accuracy for licensing purposes. Table 2 summarizes these data 



 

gaps and outlines the additional data needed to enhance the model’s validity. A significant observation is 

the general lack of mechanical test data (both unirradiated and irradiated) under highly controlled 

conditions to validate the proportional factor described in this paper. Of particular importance is the 

definition of MPa—particularly in relation to irradiation annealing or recrystallization—as this is crucial 

for understanding the changes in mechanical properties following an AOO transient. More detailed 

investigations are needed to define the time and temperature regimes at which irradiation annealing and 

recrystallization begin to occur. Such work would help refine our understanding of the onset and 

transition of these phenomena. Howe et al. [32] studied the impact of irradiation temperature on post-

irradiation annealing behavior, using samples irradiated at 50°C and 280°C annealing temperatures. Their 

findings suggest that increasing irradiation temperature may raise the temperature at which irradiation 

defects are annealed. However, the materials used in previous studies may not be directly applicable to 

modern cladding alloys such as M5, Optimized ZIRLO, or AXIOM. Therefore, new data are required to 

either confirm similar performance characteristics in these alloys or to develop a more relevant 

mechanical performance model. While the previous studies may be applicable to SRA Zircaloy-4, RXA 

Zircaloy-2, and these materials in various CW states, further experimental studies are needed to verify the 

applicability of these findings to modern cladding alloys.  

Table 2. Mechanical data gaps associated with understanding Zircaloy performance after a 

transient beyond the CHF. 

Data Gaps Materials 
Material 

Property 

Temperature 

Conditions (°C) 
Hold Time Notes 

Heat Treatment 

Effects 

Zircaloy-2 - 

RXA vs. SRA  

Mechanical 

Properties 
450–800 <1 to 15 s 

Zry-2 data are limited and 

specific to RXA and CW. 

A comparison between 

RXA and SRA is 

necessary to assess 

whether there performance 

is similar or to identify 

any differences in 

performance. 

Irradiation 

Temperature 

Effects 

RXA 

Zircaloy-2 

Mechanical 

Properties 
350–800 <1 to 15 s 

Data do not exist for 

operating temperatures 

(300–350°C). Data are 

needed to verify the 

observed behavior. 

Impact of Heat 

Treatment and 

Irradiation 

Effects 

Advanced 

zirconium 

alloys – Nb 

containing 

alloys and 

pRXA 

Mechanical 

Properties 
350–800 <1 to 15 s No available data. 

Transition 

between 

irradiation 

annealing and 

recrystallization 

All Zircaloy 

materials 

Mechanical 

Properties 
350–550 1 to 60 min 

Data are available, but 

they primarily focus on 

either irradiation 

annealing or 

recrystallization. Data 

focused on assessing the 

overlap between the two 

mechanisms and how they 

influence the resulting 

mechanical changes would 

be beneficial. 

Yield stress at 

elevated 

temperatures 

All Zircaloy 

materials 

Mechanical 

Properties 

400-alpha-beta 

transition 

temperature 

- 

Modern alloys with RXA 

microstructure may not 

recrystallize, and therefore 

the yield stress at 



 

temperature may be the 

limiting condition. 

Impact of Alpha 

+ Beta and Beta 

temperature 

regimes impact 

post transient 

mechanical 

performance 

All Zircaloy 

materials 

Mechanical 

Properties 

(embrittlement) 

> 800–1000 <1 s to 60 

min 

Does not apply to the re-

use case. 

Creep Down 
All Zircaloy 

Materials 
Creep 350–800 <1 to 15 s 

Local geometry changes 

in the cladding may 

increase sensitivity for 

pellet–cladding interaction 

and pellet–cladding 

mechanical interaction 

type failures. 

Post transient 

creep 

performance 

All Zircaloy 

materials 
Creep 350–800 <1 to 15 s 

Changing the mechanical 

properties impacts creep 

behavior, but by how 

much remains unclear.  
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