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Abstract 

 
Cold-work stress-relieved Zircaloy-4 kinetics of recovery-

recrystallization has been studied under dynamic conditions. A specific 

furnace dilatometer was used to heat Zircaloy-4 specimens up to  

          .  Comparison of dynamic results with data of isothermal 

recovery and recrystallization showed that the process is delayed when the 

heating rate is increased. A model was proposed to describe the evolution of 

the material unrecrystallized fraction during rapid anisothermal transients. 

Comparisons showed a good agreement between the experimental results 

and the model predictions.  
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1. Introduction 

 
Zirconium alloys have been used as fuel cladding materials in nuclear reactors for 

several decades. Many studies were dedicated to the study of their behaviour during normal, 

incidental and accidental situations like RIA (Reactivity Initiated Accident) which is a design-

basis accident to be accounted for in Pressurized Water Reactors (PWR) safety analysis. It is 

characterised by fast and complex thermo-mechanical transients that could potentially lead to 

the failure of the fuel rod cladding, i.e. the first containment barrier of radioactive products. 

Macroscopic and expensive tests performed in experimental reactors such as CABRI [1], [2], 

[3] and NSRR [4], [5] permitted to characterize these transients: high strain rates (up to 

     ), high heating rates (up to            ) and variable biaxial loading path.  

Recrystallization studies are traditionally isothermal tests [6] [7] where specimens are held at 

target temperatures. The process of recovery-recrystallization depends on many parameters 

like temperature [6] [8] [9] [10] [11], annealing time [6] [9] [12] [13], chemical composition 

[6] [9] [14] [15] [16] and strain hardening [17]. The purpose of this study is to understand the 

effect of anisothermal transients on the recovery-recrystallization kinetics of unirradiated 

cold-work stress-relieved Zircaloy-4. 

In order to determine the behaviour of fuel cladding materials, laboratory mechanical tests are 

carried out on cladding specimens. Almost all these tests, such as the ones from the 

PROMETRA database [18] are performed at constant temperature between 300 and 900°C. 

Depending on the test temperature, the material is either in the as-irradiated, annealed or 

recrystallized states. Understanding the kinetics of the transition from one state to the other is 

of prime interest when establishing a mechanical model relevant for transient conditions such 

as the RIA accident. As a first step of a larger research effort, this study deals with 

unirradiated material and the transition from the as-received state (cold-worked stress 

relieved) to the recrystallized state during anisothermal transients when the clad is not in 

thermal equilibrium and its temperature varies as function of the time.  

As the study was carried out at a macroscopic scale, no distinction between strain hardening 

recovery and recrystallization was made. In fact, the evolution of mechanical properties is due 

to material recovery (annihilation of crystalline defects) which occurs without germination of 

new grains or to recrystallization which rebuilds the equilibrium state by germination and 

growth of new grains. Heating tests have been carried out at high heating rates, i.e. up to 

           using an induction coil. The degree of recrystallization after each thermal 

transient was assessed via microhardness measurement. This method was used during 

previous studies [7] [8] [9] [10] [15] [19] [20] [21]. 

Experiments were therefore carried out to look for any difference in the recrystallization 

kinetics between rapid transients and long-time isothermal tests reported in the literature. 
 

2. Experimental procedure 

 

To determine the behavior of Zircaloy nuclear fuel cladding tubes during postulated 

fast temperature transients representative of RIA accident, this work was oriented to study the 

recrystallization which may occur in the range of heating rate [              ].  

A furnace dilatometer equipped with an induction coil (Figure 1) was used to heat a 10 mm 

length of unirradiated cold-worked and stress-relieved (CWSR) Zircaloy-4 tube specimens. A 

type-K thermocouple was welded in the specimen centre. 
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Figure 1. furnace (a.), furnace chamber (b.) and thermocouples positions (c.) 

 

Alumina supports have been machined specifically to hold the specimens inside the coil. The 

system is controlled by the response of a thermocouple welded on the specimen regarding the 

heating sequence. The material is heated from room temperature to a target temperature at 

different heating rates. Once the target temperature has been reached, a gas (helium) is 

injected to rapidly cool the material. The quench was applied once the target peak temperature 

is reached, without any hold time. The test method is similar to the one described in [19]. It 

should be noted that the dilatometer is used as a furnace which allows fast heating rates. The 

furnace in the dilatometer was solely used. Specimens were heated in a primary vacuum to 

avoid material oxidation. A typical heating sequence is presented in Figure 2.  

