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ABSTRACT 

During loss of coolant accident (LOCA) and reactivity-initiated accident (RIA), 

nuclear fuel rods experience high heating rates that change the microstructure and properties 

of zirconium cladding materials. The aim was to determine how different fast heating rates 

affect the kinetics of transformation and whether its consequences on the material yield 

stresses in the dual-phase region could be predicted. Phase fraction and texture of cold-rolled 

Zircaloy-4 were thus measured at fast heating rates similar to those experienced during 

LOCA and RIA by in-situ high-energy synchrotron x-ray diffraction; the yield stress was also 

measured at different heating rates to the same dual-phase temperature by electrical 

resistance method. Crystal plasticity finite element model was used to simulate the flow 

stresses with the inputs of the measured phase fraction and texture. The model is calibrated 

using the flow stress at the heating rate of 10ºCs-1 and used to predict the flow stress at the 

heating rate of 50ºCs-1 at the same temperature. A significant shift of the β transus 

temperature was identified for fast heating rates in the range of 10-100oCs-1. There is great 

similarity in texture at different heating rates. In the dual-phase temperature region, the α 

texture is almost identical to the starting texture and the β texture is nearly random.  Yield 

stresses of cold-rolled Zircaloy-4 decrease at faster heating rate at the same temperature of 

920ºC. A good agreement was found between the experimental and predicted flow stress at 
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different heating rates, indicating this methodology has potential to be used to predict flow 

behavior in a fast transient regime. 

KEYWORDS 

Zircaloy-4, yield stress, Loss-of-coolant accident, reactivity-initiated accident, synchrotron 

X-ray diffraction, kinetics of phase transformation, crystal plasticity 

 

INTRODUCTION 

During LOCA and RIA, the cladding tubes in zirconium alloys heat up rapidly to 

temperatures in excess of 1000ºC at the fast rate of 5 to 100ºCs-1 and are subjected to 

significant plastic hoop strain and phase transformation from hexagonal close-packed (hcp) α 

phase to body-centered cubic (bcc) β phase [1,2]. The material is then quenched by cool 

water during re-flooding of the core. Consequently, during LOCA and RIA, the 

microstructure, crystallographic texture and phase compositions of Zr alloy cladding develop 

significantly [1,2].  

Fast heating rates above the α/α+β transus temperature have been found to cause an 

increase in the phase transformation temperatures, for example, in Zircaloy-4 [3–6], Zr-Nb 

alloys [5,7,8] and hydrided Zircaloy-4 [9], and possibly lead to a change in crystallographic 

texture of each phase during and after the thermal cycles [10–12]. The change in the kinetics 

of phase transformation and texture could therefore have a significant influence on the 

mechanical properties of the Zr cladding materials.  

During LOCA and RIA, the Zr cladding tubes are subjected to multi-axial loading, 

however because of the heating rates involved, it is difficult to fully characterize 
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experimentally the yield surface of the material during these transient events. As a 

consequence, the accuracy of the required engineering analyses is limited.  

A methodology is proposed for predicting the flow stress of Zr cladding materials 

during LOCA and RIA. This involves determining the effect of heating rate on the phase 

fraction and texture of both phases and then using this information as an input to a crystal 

plasticity model, which is calibrated using a test at a known temperature and microstructure.  

A crystal plasticity model is used since ultimately a yield surface prediction that can account 

for texture differences is desired. However, in this paper, predictions are only made for 

uniaxial loading in tension. 

The kinetics of phase transformation and texture of cold-rolled Zircaloy-4 was 

measured at the fast heating rates experienced in LOCA and RIA by synchrotron X-ray 

diffraction (SXRD). The flow stress of the material under uniaxial tension at the same two-

phase temperature of 920ºC at different heating rates of 10 and 50ºCs-1 was also measured by 

using electrical resistance method [13,14]. The measured flow stress of the cold-rolled 

Zircaloy-4 at 10ºCs-1 was then used to calibrate a crystal plasticity model, which was 

subsequently used to predict the flow stress at a heating rate of 50ºCs-1. The predicted flow 

stresses at the rapid heating rates were investigated with different β-phase fraction and 

different texture.  

