
ABSTRACT 

KOMBAIAH, BOOPATHY. Transitions in Creep Mechanisms of Zirconium Alloys. (Under 

the direction of K. L. Murty). 

 

Zirconium and its alloys have a rich history of serving light and heavy water reactors 

as structural materials such as fuel claddings and grids for several decades owing to their 

attractive properties, such as low absorption cross section for thermal neutrons, good 

aqueous corrosion resistance and sufficient strength at high temperature. Creep of 

zirconium alloys is regarded as a primary performance degrading mechanism that can deter the 

structural integrity of reactors and also limit their operational temperatures resulting in a 

process with lesser efficiency. In view of this, understanding of the creep mechanisms along 

with their constitutive equations to define the creep rates under varying stress and temperature 

conditions becomes essential not only for predicting the life of the zirconium claddings but 

also for developing more creep-resistant microstructures.  

This research work was undertaken to investigate the creep behavior of Zirclaoy-4 

sheet and HANA-4 tubing with a focus on uncovering the creep rate-controlling mechanism(s). 

To this end, creep tests on standard specimens were conducted to measure the steady state 

creep rates at various stresses and temperatures from which two important creep mechanistic 

parameters of stress exponent (n) and creep activation energy (Qc) were evaluated.  Possible 

creep mechanisms have then been short-listed based upon the values of n and Qc. Furthermore, 

detailed transmission electron microscopy analyses of the dislocation structures in the crept 

specimens as well as validation of the experimental results with the predictions by standard 

creep models were undertaken to ascertain the underlying rate controlling mechanisms. 



At first, uniaxial creep tests were performed on recrystallized Zircaloy-4 tensile 

specimens at the stress range of, 2.56 × 10−4𝐸 − 2.8 × 10−3𝐸, where E is the elastic modulus, 

at three temperatures: 500 °C, 550 °C and 600 °C. Transitions in creep mechanisms were 

identified as n changed from a lower value of 1 through 4.5 to higher values of 9.3-11 with 

increasing stress where the values of Qc values were calculated to be 196 kJ/mol, 247 kJ/mol 

and 220-242 kJ/mol respectively. TEM analyses of the deformed specimens revealed a 

dislocation structure with sub-boundaries formed by edge and mixed dislocations and dense 

hexagonal network of screw dislocations respectively in intermediate and high stress regimes, 

i.e., with  n=4.5 and n=9.3-11. Furthermore, the experimental creep results were compared 

with the predictions of the Coble creep, Weertman-climb and Friedel-cross slip models to 

check their applicability to Zircaloy-4. Based on the preceding analyses, Coble creep, climb of 

edge and mixed dislocations and cross-slip of screw dislocations were then identified as the 

rate-controlling mechanisms respectively for n=1, n=4.5 and n=9.3-11 regimes of Zircaloy-4. 

Secondly, biaxial creep tests on HANA-4 tubes, Nb-added Zircaloy-4 were conducted 

using internal pressurization of closed-end tubes over a range of hoop stresses, 8.38 ×

10−5𝐸 − 2.87 × 10−3𝐸, at three different temperatures: 400 °C, 450 °C and 500 °C. Based on 

the variance in n with respect to the applied stress, three regimes have been identified: a stress 

exponent close to 1 at low stresses increased to 3 at the intermediate stresses, which became 

4.5 at high stresses. An activation energy value of 226 kJ/mol was evaluated for the n=3 and 

n=4.5 regimes, which lies close to the activation energy for self-diffusion (QL) in α-Zr alloys. 

Coble creep, climbing of dislocations to bypass the β-Nb precipitates presented in the 

zirconium matrix and dynamic recovery by edge dislocation climb are proposed as the rate 



controlling mechanisms in the n=1, n=3 and n=4.5 regimes of HANA-4 respectively based on 

the collective examination of the TEM analyses and the model predictions. 

Finally, the effect of hydrogenation of the biaxial creep behavior of HANA-4 was 

studied using internal pressurization of closed end tubes by applying a range of hoop stresses 

(27 MPa to 156 MPa) at two temperatures: 400 °C and 500 °C. Two HANA-4 tubes were 

hydrogenated using the electrolytic method respectively with ~387 ppm and ~715 ppm of 

hydrogen while the HANA-4 tubes without hydrogenation were utilized as controlled 

specimens.  Further, high temperature XRD experiments were conducted on the hydrogenated 

HANA-4 specimens to detect the dissolution limit of the hydride phase. Based on the results 

of the creep tests and the XRD experiments we find that hydrogen fully present in the solid 

solution at the creep temperature enhances the creep rate of HANA-4, whereas hydrogen 

present as both hydride and dissolved hydrogen reduces the creep rate regardless of the applied 

stress. The rationale behind the creep behaviors of hydrogenated HANA-4 has been suggested 

from models. 
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THESIS OVERVIEW 

 

The primary objective of this study is to elucidate the rate-controlling mechanisms in 

Zircaloy-4 sheet and HANA-4 tubing using uniaxial tensile and biaxial creep experiments 

respectively. Additionally, the effect of hydrogenation on the biaxial creep behavior of HANA-

4 tubing was also investigated.   