 
Figure 2. A typical heating sequence 

Once the thermal cycle is carried out, the degree to which recrystallization had occurred in 
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each test was determined from Vickers microhardness measurements. The idea is to follow the 

same approach indicated in [19] in order to calculate, by Vickers microhardness (HV) 

measurements, a fraction of unrecrystallized material. Microhardness measurements were 

carried out using a 0.5 kg load. 

In order to minimize the standard deviation, 20 microhardness measurements per sample were 

performed. For this reason, specimens were cut, then coated and polished up to the 

thermocouple location. Microhardness measurements were performed in the cross section 

corresponding to the thermocouple position in the specimen centre. The distance from the 

indentation centre to the edge of the sample must be greater than 2.5 x the diagonal of the 

indentation and the distance between two indentations must be greater than 3 x the length of 

the diagonal of one indentation. 

There is a temperature gradient on the specimen which might affect the microhardness along 

the specimen. A study of axial temperature gradient was thus carried out. A first thermocouple 

was welded to the centre of the sample (x = 0 mm) and a second was welded at 3.5 mm from 

the centre (or 1.5 mm from the edge of the sample). Three heating rates were applied:        

and           .  

In Figure 3, these thermocouple measurements and the absolute value of the temperature 

difference are presented. At the onset of heating, the edge of the sample is slightly warmer. 

The temperature becomes then uniform over time. During the cooling period, the centre of the 

specimen is slightly warmer. This can be linked to the position of the second thermocouple 

(soldered to 3.5 mm from the centre) in relation to the cooling gas inlet position in the furnace 

enclosure. By comparing the difference of temperatures according to the applied heating rates, 

we notice that the temperature gradient becomes more important when the heating rate 

increases because the time for temperature homogenization is too short.  

During the heating period, the maximum temperature difference is 13, 21 and 28 °C at heating 

rates of        and            respectively. The highest discrepancies values were 

obtained “in the middle” of the heating and the cooling phase where conditions are the less 

stable. At peak temperature, the difference is lower than 13°C. Such a low difference is hardly 

detectable with microhardness. All measurement values can be treated as those obtained from 

the same heating conditions. 
 
 

 
(a.) 
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(b.) 

 
(c.) 

Figure 3. Temperature difference at (a.)   , (b.)     and (c.)            
 

3. Results and discussion 

 

The different parameters of the thermal cycles applied are available in Table 1. For our 

tests, no holding time was applied when the maximum temperature is reached, cooling is 

directly triggered at this point. Our heating rates are calculated from the ambient temperature 

to the target (maximal) temperature. Cooling rates are calculated from the maximal 

temperature up to 430 °C. It was assumed that the recrystallization process is no longer active 

below this temperature.  

The two reference states correspond to CWSR and completely recrystallized states. For the 

CWSR material, microhardness measurements are performed in the “as-received” state of the 

material which corresponds to a mean 228.791 HV with a standard deviation of 3.287 HV.  

For the recrystallized state, a heat treatment was applied out at 830 °C for 20 minutes. The 

heating rate and the cooling rate are   and          . Following this thermal cycle, a mean 

microhardness of 173.450 HV was calculated from measurements with a standard deviation of 

2.476 HV.  
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Table 1. Thermal parameters of the heating sequences 

Heating rate 

(      ) 

Measured target 

temperature (°C) 

Measured cooling 

rate (      ) 

Measured 

unrecrystallized 

Fraction (-) 

28 

652.8 -204 0.980 

674.8 -134 0.818 

694.7 -137 0.428 

715.2 -130 0.336 

735 -141 0.133 

754.9 -135 0.061 

225 

685.6 -172 1.027 

705 -160 0.744 

723.8 -164 0.566 

745.1 -165 0.637 

739.2 -219 0.570 

763.4 -167 0.081 

764.6 -194 0.310 

784.7 -194 0.132 

784.5 -203 0.210 

335 

689.9 -159 1.087 

709.3 -183 0.839 

727.4 -176 0.670 

748.3 -188 0.607 

766.5 -182 0.258 

785.2 -154 0.186 

808.2 -185 0.135 

430 

693.6 -147 0.995 

713.4 -161 0.979 

731.9 -169 0.961 

741.4 -197 0.153 

771.4 -207 0.181 

776.8 -194 0.117 

791.8 -204 0.148 
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Table 2. Thermal parameters of the heating sequences adopted in Hunt’s study [19] 

Heating rate (      ) Target temperature (°C) Holding time (s) Cooling rate (      ) 

 

 

 

 

125 

 

 

 

 

518 60  

 

 

 

-220 

 

 

 

 

565 60 

588 60 

600 60 

612 60 

630 60 

650 60 

679 60 

710 60 

0.5 

570 -- 

-100 

596 -- 

604 -- 

617 -- 

628 -- 

637 -- 

642 -- 

654 -- 

666 -- 

691 -- 

 

 

 

 

25 

 

 

 

 

 

588 --  

 

 

 

-130 

 

 

 

 

 

646 -- 

665 -- 

685 -- 

699 -- 

722 -- 

750 -- 

776 -- 

798 -- 

822 -- 

 

These microhardness values of the CWSR and recrystallized materials correspond to fractions 

of unrecrystallized material of 1 and 0 respectively. The unrecrystallized material fraction F is 

calculated using Equation (1). 