EXPERIMENTAL METHODS 

The material studied was Zircaloy-4 sheet supplied by Westinghouse Electric 

Company in cold-rolled condition with 0.67mm thick. The chemical composition of the 

studied material is shown in Table 1. The typical microstructure of cold-rolled Zircaloy-4 at 

room temperature consists of elongated grains in rolling direction (RD), Fig. 1. Rectangular 

samples for heating and loading experiments were machined by electrical discharge 
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machining. They were 2.0 mm wide in the transverse direction (TD) and 40.0 mm long along 

the rolling direction (RD), producing a gauge length of 16.0 mm for heating and loading 

experiments on an Instron Electro-Thermo-Mechanical Tester (ETMT), which is a resistive 

heating stress rig allowing to simultaneously heat by direct current and load. 

In-situ Synchrotron x-ray diffraction 

High-energy synchrotron X-ray diffraction (SXRD) was used to measure in-situ phase 

transformation and texture evolution at fast heating rates at the I12 beamline – the Joint 

Engineering, Environmental and Processing (JEEP) – at Diamond Light Source, UK. The 

synchrotron experimental setup was similar to that described by Romero et al. [10,15].  

Two samples were measured at the same heating rates with two different directions of 

the incident beam from normal and transverse direction of the sheet samples, Fig. 2, to 

improve the pole figure coverage for texture analysis. Debye-Scherrer transmission geometry 

was employed under a monochromatic beam of 0.1391 Å (89.13KeV) with the beam size of 

500µm x 500µm. This is much larger than the volume covered in Romero et al. [10,15] in an 

attempt to achieve better statistics and avoid the grain size and growth issues identified there. 

A Pixium RF-4343 flat panel detector was selected for full two-dimensional diffraction rings 

in an active area of 430mm x 430mm with 296µm x 296µm pixel size at the fast acquisition 

rate of 10 frames per second (10Hz). Full diffraction rings were constantly recorded at the 

rate of 10Hz while the samples were heated at different fast heating rates, simulating 

LOCA/RIA conditions. The material was resistive-heated via controlling direct current at 

constant rates of 0.25, 0.85 and 2.0 A.s-1 to 48.0 A on an ETMT (to achieve different heating 

rates of 10, 50 and 100ºCs-1 respectively) to a peak temperature of 1100ºC, holding for 3 

seconds before cooling at a rate of 50ºCs-1, Fig. 3. The thermal cycles were run in air and 

therefore there could be an effect of oxygen uptake and oxidation on the phase 

transformation. During heating the load was kept constant at 0.0N to allow the material to 
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thermally expand freely. The temperature of the samples under constant direct current rates 

was measured by a R-type 0.15mm diameter thermocouple (Pt/Pt-13%Rh) spot-welded at the 

mid-length of the heated sample. Due to the water-cooling of the grips on the ETMT, the 

sample has a parabolic temperature profile along its length and only a small homogenous 

temperature region up to about 2.0 mm from the thermocouple at the center [13,14]. 

Therefore all measurements were made in the central area, next to the thermocouple. The 

welded thermocouple does not seem to affect the measurements [10]. The distance between 

the samples and the Pixium detector was measured at 1509.385 mm with a standard CeO2 

powder. At the calibrated distance, there are 16 full diffraction rings for α and 6 β-phase rings 

respectively within a 2theta range of 2º to 10º in the dual-phase region, which are sufficient 

for structure refinement and phase fraction determination by the Rietveld method. 

For phase fraction analysis by SXRD, recorded Debye-Scherrer ring patterns were 

integrated over the entire azimuthal range by DAWN – Data Analysis WorkbeNch [16], 

taking into account all the calibration of sample-detector distance, center of the diffraction 

images and the tilt of Pixium detector. The experimental diffraction spectra of intensity and 

2theta at each temperature were then fitted using Rietveld structural refinement as 

implemented in TOPAS [17]. 

For texture measurement, two samples with two different directions of incident beam 

from ND and TD were measured at the same heating rates. Rolling direction of the two 

samples was along the loading axis of the ETMT load frame. In-situ texture was analyzed in 

MAUD – Materials Analysis Using Diffraction [10,18–20]. The procedure for texture 

analysis is described in [10,15].  
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Electrical resistance measurement 

Kinetics of phase transformation 

The kinetics of phase transformation of the cold-rolled Zircaloy-4 was also measured 

by electrical resistance method [21–25] during the in-situ synchrotron diffraction 

measurements. This was done by measuring the voltage drop between two points 1.0 mm 

either side of the center, in a region which is homogenous in temperature [13,14], using spot-

welded Pt wires. The electrical resistance at each temperature was then calculated via Ohm’s 

law. The electrical resistivity of cold-worked Zircaloy-4 measured at room temperature over 

3 samples is about 683µΩ.mm, which is in very good agreement with that reported in Ref 

[26,27]. The start and end transformation temperatures are assumed to be the temperatures at 

which the slope of normalized electrical resistance (to that at 300ºC) changes when 

increasing temperature. In other words, phase transformation starts and ends where the first 

order of derivative of the normalized resistance over temperature is equal to zero, Fig. 4b. 