 Chapter 1 firstly introduces various creep mechanisms that have been demonstrated to 

occur in materials during deformation at different stress and temperature conditions. Following 

that, a description on the development zirconium alloys for nuclear fuel cladding materials 

along with their properties is provided. This chapter will end with a review on the current 

understanding of the creep mechanisms in zirconium alloys from literature.  

 Chapter 2 provides a detailed description on the specimen preparation and experimental 

procedure for optical microscopy, transmission electron microscopy, uniaxial tensile creep test 

and biaxial creep tests. 

 Chapter 3 is dedicated for explaining the rate-controlling mechanisms of Zircaloy-4 at 

low stresses at 500-600 °C. Two regimes have been identified based on the change in stress 

exponent with respect to the applied stress. Coble creep and edge dislocation climb were 

identified as the rate controlling mechanisms at lower and higher stresses respectively. TEM 

analyses of the crept microstructure and predictions by the models of the proposed mechanisms 

for both regimes are presented. This work has been submitted to Philosophical Magazine for 

publication.  

 Chapter 4 deals with the creep behavior of Zircaloy-4 at high stresses at 500-600 °C.  
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Cross-slip of screw dislocations have been proposed as the rate-controlling mechanism based 

on the observation of screw dislocation network from TEM analyses as well as a good 

compliance between the experimental data and the Friedel cross-slip model. As per our 

knowledge, this is the first time that cross-slip of screw dislocations is proposed as the creep 

mechanism in a zirconium alloy. This work was published in Materials Science and 

Engineering A.  

Chapter 5 describes the biaxial creep behavior of HANA-4 tubing with an emphasis on 

the transitions in creep mechanisms with the applied stress. Coble creep, Orowan strengthening 

and edge dislocation climb were identified as the dominant mechanism at low, intermediate 

and high stresses respectively. A notable contribution to the nuclear materials research 

community from this work would be the finding of the occurrence Orowan strengthening in a 

Zr-Nb alloy, which have not been reported in literature thus far.    

 Chapter 6 discusses the experimental details and the results pertained to the effect of 

hydrogenation on the creep behavior of HANA-4. It was found that the effect on the creep rate 

carried a dependency on the state of hydrogen (dissolved in solid solution or hydride) in 

HANA-4, which is dictated by the test temperature. Hydrogen completely dissolved in the 

solid solution was determined to increase the creep rate, whereas hydrogen present as hydride 

would decrease the creep rate of HANA-4.  
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1 LITERATURE REVIEW 

 

 

1.1  Creep mechanisms  

Unlike the deformation characteristics of materials at low temperatures, where time-

independent flow stress or yield stress is often considered as the design criterion, materials can 

undergo permanent deformation with time at high temperatures even when the applied stress 

is much lesser than the yield strength. Here materials design warrants the consideration of their 

creep characteristics. Creep can be thus defined as time-dependent plastic deformation of 

materials at constant stress or load and constant temperature. The basic mechanisms in creep 

can involve not only dislocation motion but also diffusion of vacancies or atoms. Creep 

becomes generally more pronounced at high temperatures where diffusion of vacancies is 

considerably faster. However, some materials can creep even at room temperature or sub-zero 

temperatures [1, 2]. Creep as a deformation phenomenon was noted several centuries ago; 

however, it had become technologically relevant only in 20th century when industrialization 

started booming. The demand for making steam engines, generators as well as jet engine 

blades, which operate at high temperatures required heat resistant materials as components 

with several decades of lifetime. This initiated a more concentrated research in the field of 

creep which continues till date to cater the demands of industrial growth. 
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Figure 1.1. A typical creep curve with three stages marked as (I) primary creep (II) secondary 

or steady state creep and (III) tertiary creep. 

 

 

 

 
Figure 1.2. The steady state creep rate increases as stress and temperature increase. 
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1.1.1 Creep curve 