 

  
              
          

 
                

             
 (1) 

 

Firstly, several tests have been carried out at           to compare our results with those of 

Hunt & Schulson [19]. Both studies yielded similar results at           (Figure 4), thus 

confirming that the method is well reproduced because results of the two studies are 

comparable. Once all the microhardness measurements are carried out, the evolution of the 

fraction of the non-recrystallized material has been studied as a function of the maximum 

temperature reached during thermal cycle. 

The results from the transient-heated specimens are shown in Figure 4. Error bars represent 

values inside of [  -   (H),   +   (H)], i.e. 68 % of values. Error bars can extend to values of F 

greater than 1 or less than 0, that are not realistic. 

Under isothermal conditions [19], with a holding time of 60 seconds, the recrystallization 

process start is detected between 526 and 576 °C and ends at 676 °C. As expected under 
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anisothermal conditions, recrystallization is dependent on the heating and cooling rates; the 

faster the heating rate, the higher is the starting recrystallization temperature. It seems that 

recrystallization starting temperature stabilizes at faster heating rates: Above            the 

heating rate effect saturates. The temperature at which the transformation ends is also shifted 

to high temperatures with increasing heating rate. A metallurgical study would be interesting 

to identify the roles of recovery and recrystallization during these transients. 

 
Figure 4. Recrystallization results from specimens heated up to            and model 

prediction 
 

Many models were reported in literature to describe the recrystallization kinetics [7] [11] [15] 

[19] [20] [22] [23]. We were inspired from the study of Hunt & Schulson [19] at low heating 

rates to establish a model predicting the non-recrystallized fraction as a function of 

temperature, heating rate and holding time. Hunt’s model was used in [13] to compare 

calculated recrystallization rates for unirradiated and irradiated Zircaloy at 550 and 650 °C. 

The model proposed in [19] is given in Equation (2) (anisothermal or transient formulation) 

and Equation (3) (isothermal formulation). 
 

  

  
          

 

  
   (2) 

 

                   
 

  
   (3) 

 

Where F is the fraction evolution of the non-recrystallized material depending on t,    is the 

fraction of the initial non-recrystallized material, E is the activation energy for the recovery-

recrystallization process, K is the Boltzmann’s constant, t is the elapsed time, T is the absolute 

temperature in Kelvin and R is the gas constant (                   )  

In this study Hunt’s model [19] was adopted and extended to high heating rates by integrating 

a threshold temperature to describe the shift of recrystallization (Equation 4) to high 

temperature with increasing heating rate (        ). 
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            (4) 

 

Where      (K) is the starting temperature of recrystallization, α and β are model parameters 

such as:          (K) and                               . α and β parameters were 

identified on starting recrystallization temperatures obtained during anisothermal transients 

(                  and           ) using the least squares method.  
 

    

              

 
  

  
          

 

  
                

    (5) 

The parameters K and E of the model are identified on the isothermal tests of Hunt [19] 

mentioned in Table 2 using Equation (3) and on the thermal transients at                   

and           using Equation (5). The model parameters are given in Table 3. 

 

Table 3. Model parameters for unrecrystallized material fraction 

Study K (-) E (       ) Validity 

[19] 2.08 x 10
18

 345465.90 Isothermal + anisothermal up to           

This study 1.87 x 10
18

 344980.62 Isothermal + anisothermal up to            
 

There are no significant difference between the parameter of the annealing models fit on 

isothermal and slow transient and those fit of the fast ones. It shows that the main difference 

between fast and slow transient is just found in the starting recrystallization temperature. 

Once recrystallization starts, it proceeds with a fixed kinetic independent of the heating rate.  

The microhardness measurements were determined on the samples after achievement of the 

cooling phase. At this stage, we cannot quantify the increment of the unrecrystallized fraction 

during cooling from maximal temperature to 430 °C at least. According to the model 

prediction presented in Equation (5), the actual value of the fraction of unrecrystallized 

material at the target or maximal temperature during the cycle is slightly higher than that 

estimated by the model at the end of the test (at room temperature). The mean value of the 

difference between the fraction of unrecrystallized material at peak temperature and the 

fraction of unrecrystallized material at the end of thermal cycle is presented in Table 4. 
 