The β-fraction was then calculated by using an electrical resistivity mixture law of two-phase 

materials [28]. The resistance of each phase as a function of temperature in the dual phase 

region was extrapolated using a cubic polynomial for α and a linear function for o [24], Fig. 

4a. After that, the β-fraction in the two extreme cases of parallel and series model, that 

represent the effect of phase arrangement in dual-phase microstructure, was calculated by the 

law of mixtures, Fig. 4c. As the values of relative resistance of α and β phase are close to 

each other (less than 20% difference), the computed values of β-fraction by series and β-

fraction by parallel model are also very close, and the actual β-fraction reported is the 

average of the two. 
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Flow stress under uniaxial tension at two-phase temperature 

The material was heated to 920ºC by temperature control at the rate of 10 and 50ºCs-1. 

When the sample reached a temperature of 920ºC, the material was held for 2 seconds and 

then stretched, at a cross-head velocity of 0.16 mm.s-1, to a maximum cross-head 

displacement of 1.6 mm. The electrical resistance was measured during straining and used for 

true strain calculation using equation (3) in Roebuck et al. [14]. During the 3 seconds hold 

time, the electrical resistance shows a slight decrease of less than 3%, Fig. 5b. It means that 

there is a slight evolution of the β-phase fraction, which is what we expect. It is limited 

enough, so that this evolution can be neglected. The β-phase fraction is therefore assumed to 

be constant during loading.  

As it can be seen in Fig. 5b, there is an increase in resistance during extension that can 

be used to calculate the reduction in cross-sectional area, from which the axial strain can be 

inferred. The reduction in cross-sectional area after straining was compared to the strain 

measured using resistivity showing a difference of less than 7%. The stress and strain curves 

obtained at 920ºC at heating rates of 10 and 50ºCs-1 are shown in Fig. 8. This corresponds to 

60 and 30% β fraction respectively, according to the SXRD measurement. All experiments 

were run in air.  

Crystal plasticity finite element modeling 

A crystal plasticity finite element model (CPFEM) was used to predict macroscopic 

flow stresses under uniaxial tension and deformation behavior of each phase at two-phase 

temperature of cold-rolled Zircaloy-4. CPFEM can be used for a variety of simulations [29] 

including the determination of the macroscopic flow stress response and microscopic 

behavior on load partitioning in multi-phase materials. The CPFE model used here was 

originally described in Bate [30] and was then employed to predict texture evolution in cold-
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rolling of interstitial free (IF) steel [31], in thermo-mechanical processing of β-quenched Zr 

[32] and intergranular stress of IF steel under uniaxial tension [33]. It uses a small strain 

formulation and follows the trial stress methodology whereby overall stress equilibrium state 

is solved at the end of each small strain increment using an elasto-viscoplastic mechanical 

model.  

The material is modeled as a finite element mesh of 10 x 10 x 10 isoparametric brick 

elements where each grain is presented by an element assigned to a certain phase of α or β at 

random. An element has 20 nodes with 8 integration points. The phase fraction measured by 

synchrotron X-ray diffraction was assigned over the elements while the crystallographic 

texture of each phase in the material at performed temperature was applied as a set of 

orientations to the integration points in each element of the model. The model does not 

simulate any possible grain boundary relaxation processes. It also does not account for the 

morphology of each phase and the distribution of each phase in the calculation. The phases 

are randomly distributed in a FE mesh with a given volume fraction. Each simulation 

involves 2000 strain increments of 1.0×10-4 up to a strain of 0.2. The plane of the face 

perpendicular to the loading direction, which is the rolling direction of the sheet material, was 

fixed to provide the necessary boundary conditions for simulating uniaxial tension 

deformation. 

Due to the low activation of twinning in zirconium alloys at high temperature [34–

36], the CPFE model assumes plastic deformation occurs by slip alone. Slip is assumed to be 

rate sensitive according to the equation 
 
, where  is the instant slip rate,  is a 

nominal reference slip rate, τ is the resolved shear stress, τ0 is the instantaneous slip 

resistance in any given slip system and m is the rate sensitivity and typically equal to 0.02 for 
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all slip systems [32,33]. The slip systems considered in the two-phase simulation at high 

temperature for α phase Zircaloy-4 are prismatic <a> slip, basal <a> slip and pyramidal <c + 

a> slip while those for the β phase are {110}<111>, {112}<111> and {123}<111> slip. Slip 

hardening behavior is modeled by using a modified Voce type law, which describes a power 

law decay of the hardening rate from an initial to a final rate, , 

where Θ0 is the initial hardening rate,  ΘIV is the final hardening rate, τ is the resolved shear 

stress and τs is a saturation slip resistance and α defines the shape of the stress-strain curve 

during the transition stage from elastic to plastic behavior. 