Creep behavior of materials is usually investigated using standard creep tests at 

laboratories whose output is the creep strain accumulated in materials as a function of time, 

also known as creep curve [3]. A typical creep curve is given in figure 1.1 which usually 

comprised of three different regimes unfolding during the course of deformation time at a given 

stress and temperature. The initial stage, known as primary creep, appears right after the 

instantaneous strain exhibited by materials in response to the applied load. In primary creep, 

the creep rate generally decreases with respect to time ultimately transiting into the second 

stage of creep deformation, also known as steady state creep, wherein the creep rate becomes 

time-invariant. In terms of microstructural changes occurring in materials during the course of 

these stages, it can be stated that work hardening owing to the interaction of dislocations 

supersedes the effects recovery through processes such as dislocation climb in the primary 

creep regime. However, the work hardening rate is equaled by the recovery rate in the steady 

state creep regime thus resulting in a constant creep rate, which is also referred to as steady 

state creep rate (휀�̇�). The third stage of creep is referred to as tertiary creep, in which the creep 

rate increases with respect to time eventually leading to the fracture of materials. The span of 

time from loading to failure is referred to as fracture time or creep life time (tf) and the total 

strain accumulated in materials before failure is the creep fracture strain. In the third stage, 

geometrically induced stress raise as well as change in metallurgical structure in materials can 

play a role in increasing the creep rate. Further, the behavior of creep curves is highly 
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dependent on the applied stress and temperature. Increasing stress or temperature increases the 

steady state creep rate as shown in figure 1.2.  

If the strain accumulated in materials in the steady state creep regime is a significant 

fraction of the creep fracture strain, which is usually the case, then it is possible to utilize 휀�̇� as 

design parameter for choosing materials for various applications. In fact, the creep life time   

(tf ) of components is predicted based on its inverse linear relation to the steady state creep rate 

according to the Monkman-Grant relationship [4]. Therefore, the steady state creep 

regime attracted a great interest in the scientific community to comprehend the underlying 

creep mechanisms such as dislocation creep and diffusional creep. The knowledge on creep 

mechanisms of materials serves two primary purposes: Firstly, it plays a role as an 

indispensable tool to design the microstructures of materials with an improved resistance to 

creep deformation. Secondly, the constitutive equations based on the active rate-controlling 

mechanisms at the operating conditions of stress and temperatures are crucial inputs in 

predicting the creep life time of engineering components. Here, it has to be emphasized that 

the knowledge on the transitions in creep mechanisms as stress and temperature vary must be 

taken into account on assessing the creep life of any component. A blind-extrapolation of the 

creep data pertained to the laboratory tests conducted at high stresses to predict the creep life 

of materials applied in low stress service conditions results in non-conservative estimates of 

the life time, which is depicted in figure 1.3.  
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Figure 1.3. Schematic diagram depicting the underestimation of the creep rate by the blind-

extrapolation of the creep data from the power-law creep to the service conditions, which 

involve lower stresses. It could be a dangerous non-conservative design. 

 

1.1.2 Mechanisms of Creep 

Several decades of, still forwarding, active research on creep deformation of materials 

discovered a number of possible deformation mechanisms for different conditions of stress, 

temperature and microstructure. Notably, a) viscous creep mechanisms such as Coble [5] and 

Nabarro-Herring [6, 7] creep representing diffusion of atoms through grain boundaries and 

lattice respectively, b) grain boundary sliding or superplasticity, c) dislocation glide and d) 

dislocation climb [8] controlled creep. Albeit all these preceding mechanisms may be 

contributing to the total plastic strain accumulated during creep processes, one mechanism 

controls the steady state creep rate.  A general equation representing the steady state creep rate 
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controlled by any of the creep mechanisms can be stated as follows in the form of BMD 

equation [9], 

휀̇ = 𝐴 (
𝐷𝐸𝑏

𝑘𝑇
) (

𝑏

𝑑
)

𝑝

(
𝜎

𝐸
)

𝑛

         (1.1) 

where 휀̇ is the steady state creep rate, D the diffusion coefficient that characterizes a particular 

creep mechanism, E the elastic modulus, b the burger’s vector, k the Boltzmann Constant, T 

the temperature, d the grain size, 𝜎 the applied shear stress, A the pre-factor, p the inverse grain 

size exponent and n the stress exponent. Table 1 shows the values of the constants predicted 

for various creep mechanisms[10]. In what follows, the various aspects of these creep 

mechanisms will be discussed.  

 

Table 1.1. Constants in equation (1.1) for various creep mechanisms. 

Creep mechanisms A p n 

Coble  100 3 1 

Nabarro-Herring 12 2 1 

Grain boundary sliding  200 1-2 2 

Dislocation glide 6 0 3 

Dislocation climb 
6 x 10

7

 
0 4-7 
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Figure 1.4. Schematic diagram depicting the process of N-H creep in single grain. 

 

1.1.2.1 Nabarro-Herring creep 

The theory of this model was first derived by Nabarro and Herring simultaneously thus 

carrying this name [6, 7]. Nabarro-Herring or N-H creep as a creep mechanism is accomplished 

by the transportation of atoms or vacancies through the lattice. It generally becomes a dominant 

mechanism at low stresses and high temperatures especially in fine grained materials. It does 

not involve any dislocation motion for producing strain. 