Table 4. Estimation of the decrease in the fraction of unrecrystallized material during the 

cooling phase 

Heating rate (      )                               
0.5 0 

28 0.025 

225 0.139 

335 0.138 

430 0.184 

 

The model does not consider the microstructural evolutions during rapid transients. A further 

study at the microstructural scale would help to improve the model by describing the recovery 

and recrystallization processes. 

In order to predict the metallurgical state of the material according to the experimental 

conditions, the model was used to evaluate the influence of the holding time before carrying 

out isothermal mechanical tests at a given temperature (tensile or creep isothermal tests for 

example). This allows us to evaluate the role of a potential metallurgical evolution. The model 

was applied to transients similar to those obtained in conventional furnace used for carrying 

out isothermal mechanical tests. In other words, the model was applied to temperature 
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sequences obtained following a heating at           from ambient temperature to several 

target temperatures (which would be the temperatures of the isothermal tests). The fractions of 

the unrecrystallized material were estimated for several holding times. The obtained results 

are presented in Figure 5. 

 

 
Figure 5. Isothermal hold results 

 

For a given temperature, the unrecrystallized fraction decreases with increasing holding time. 

The impact of holding time is stronger when the temperature is higher. From around 575 °C 

the impact becomes significant. With a heating temperature of           the materials tested 

at a temperature of 800 °C or more would be completely recrystallized in the heating phase 

preceding the carrying out of the test. 100 seconds of holding are enough to recrystallize a 

material at 650 °C.  

Based on the kinetics parameters presented in Table 3 and Equation (5), recrystallization maps 

can be plotted to anticipate the recrystallization process. 2D recrystallization maps, giving the 

evolution of the unrecrystallized fraction as a function of temperature and time, is presented 

in Figure 6 for a heating rates of 1, 5, 15 and          . When the target temperature is 

reached a holding time is simulated. For this graph, the initial instant (0 seconds) corresponds 

to ambient temperature and a completely CWSR state (F=1). The temperature increase is 

simulated up to several target temperatures, a holding time is then applied. 

The recrystallization maps obtained for Zircaloy-4 would be useful for the selection of 

holding time and heating rate preceding isothermal tests performed on Zircaloy-4 cladding. 

The maps show that in usual isothermal mechanical test at high temperature (> 600°C) the 

material is probably wholly recrystallized when load is applied whereas it is not during a 

transient where load is applied at the very beginning.  
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Figure 6. Diagrams of the fraction of non-recrystallized material as a function of temperature 

and time at                      
 

4. Summary and perspectives 

 

The process of recovery-recrystallization of Zircaloy-4 cladding was evaluated during 

fast thermal transients. Numerous heating tests were performed with heating rates ranging 

from    to            to study the effect of rapid thermal transients. The onset of 

recrystallization was found to be delayed during anisothermal heating. Recrystallization 

curves shift towards the high temperatures with increasing heating rates. Above            

the heating rate effect saturates, the temperature at which the transformation ends is also 

impacted by the heating rate. 

Based on Hunt's work, a model was proposed to account for the recovery-recrystallization 

process. The model successfully describes recovery-recrystallization kinetics of Zircaloy-4 

under isothermal and anisothermal conditions up to           . 

The metallurgical state of the material plays a major role in the mechanical response of 

Zircaloy fuel claddings [24]. The recrystallization kinetics must always be considered when 

laboratory tests are performed above 500 °C.  

Simple evaluation shows that the material could be recrystallized before the beginning of 

isothermal test, especially those at high temperature, which could lead to mechanical 
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properties evolution and so changes in test results are expected.  

As an outlook of this work, the developed model could be integrated in numerical behavior 

laws to take into account the mechanical properties evolution due to recovery-recrystallization 

during rapid transients. These behavior laws could be dedicated to describe the 

thermomechanical behavior of fuel clads during accidental situations like RIA. This work 

could be completed by a metallurgical study to investigate and distinguish the role of recovery 

and recrystallization [25] during rapid thermal transients and the model could be enhanced to 

describe the microstructural evolutions expected during rapid transients. A coupled model for 

recovery, nucleation and growth of recrystallization could be developed and applied to 

experimental data. For irradiated materials that are the ultimate goal of this work, it is clear 

that annealing of irradiation defects superimposes with the recovery-recrystallization process. 
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