The single crystal elastic compliances, Table 2, of α-phase were obtained from 

literature [37] while those of β-phase were initially assumed to be equal to those of  α and 

then calibrated by obtaining a good fit between the experimental data and the simulation. The 

self and latent hardening are assumed to be unity for all the simulations. The hardening 

parameters were calibrated manually and the simulation were recalculated until the best fit of 

the experimental stress-strain response was obtained. The hardening parameters used for each 

slip system in α and β phase at 920ºC after a heating rate of 10ºCs-1 are reported in Table 3. 

The resultant macroscopic stress-strain curve was obtained by averaging the axial stresses 

and strains from the CPFEM calculation over all the elements. 

The experimental stress-strain curve of cold-rolled Zircaloy-4 at 920ºC and at heating 

rate of 10ºCs-1, Fig. 8, was used to identify the constitutive parameters of each phase for the 

CPFE model. The identified parameters were then implemented to the model to predict the 

flow stresses at a different heating rate, with a different phase fraction and texture as 

determined by SXRD. The predicted stress-strain curve corresponding to deformation at 

920ºC after heating at 50ºCs-1 was then compared to that obtained experimentally. The 

influence of texture on the yield stresses at different heating rates was also investigated by 
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comparing the predicted stress-strain curves using the measured textures and using a random 

texture.  

RESULTS 

Kinetics of phase transformation of cold-rolled Zircaloy-4 at fast heating rates 

Fig. 6 shows the measured β fraction of cold-rolled Zircaloy-4 by synchrotron X-ray 

diffraction and electrical resistance at the heating rates of 10, 50 and 100ºCs-1. Both 

experimental methods show that fast heating rate results in a delay in phase transformation 

and then a decrease in β-fraction at a given temperature. There is generally good agreement 

in β-fraction measured by SXRD and electrical resistance method. However, the SXRD 

measurements always show some amount of retained α, even after the transformation should 

have completed. The amount of retained α is higher at lower heating rates. This discrepancy 

can be attributed to the stabilized α at high temperature due to oxygen uptake on the surface 

of the sample. This is discussed further later.  

Texture evolution during fast heating cycles 

The pole figures of the cold-rolled Zircaloy-4 at room temperature measured by 

SXRD, shown in Fig. 7, show a strong component in around ND of 0002 pole figure and 

spread of 11-20 poles in RD and in 30º from TD to RD. The cold-rolled texture is consistent 

with that reported in Tenckhoff [38] and Romero et al. [10].  

There is great similarity in the texture components of the material at different heating 

rates from 10 to 100ºCs-1 with only slight differences in the texture intensity. Hence, only the 

texture corresponding to a heating rate of 10ºCs-1 is shown here. The α-texture at 920ºC 

consists of strong (0002) basal poles in ND and a spread of 11-20 poles from RD to TD with 

a strong alignment in RD. The evolution of α-texture from room temperature to dual-phase 
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temperature suggests that the recrystallization and/or grain growth of α-phase occur but are 

not complete as fully recrystallized texture reported in the Ref. [10,38], where a split of 

(0002) poles and a rotation of 11-20 in RD. The texture of β-phase is essentially random. 

Further analysis of the texture evolution of each phase and possible variant selection 

mechanism during phase transformation is beyond the scope of this paper and will be 

presented elsewhere. The texture of each phase in Fig. 7b was used as an input for the CPFE 

model. 

Experimental flow stress in dual-phase temperature of cold-rolled Zircaloy-4 

The stress-strain curves measured at 920ºC at the two different heating rates of 10 and 

50ºCs-1 are shown in Fig. 8. Both curves show similar behavior: softening quickly after 

yielding and deforming at a steady stress up to 0.15 of true strain before softening again up to 

the final applied strain. At this temperature, the yield and flow stresses of the material are 

higher after the slower heating rate. Since after a heating rate of 10 and 50ºCs-1 the material 

should contain 60 and 30% of β-phase, respectively, the change in the strength of the material 

at different heating rates and at the same temperature is possibly related to the difference in β 

content. If so this implies that the β phase is harder than the α phase at this temperature. 