The phenomena of atomic diffusion in N-H creep mechanism can be explained by 

considering a single grain experiencing a tensile load as shown in Figure 1.4. Here, the grain 

boundary plane located perpendicular to the tensile load experiences a tensile stress whereas 

the one which is parallel to the tensile load is subjected to a compressive stress. Thus the 
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vacancy formation activation energies at the grain boundaries are changed by a value of ±𝜎Ω, 

where 𝜎 is the applied stress, which takes a sign depending on the kind of stress (+ for tension 

and – for compression) and Ω is the atomic volume. The vacancy concentration (𝑐𝑣) at the 

grain boundaries experiencing tensile and compressive stresses can then be written as [3], 

𝑐𝑣(𝑡𝑒𝑛𝑠𝑖𝑜𝑛) = exp (−
𝑄𝑓

𝑘𝑇
) exp (

𝜎𝛺

𝑘𝑇
)         (1.2a) 

𝑐𝑣(𝑐𝑜𝑚𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛) = exp (−
𝑄𝑓

𝑘𝑇
) exp (−

𝜎𝛺

𝑘𝑇
)      (1.2b) 

where 𝑄𝑓is the vacancy formation energy, R is the gas constant and T is the temperature. The 

vacancy concentration at the tensile boundaries is always higher than that at the compressive 

boundaries according to equations (1.2). This difference in vacancy concentration between the 

tensile and compressive boundaries sets as a compositional gradient for the transportation of 

vacancies from the tensile to compressive boundaries through the lattice resulting in expansion 

along the tensile axis and contraction along the compressive axis. Based on the calculation of 

atomic flux across the boundaries through the lattice, Nabarro and Herring derived an equation 

of state for the deformation with N-H creep as the dominant mechanism, which can be written 

as [6],  

휀�̇�𝐻 = 12 (
𝐷𝑙𝐸𝑏

𝑘𝑇
) (

𝑏

𝑑
)

2

(
𝜎

𝐸
)

1

        (1.3) 

where, 𝐷𝑙 is lattice diffusivity. The first microstructural evidence for the occurrence of N-H 

creep was found in Mg-0.5%Zr alloy, which produces ZrH2 precipitates throughout the matrix 

on annealing at high temperatures on the order of 600 °C in hydrogen atmosphere. On 

deforming this material under the conditions dominated by N-H creep, the microstructure 

revealed precipitate denuded zones nearby the tensile grain boundaries, which was ascribed to 
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the extension of the boundaries by the arrival of new atoms (Figure 1.5) [11]. However, this 

microstructural evidence has been doubted by researchers as an evidence for N-H creep by 

arguing that the denuded zones seem appearing close to both transverse and longitudinal 

boundaries [12].  

 

 

Figure 1.5. An optical micrograph showing the denuded zones of ZrH2 precipitates  near the 

grain boundary  that is perpendicular to the tensile load axis in Mg-0.5%Zr alloy crept at 450-

500 °C [11]. 

 

Several features of the N-H creep controlled deformation are listed below.  

1. Since no work hardening or recovery occurs in diffusional creep processes, primary 

creep is absent (or very small) in the creep curve. 

2. Based on the constitutive equation for N-H creep, the creep rate increases linearly with 

the applied stress giving rise to a stress exponent of 1. Hence this deformation is of 

Newtonian viscous flow. As well, since the deformation is controlled by the diffusion 
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of atoms or vacancies thorough lattice, the activation energy for N-H creep is 

equivalent to that for lattice self-diffusion. 

3. The activation volume for N-H creep is about b3 since the process is atomic-diffusion 

controlled.   

4. The creep rate shows an inverse linear dependence to the square of the grain size 

(휀�̇�𝛼 1/𝑑2). 

5. Since deformation occurs close to grain boundaries, one expects negligible strain in the 

centers of the grains [13]. 

6. During diffusional creep processes such as N-H creep and Coble creep, grain boundary 

sliding must proceed in parallel if voids at the grain boundaries are to be avoided owing 

to the mass depletion at the boundary under compressive stress.  

1.1.2.2 Coble creep 

Coble extended N-H creep theory to include the diffusion of vacancies or atoms 

through grain boundaries and therefore they are closely related mechanisms [5]. The equation 

of state for Coble creep derived by following a similar methodology as in N-H creep is given 

as,  

휀�̇� = 𝐴𝑐 (
𝐷𝑔𝐸𝑏

𝑘𝑇
) (

𝑏

𝑑
)

3

(
𝜎

𝐸
)

1

        (1.4) 

where 𝐷𝑔 is grain boundary diffusivity. The value of 𝐴𝑐 was determined to be 148 by Coble 

which was later modified to be ~50 by Dorn [9]. As seen from equation (1.4), Coble creep 

exhibits a stress exponent of 1 similar to that of N-H creep. However, the activation energy for 

Coble creep is equivalent to that for the self-diffusion through grain boundaries. As a result, 
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Coble creep becomes important at lower temperatures than N-H creep. Further, the creep rate 

governed by Coble creep shows an inverse linear relationship to the third power of grain size 

indicating its higher sensitivity to the change in the grain size of materials.  This feature can 

be used to distinguish Coble creep from N-H creep through testing materials with different 

grain sizes under similar testing conditions. Coble creep becomes dominant in small grain sized 

materials compared to N-H creep. In general, Coble creep and N-H creep proceed in parallel 

in materials at high temperatures and low stresses regardless of the grain size and therefore the 

faster process controls the creep rate.  