DISCUSSION 

Kinetics of phase transformation of cold-rolled Zircaloy-4 at fast heating rates 

Both the SXRD and resistance method measurements show that increasing the heating 

rate in the range of 10 to 100ºCs-1 increases the transition temperature and lowers the β phase 

fraction at a given temperature. There is a small difference in β phase fraction determined by 

SXRD and resistance method at high β-fraction above 90%. This is associated with the 

stabilized α phase due to oxygen uptake during heating in air. The thickness of stabilized α 

phase after the heating cycles is shown in Fig. 9 and Table 3. It is clearly larger for slow 
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heating rate than that for fast heating rate. The amount of stabilized α phase fraction here is 

relevant to the un-transformed amount of α phase fraction in SXRD measurements. However, 

the un-transformed α was not detected in electrical resistance method because of the 

assumption that the complete transition temperature is at which the overall resistance 

increases again when increasing temperature. At this point the amount of β phase is assumed 

to be 100% even though there is a fraction of remaining stabilized α phase. 

These data are also compared to those of others in Fig. 6. At a heating rate of 10ºCs-1, 

β-fraction measured by SXRD and resistance are in agreement up to 60% of β to that of Sell 

and Ortlieb [6] who used the same technique of SXRD with longer exposure time. However, 

at high temperature about 80 and 100%β, the results seem to be different probably because 

their measurements were done at a longer acquisition rate and in a protected atmosphere. 

Furthermore, the temperatures at low β phase fraction are consistent with those in Forgeron et 

al. [5] and Brachet et al. [9] at 10ºCs-1. However, there is a more significant difference at high 

β phase fraction. The difference in the rate growth of transformed β between these studies 

and the present paper could due to a possible discrepancy in starting metallurgical states and 

possible change in texture during heating before transformation. They used dilatometry to 

measure the phase fraction, the results of which could be influenced by changes in 

microstructure and texture via a difference in anisotropic thermal expansion [39]. Although it 

is clear from the texture evolution that the recrystallization starts, we did some ex-situ 

observation of the microstructure, texture and misorientation profile of the cold-rolled 

Zircaloy-4 after heating at 10 to 100ºCs-1 to before transformation temperature, e.g. 900ºC, 

revealed the non-equiaxed grains with much varied size, suggesting that the recrystallization 

is not complete. Therefore, the difference in metallurgical states, which possibly occurs due 

to fast heating rates before transformation, could lead to the difference in the rate growth of β 



-13- 

during phase transformation and eventually the disagreement at high %β of the Ref. [5,9] and 

the present measurements. 

Prediction of flow stresses by crystal plasticity finite element model 

The stress strain curve of cold-rolled Zircaloy-4 at 920ºC after a heating rate of 50ºCs-

1 was simulated in a crystal plasticity finite element model (CPFEM) from the calibration at 

the heating rate of 10ºCs-1. Fig. 10 shows the fit between the experimental and calibrated 

flow stress at 920ºC for the heating rate of 10ºCs-1 with 60%β although the softening of the 

material right after yielding cannot be captured. This upper yield point might be related to the 

presence of a α-case. This was not taken into account in the CPFEM. The calibration process 

provides a set of single crystal and hardening parameters at the experimental temperature of 

920ºC that can be used to predict the flow stress after different heating rates.  

Fig. 11 shows a comparison between the experimental flow stress at 920ºC after a 

heating rate of 50ºCs-1 and the predicted flow curve at the same temperature using measured 

phase fraction and texture at 50ºCs-1. As it can be seen in Fig. 11 there is good agreement 

between the experimental and predicted flow stress at 50ºCs-1. This indicates it might indeed 

be possible to use phase fraction and texture data to predict the flow stress in these materials 

during a LOCA or RIA event.  

Fig. 12 shows the effect of texture on the predicted flow stress and compares it with 

the effect of phase fraction. It shows that the effect of texture on the flow stress is much 

smaller than that of β phase fraction. The small effect of texture on the predicted yield stress 

is due to the weak texture of β phase and the small ratio (1.6) of critical resolved shear 

stresses for  <a> slip and  <c+a> slip of α phase used in the model. In future, in-situ loading 

experiments will be used to determine this ratio experimentally. 
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Fig. 13 shows the calibrated and predicted mean stresses in each phase of cold-rolled 

Zircaloy-4 at 920ºC for the heating rate of 10 and 50ºCs-1 respectively. The model predicts 

that the β phase is stronger than α.  