1.1.2.3 Harper-Dorn creep 

Harper and Dorn [13] observed that aluminum polycrystalline material deformed as in 

Newtonian viscous flow at high temperatures (T = 0.99 Tm) and low stresses with the activation 

energy close to that of lattice diffusion. However, they determined that the experimental creep 

rates are three orders magnitude higher than the predictions by N-H creep indicating some 

other mechanism to be active under the testing conditions (Figure 1.6). As well, they noticed 

distinct primary creep and recovery following stress drop which are not the characteristics of 

N-H creep. Further, the creep rates measured in single crystal aluminum matched with those 

obtained in polycrystalline aluminum confirming a different mechanism other N-H or Coble 

creep responsible for the deformation. The authors concluded that the creep, which is referred 

to as Harper Dorn (H-D) creep, under the testing conditions could have resulted from the 

dislocation motion. Later, H-D creep has been reported in several metals such as Al-3%Mg 

alloy, pure lead and pure tin as well as ceramic materials [10, 14, 15]. However, the mechanism 
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underlying in H-D creep is still not clear. Yavari et al examined Al-5%Mg specimens deformed 

under H-D creep conditions by etch-pits and TEM, and determined most of the dislocations 

having edge character [16, 17]. They have also found dislocation density to be low as well as 

independent of the applied stress. Based on these results, they have suggested that the strain in 

H-D creep is the resultant of the edge-dislocation climb under saturated conditions. However, 

a concrete mechanism has not been proposed for H-D creep.  

 

 

Figure 1.6. Steady state creep rate versus applied stress plot for pure Al showing the H-D creep 

regime at low stresses. Note that the creep rates predicted by the N-H creep model are about 

three orders of magnitude lesser than the experimental creep rates. As well, the creep rate of 

single crystal Al under similar conditions matches with that of polycrystalline Al showing that 

the grain-size dependence parameter is zero for H-D creep [14].  
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Following are the summary of the characteristics of H-D creep: 

1. H-D creep has a stress exponent of 1 which is also similar to the diffusional creep 

mechanisms. 

2. The activation energy is equal to the lattice diffusion activation energy. 

3. The creep rate is independent of grain size (i.e. p=0) unlike N-H creep or Coble creep 

wherein the creep rate has an inverse linear relationship with the grain size with powers 

2 and 3 respectively. This feature can be exploited in order to distinguish H-D creep 

from the diffusional creep mechanisms. For instance, Murty compared the creep rates 

of Al obtained from different grain sizes and demonstrated that there is a transition 

from N-H creep to H-D creep as the grain size increased [18].     

4. Another feature that can be used for differentiating H-D creep is the absence of grain 

boundary sliding in materials deformed under H-D creep which can be measured using 

marker experiments [14].  

1.1.2.4 Grain boundary sliding mechanism 

Grain boundary sliding as a creep mechanism has been reported to take place in 

polycrystalline materials usually at a temperature above 0.4Tm (Tm is melting point in Kelvin). 

In this mechanism, the creep strain is accommodated by the sliding at the boundary between 

grains in response to the applied shear stress. The sliding could be concentrated at the boundary 

(pure GBS) or could occur at a narrow zone around the boundary (Zone GBS). Another 

classification of GBS can be made based on the mechanism by which the sliding proceeds 
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during creep: sliding accommodated by diffusion of atoms along the boundary (Lifshitz GBS) 

and  sliding carried out by glide and climb of dislocations (Rachinger GBS) [19].   

A well-known model derived by Ashby and Verral for the GBS accommodated through 

diffusion of atoms, according to which the sliding would result in grain switching thus 

producing strain in materials (Figure 1.7) [20]. The constitutive equation carried a stress 

exponent of 1, which is similar to the diffusional creep mechanisms such as Coble creep and 

N-H creep. However, the prime difference pertinent to topological nature of the process would 

be that no significant change takes place in the grain size along with the increase in strain in 

GBD controlled deformation which can be expected from the other diffusional creep 

mechanisms. The main drawback of this mechanism lies with its wrong prediction of the stress 

exponent determined in materials deformed in the GBS regime, which is 2.   

Several models have been proposed to explicate the GBS accommodated by glide and 

climb of dislocations. One of the popular models for the Rachinger GBS was derived by 

Langdon [21]. In this model, it was assumed that GBS is initially carried out by the glide of 

dislocations at the grain boundary, which could be hindered by obstacles such as grain 

boundary triple edges as shown in Figure 1.8. This situation leads to generation of high stress 

concentrations at the triple edges which would further activate the lattice dislocations to glide 

through the grain till they meet an obstacle such as grain boundary or sub-grain boundary. 

Consequently, the rate of grain boundary sliding would be controlled by the rate at which the 

leading dislocations in the lattice recover by climb process. This mechanism of GBS is similar 

to that proposed earlier by Ball and Huchison. Based on this mechanism, a unified equation 

was derived for describing GBS in high temperature creep (d>λ) as well as superplastic 
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conditions (d<λ), where d and λ are the grain size and the sub-grain size, in the BMD form as 

given in equation (1.1). The model leads to A=1000, n=3, p=1 and D=Dl for larger grain sizes 

and A=10, n=2, p=2 and D=Dgb for smaller grain sizes. Mukherjee has obtained a similar 

constitutive equations defining the creep rate in superplasticity as follows [22],  

휀�̇�𝐵𝑆 = 2 (
𝐷𝑔𝑏𝐸𝑏

𝑘𝑇
) (

𝑏

𝑑
)

2

(
𝜎

𝐸
)

2

       (1.5) 

 

 

 

Figure 1.7. Grain boundary sliding accommodated by diffusion of atoms along the boundary 

resulting in grain switching. Note that the grains are not elongated after strain, which is 

expected from the diffusional flow mechanisms such as Coble creep or N-H creep [20]. 

 

 

1.1.2.5 Dislocation creep models 

As the applied stress increases to a moderate level, dislocations mediated creep 

mechanisms become rate-governing. Generally, the stress exponents fall in the range of 3-8 

for these creep mechanisms exhibiting a larger dependency of creep rate on the applied stress 
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than the diffusional creep mechanisms or grain boundary sliding.  The creep mediated by such 

mechanisms is known as power-law creep. Several creep mechanisms have been postulated 

under the power law creep category, namely, dislocation glide model, dislocation climb model, 

non-conservative motion of jogs in screw dislocations and cross-slip of screw dislocations. The 

following section will review important features of the power law creep mechanisms.    

 

 

 

Figure 1.8. Rachinger sliding mechanism in materials with (a) λ <d and (b) λ >d, where λ and 

d the sub-grain size and grain size [21]. 

 

 

1.1.2.6 Viscous-glide creep model 

In dislocation mediated plasticity, dislocations originated from different sources glide 

under the application of stress and get annihilated by combining with dislocations with the 
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opposite burgers vectors through climb at sufficiently high enough temperatures. Therefore, 

dislocation glide and climb are sequential processes that make the slower one between them 

control the rate of deformation. However, the major portion of the resultant strain is contributed 

by the dislocation glide process regardless of what controls the creep rate. In certain solid 

solution alloys (class A), dislocation glide becomes slower than climb owing to the interaction 

of solutes with dislocations and therefore acts as the rate-controlling mechanism.  

 Weertman first developed a model for the viscous-glide creep in which the velocity of 

dislocations was assumed to be linearly proportional to the stress acting on them [23]. Such 

dependency resembles that of creep rate on the applied stress in the diffusional creep models 

and thus this mechanism is referred to as viscous-glide creep model.  In his model, Weertman 

considered a pile up of dislocations for a length of L. Located on the far left side is a dislocation 

source and dislocations get annihilated by climb on the right side. When one dislocation gets 

annihilated by climb, another one is generated by the source resulting in a steady state creep 

rate. The average velocity of the dislocations, 𝜐, in the pile-up was shown to be proportional 

to 𝜎𝑏𝑛, where n is the number of dislocations in the pile-up, which is given by 𝑛 𝛼 𝜎𝑏𝐿 [17]. 

Therefore the average dislocation velocity is, 

 𝜐 = 𝐴𝜎2𝑏2𝐿 ,         (1.6) 

where A is a constant decided by the type of viscous-glide mechanism. If the dislocation source 

density is assumed to be M and the dislocation line length is taken to be Λ, the creep rate can 

be written as, 

휀�̇� 𝛼 Λ𝑀𝑏𝜐          (1.7) 

Or  
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휀�̇� 𝛼 𝐴Λ𝑀𝑏𝜎2𝑏2𝐿         (1.8) 

Weertman obtained values of Λ and 𝐿 to be 3𝐿 and (
2𝜎

𝐺𝑏𝑀
)

0.5

. Substituting these values in 

equation (1.8), the creep rate was derived as,  

휀�̇�  𝛼 𝐴g𝜎3𝑏2          (1.9) 

The creep rate equation can be written in the form of the BMD state equation as [9], 

̇ 𝑠𝑘𝑇

𝐷𝐸𝑏
= 6 (

𝜎

𝐸
)

3

          (1.10) 

Important features of viscous-glide mechanism: 

1. A significant feature of the viscous glide mechanism is considered to be the stress exponent 

of close to 3, which has been found in several material systems at intermediate stresses. 