It is well known that as the temperature increases, the flow stress of the material 

decreases, e.g [40]. Garde et al. [40] attributed this decrease to the increase of β fraction  with 

temperature, implying that the β phase is weaker in the dual phase regime. However, the 

decrease in the flow stress is expected because as the temperature increases the strength of 

both α and β is expected to decrease. Therefore, a decrease in the flow stress with 

temperature does not necessarily imply that the β is weaker, even though the β phase fraction 

is higher. The effect of temperature cannot usually be separated from β-phase fraction, but 

using high heating rates this becomes to be possible. Our results show that, when this is 

achieved, the material with more β-fraction is actually stronger.  

 If the β phase is stronger, the increase in yield stress at slower heating rates can be 

reasonably associated with the increase of the β-phase fraction. At room temperature and in 

dual-phase Zr-Nb materials, it was suggested that the higher strength of β may be due to the 

segregation of alloying elements, e.g. Nb, with a contribution from its fine grain size [41]. 

Further study [42] by the same authors on deformation of Zr-Nb alloys at room temperature 

with higher β-phase fraction shows an increase in strength of the α phase which is stronger 

than β phase in these conditions. This was attributed to (1) the increase of O content in their 

studied alloys due to solid strengthening mechanism and to (2) the grain size refinement of α 

phase due to increasing Nb-content. However, at high temperature and in our studied 

Zircaloy-4, it seems there is almost no element segregation due to low solubility of the 

alloying elements in the material content. Oxygen content is similar from the same materials. 

Therefore, the effect of element segregation and oxygen hardening is likely not the case. The 

higher strength of β could be due to a finer β grain size at higher heating rate. The growth of 
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β phase from its α grain boundaries appears to be limited at high heating rates, resulting in 

higher nucleation rates and a smaller β grain size. Another possibility of an increase in 

strength of Zircaloy-4 at slower heating rates could be the effect of Sn diffusion. In fact, Sn is 

an α-stabilizer and likely diffuses out of β phase to α phase at high temperature and hence 

strengthens the α phase, similar to the increase in strength of Zircaloy-4 at higher Sn contents 

[43]. Hence, it is possibly that the increase in yield stress at slower heating rate is due to an 

increase in strength of α phase due to more diffusion of Sn at slower heating rate. Therefore, 

future studies using in-situ synchrotron x-ray diffraction will measure the in-situ intergranular 

lattice elastic strain of each phase during straining and provide more data on the relative 

strength of each phase, e.g. which of α and β is deforming more.  Measurements at Diamond 

Light Source to better calibrate the single crystal elastic constants and hardening parameters 

of each phase have already been planned.  

The model assumes that the β phase fraction does not change during straining for 

about 12 seconds at the fast heating rate at the same temperature. This assumption is 

reasonable since during the 2-second hold before straining, the electrical resistance at the fast 

heating rate slightly decreases about 3%. This implies that the growth of β phase at constant 

temperature is slow. Since the straining ends after 12 seconds, the constant β fraction 

assumption holds. Slow transformation kinetics has been seen previously in Zr-1%Nb during 

a 2 hour heat treatment at 900ºC after heating at 10ºCs-1 to two-phase temperature [5]. 

However, although this can be explained by the slow diffusion of Nb, there is no Nb or 

equivalent in Zircalloy-4, so the effect observed here might be driven by the microstructure. 

This effect will also be tested by synchrotron X-ray diffraction by repeating phase fraction 

measurements during a more complex heating profile with a change in heating rate within 

two-phase region. 
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The methodology proposed is able to successfully predict flow stresses of cold-rolled 

Zircaloy-4 under uniaxial tensile tests in rolling direction from a given heating rate to 

another. Since the methodology uses a crystal plasticity framework, it is straightforward to 

use the model to define a complete yield surface. However, it is important to first calibrate 

the material parameters better, in particular to ensure that the single crystal anisotropy of α is 

well captured, since it will have the biggest effect on the anisotropy of the material. 

CONCLUSIONS 

High-energy synchrotron X-ray diffraction was used to measured the kinetics of phase 

transformation and texture of cold-rolled Zircaloy-4 at fast heating rates in LOCA/RIA 

conditions. Increasing the heating rate in the range typical of LOCA/RIA events delays the 

transformation. Therefore, at a given temperature, material heated more slowly contains a 

higher volume fraction of β. 

 In the dual-phase temperature region, the α texture is almost identical to the starting 

texture and the β texture is nearly random.  