2. The activation energy for creep is equivalent to the activation energy for the diffusion of 

solute atoms in the alloy. For practical purposes, this activation energy value is equivalent 

to that for lattice self-diffusion.  

3. The creep curve exhibits little primary creep. As well, a stress drop during the creep test 

would result in a higher creep rate than the steady state creep rate corresponding to the 

lower stress at first owing to the larger dislocation density. However, the creep rate would 

decrease and attain the steady state later in time.  

4. The deformation microstructure would reveal dislocations distributed throughout the 

matrix since the dislocations are locked by the solutes as shown in Figure 1.9 [24]. As well, 

no distinct sub-grain boundaries would be visible. 

 

 



 

   21 

 

Figure 1.9. TEM micrograph showing dislocations distributed throughout the grain interior of 

Al-5.8%Mg alloy deformed in the viscous-glide creep regime [24].  

 

In this model, Weertman has not explained the possible mechanisms responsible for the 

viscous drag of dislocations.  Several mechanisms can act on dislocations to make their glide 

velocity slower, which were listed by Poirier as [17],  

1. Segregation of solute atoms at dislocation cores in order to relax their stress field, 

which is knows as Cottrell’s atmosphere. 

2. Chemical interaction between solutes and the stacking fault ribbon of dislocations by 

which the overall stacking fault energy might be reduced, which is referred to as 

Suzuki effect. 

3. Destruction of short range order due to the motion of dislocations (Fisher’s 

mechanism). 

4. Local ordering of solute atoms in the stress field of dislocations (Snoek mechanism). 
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The solute drag mechanism, according to which the solute atoms segregate at the 

dislocation core and lock the dislocations, has been demonstrated in certain alloy systems using 

the variance in creep rate with the applied stress. At low temperatures, once the applied stress 

is higher than the stress required to break the solute-dislocation bonding, the dislocations are 

likely to move at that stress without much hindered by the solute atoms. However, the solute 

atoms are able to diffuse through the lattice at high temperatures and again lock the dislocations 

if they move at slower rate than that of the solute atoms, i.e. the applied stress is low enough. 

This results in dislocations dragging solutes with them during glide. However, the locking 

would be broken at a high enough stress, leading to a faster glide process. Consequently, climb-

controlled creep would become the rate-controlling step at high stresses as demonstrated in 

several systems [25, 26]. One classic of example of demonstrating the transitions between glide 

and climb was from the work carried out by Murty et al on Al-3%Mg alloy, in which as the 

applied stress decreased from the glide controlled regime, the climb-controlled regime 

appeared showing that the slower mechanism controlled the creep rate (Figure 1.10) [10]. As 

well, Murty showed in Al-5% Mg alloy that as the applied stress was increased beyond a 

critical value, glide controlled regime transits into climb controlled regime again, this time at 

high stresses, marking the breaking of solute-dislocation locking as shown in Figure 1.11 [25].  
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Figure 1.10. Transition in creep mechanism from viscous glide creep to dislocation climb 

controlled creep in Al-3%Mg alloy as the stress decreases below a point indicating that these 

mechanisms proceed in parallel [10]. 

 

 

Figure 1.11. Transition in creep mechanism from viscous glide creep to dislocation climb 

controlled creep in Al-5%Mg alloy at the solute-locking break away stress [25]. 
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1.1.2.7 Dislocation climb controlled creep 

In the case of pure metals or class II alloys, dislocation glide proceeds at a faster rate 

without any locking from solute atoms and with the only resistance being raised by the Peierls 

frictional stress. Therefore, dislocation climb acts as the rate controlling mechanism in these 

materials. 

 

Figure 1.12. Creation and annihilation of dislocation loops assumed in the Pill-box model [8].   