At 920ºC, the flow stress is higher after a lower heating rate, when the β-fraction is 

higher. The relative strength of each phase should be analyzed further to confirm whether the 

increase in flow stress at lower heating rate relates to the higher β-fraction or stronger α phase 

likely due to Sn diffusion.  

The increase in yield stress of the material with decreasing heating rate can be 

predicted using a crystal plasticity finite element model, calibrated at a different heating rate 

but using the correct β volume fraction. Initial simulation suggests that accounting for β 

volume fraction is more important than accounting for texture. 

The complete route from implementing measured experimental data on phase fraction 

and texture to validate flow stresses in a crystal finite model illustrates the ability to predict 
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the yield surface of Zr cladding materials under in-reactor accidental conditions of LOCA 

and RIA. 
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LIST OF TABLE CAPTIONS 

Zircaloy-4 Zr Sn Fe Cr O 

%wt Balance 1.24 0.17 0.1 0.12 

Table 1: Chemical composition of Zircaloy-4 

(10-5 x MPa-1) S11 S12 S13 S33 S44 S66 

α 2.623 -1.481 -0.373 1.085 4.975 8.929 

β 3.097 -1.366 - - 4.975 - 

Table 2: Single crystal elastic compliance constants of α [37] and β phases of cold-

rolled Zircaloy-4 at 920ºC  

CPFEM Slip Systems θ0 θIV α τs 

(MPa) 

τ0 

(MPa) 

m 

α 
Prismatic 0.001 0.50 3.0 15.0 5.0 0.02 

 Basal 0.001 0.50 3.0 15.0 5.0 0.02 

 Pyramidal <c+a> 0.001 0.50 3.0 30.0 8.0 0.02 

β 
{110}<111> 0.001 0.50 1.37 17.0 7.0 0.02 

 {112}<111> 0.001 0.50 1.37 17.0 7.0 0.02 

 {123}<111> 0.001 0.50 1.37 17.0 7.0 0.02 

Table 3: Hardening parameters of α and β phase calibrated at 920ºC at 10ºCs-1 in of 

cold-rolled Zircaloy-4 

Heating rate 
(ºCs

-1
) 

Stabilized α 

thickness (µm) 
%α remained by  

stabilized-α  
%α remained by 

SXRD 

10 22.30 ± 0.69  6.65 8.79 

50 8.52 ± 0.36  2.54 4.44 

100 7.38 ± 0.27 2.17 3.70 

Table 4: Stabilized α thickness and calculated %α remained by stabilized α at room 

temperature and by SXRD measurement after fast thermal cycles at different heating 

rates in cold-rolled Zircaloy-4 with 670µm thick 
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LIST OF FIGURE CAPTIONS 

Fig. 1: Optical micrograph of cold-rolled Zircaloy-4 

Fig. 2: High-energy synchrotron experimental setups with 2 directions of incident 

beam from normal direction (ND) and transverse direction (TD). 

Fig. 3: Direct current controlled at constant rates of 0.25, 0.85 and 2As-1 by the ETMT 

to achieve the fast heating rates of 10, 50 and 100ºCs-1 respectively on cold-rolled 

Zircaloy-4 samples of 16.0 mm x 2.0 mm x 0.67 mm dimension, after controlling 

temperature at 200ºC at the same heating of 5ºCs-1. 

Fig. 4: (a) Measured normalized electrical resistance to that of 300ºC at each 

temperature on a cold-rolled Zircaloy-4 at 100ºCs-1 on an ETMT. (b) The first 

derivative of the normalized resistance to temperature. (c) β-fraction estimated by the 

two extreme cases of resistance [28].  

Fig. 5: (a) Evolution of sample temperature and direct current under temperature 

control at 10ºCs-1 up to 920ºC before straining on an ETMT; (b) Evolution of 

electrical resistance under ETMT cross-head movements of 1.6mm at the velocity of 

0.16 mms-1. 

Fig. 6: β-approach curves of cold-rolled Zircaloy-4 at fast heating rates of 10, 50 and 

100ºCs-1 measured by synchrotron x-ray diffraction (SXRD) and electrical resistance 

method on 2 samples each, showing less sampling variability. The β-fractions are 

compared to those of Zircaloy-4 in the literature at relevant heating rates [5,6,9]. 

Fig. 7: Pole figures of cold-rolled Zircaloy-4 (a) at room temperature and (b) at 920ºC 

at 10ºCs-1 – 30%β measured by SXRD. 
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Fig. 8: Experimental flow stresses of cold-rolled Zircaloy-4 at 920ºC at 10 and 50ºCs-

1 with ETMT cross-head expansion of 1.6 mm at the rate of 0.16mm s-1, measured by 

electrical resistance.  

Fig. 9: Optical micrographs of cold-rolled Zircaloy-4 after the heating cycles at (a) 

10ºCs-1, (b) 50ºCs-1 and (c) 100Cs-1, revealing more un-transformed α-case due to 

oxygen uptake and oxidation at slower heating rates. 

Fig. 10: Calibrated single crystal and hardening parameters for the CPFE model of 

cold-rolled Zircaloy-4 at 920ºC at 10ºCs-1 by fitting experimental and predicted flow 

stresses which is taken into account the measured texture and phase fraction in this 

condition.  

Fig 11: Comparison between the experimental macroscopic flow stress of cold-rolled 

Zircaloy-4 at 920ºC at 50ºCs-1 and the predicted flow stress at the same temperature 

by CPFEM with measured phase fraction and texture by SXRD. 

Fig. 12: Effect of phase fraction and texture on predicted flow stress of cold-rolled 

Zircaloy-4 at 920ºC by CPFEM.  

Fig. 13: Predicted flow stresses of each phase of cold-rolled Zircaloy-4 at 920ºC at the 

heating rate of (a) 10ºCs-1 – 60%β and (b) 50ºCs-1 – 30%β. 
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Fig. 1: Optical micrograph of cold-rolled Zircaloy-4 

 

Fig. 2: High-energy synchrotron experimental setups with 2 directions of incident 

beam from normal direction (ND) and transverse direction (TD). 
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Fig. 3: Direct current controlled at constant rates of 0.25, 0.85 and 2As-1 by the ETMT 

to achieve the fast heating rates of 10, 50 and 100ºCs-1 respectively on cold-rolled 

Zircaloy-4 samples of 16.0 mm x 2.0 mm x 0.67 mm dimension, after controlling 

temperature at 200ºC at the same heating of 5ºCs-1. 
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Fig. 4: (a) Measured normalized electrical resistance to that of 300ºC at each 

temperature on a cold-rolled Zircaloy-4 at 100ºCs-1 on an ETMT. (b) The first 
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derivative of the normalized resistance to temperature. (c) β-fraction estimated by the 

two extreme cases of resistance [28].  

 

Fig. 5: (a) Evolution of sample temperature and direct current under temperature 

control at 10ºCs-1 up to 920ºC before straining on an ETMT; (b) Evolution of 

electrical resistance under ETMT cross-head movements of 1.6mm at the velocity of 

0.16 mms-1. 
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Fig. 6: β-approach curves of cold-rolled Zircaloy-4 at fast heating rates of 10, 50 and 

100ºCs-1 measured by synchrotron x-ray diffraction (SXRD) and electrical resistance 

method on 2 samples each, showing less sampling variability. The β-fractions are 

compared to those of Zircaloy-4 in the literature at relevant heating rates [5,6,9]. 

 

Fig. 7: Pole figures of cold-rolled Zircaloy-4 (a) at room temperature and (b) at 920ºC 

at 10ºCs-1 – 30%β measured by SXRD. 
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Fig. 8: Experimental flow stresses of cold-rolled Zircaloy-4 at 920ºC at 10 and 50ºCs-

1 with ETMT cross-head expansion of 1.6 mm at the rate of 0.16mm s-1, measured by 

electrical resistance.  
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Fig. 9: Optical micrographs of cold-rolled Zircaloy-4 after the heating cycles at (a) 

10ºCs-1, (b) 50ºCs-1 and (c) 100Cs-1, revealing more un-transformed α-case due to 

oxygen uptake and oxidation at slower heating rates. 
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Fig. 10: Calibrated single crystal and hardening parameters for the CPFE model of 

cold-rolled Zircaloy-4 at 920ºC at 10ºCs-1 by fitting experimental and predicted flow 

stresses which is taken into account the measured texture and phase fraction in this 

condition.  

 

Fig 11: Comparison between the experimental macroscopic flow stress of cold-rolled 

Zircaloy-4 at 920ºC at 50ºCs-1 and the predicted flow stress at the same temperature 

by CPFEM with measured phase fraction and texture by SXRD. 
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Fig. 12: Effect of phase fraction and texture on predicted flow stress of cold-rolled 

Zircaloy-4 at 920ºC by CPFEM.  

 

Fig. 13: Predicted flow stresses of each phase of cold-rolled Zircaloy-4 at 920ºC at the 

heating rate of (a) 10ºCs-1 – 60%β and (b) 50ºCs-1 – 30%β. 
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