 

Weertman developed a model to obtain the constitutive equation to describe the creep 

rates in materials deformed by the dislocation-climb controlled process [3, 27, 28]. This model 

is referred to as pill-box model, whose schematic is given in Figure 1.12 [8]. In this model, M 

number of dislocation sources per unit volume is assumed to be operative. The dislocations 

generated from the sources glide for a distance of L before climbing up or down to get 

annihilated with the dislocations approaching in parallel planes. The climbing height is 

assigned to be h. As seen in Figure 1.12, each dislocation source generates a constant number 
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of dislocation loopson the glide plane. Once the leading dislocation gets annihilated, a 

dislocation will be released from the source. Based on these initial settings, Weertman has 

obtained the following relation for the creep rate,  

휀̇ = 𝛼 (
𝐷𝑙

𝑏3.5𝑀0.5) (
𝜎

𝐺
)

4.5

(
𝐺Ω

𝑘𝑇
)        (1.11) 

G is the shear modulus, Ω is the atomic volume, 𝛼 is a constant whose values are in the range 

0.015 < 𝛼 <0.33, and 𝐷𝑙 = 𝐷0 exp (−
𝑄𝑙

𝑅𝑇
). In order to derive the stress exponent of 4.5 in the 

equation, which has been observed in the ‘Class M’ materials whose deformation is controlled 

by dislocation climb, Weertman imposed an adhoc assumption of a constant dislocation source 

density (M) being operative independent of the applied stress. Disregarding such assumption 

would give a stress exponent of 3. Weertman defended this assumption by arguing that the 

number of active dislocation sources would be reduced continuously during the course of 

deformation through the inactivation of the sources belonging to smaller pile up of dislocations 

by neighboring larger pile up of dislocations As a result, the number of active dislocation 

sources would eventually become the smallest possible as that in well-annealed materials 

regardless of the deformation stress. However, this assumption stays as a questionable one for 

several researchers in the research community [29].  

 Another major concern with this model is related to the dislocation pile-ups assumed 

on deriving the rate equation. However, the dislocation pile-ups have not been observed in the 

crept microstructure of materials deformed by climb-controlled creep. Though there were 

several explanations to deal with this concern, the most plausible one was that the pile up 

dislocations might have relaxed and disappeared once the applied stress is taken out. One more 
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possible reason could be that the piled up dislocations, unlike dislocation networks, could 

escape from thin sections of TEM samples owing to high dislocation images force applied on 

them.  

 Albeit of these concerns about this model, it worked well to predict the creep rate in 

several materials [9]. Following are the several features associated with the climb-controlled 

creep model. 

1. A stress exponent of 4-7 is observed in the power law creep regime. Though the 

Weertman model predicted a stress exponent of 4.5, higher stress exponents up to 7 

have been noted when this mechanism is active. A stress exponent of 7 is generally 

connected with low temperature climb with the dominance of dislocation core diffusion 

[30]. 

2. Since the climb process is controlled by the diffusion of vacancies, the creep activation 

energy matches with the activation energy for lattice self-diffusion.  

3. The crept microstructure reveals the presence of sub-grains bounded by dislocation 

networks on tangles. The sub-grain size varies inversely proportional to the applied 

stress, which obeys the following relation in many materials [9],  

𝛿

𝑏
= 20 (

𝜏

𝐺
)

−1

         (1.12) 

4. At high stresses, the creep follows an exponential dependence on the applied stress 

indicating the advent of power-law breakdown regime, which was predicted by the 

Weertman model.  

5.  A stress drop during the creep test would result in a lower creep rate than the steady 

state creep rate corresponding to the lower stress at first owing to the smaller subgrain 
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size. However, the creep rate would increase and attain the steady state later in time 

once the subgrain size corresponding to the lower stress is reached. 

1.1.2.8 Glide of jogged screw dislocations 

Non-conservative motion of jogs in screw dislocation as a rate-controlling mechanism was 

proposed by several authors [31, 32]. Among them, the theory developed by Barrett and Nix 

has caught much attention of the research community especially because the steady state creep 

rate equation derived by them comprised of experimentally measureable parameters for a 

comparison [31]. According to this creep mechanism, screw dislocations are assumed to 

possess both vacancy absorbing jogs as well as vacancy emitting jogs; however all having edge 

character. As the screw dislocation glides on the slip plane, these jogs must move non-

conservatively by absorbing and emitting vacancies which produce a drag force on the jogs 

owing to the change in vacancy concentration in the surrounding. This force (𝑓𝑎) can be written 

as [19],  

𝑓𝑎 = ±
𝑘𝑇

𝑏
𝑙𝑛

𝐶

𝐶0
  ,         (1.13) 

where C is the concentration of vacancies in the surrounding of jogs and 𝐶0 is equilibrium 

concentration. On the other hand, the gliding force on the jogs by an applied stress of 𝜎 would 

be, 

𝐹 = 𝑏𝜆𝜎 ,          (1.14) 

where 𝜆 is the average distance between jogs. Then the steady state creep rate is achieved when 

the drag force and the gliding force on the jogs become equal. By considering the motion of 

jogs with dislocations as the motion of point sources and sinks, which were identical to the 
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motion of heat sources and sinks in materials, Barrett and Nix had applied the results of 

Rosenthal’s analysis to derive the following steady state creep rate equation for the jogged 

screw dislocations mechanism,  

�̇�𝑠 = 4𝜋𝐷𝛽 (
𝑏

𝑎0
)

3

𝜌𝑠 sinh (
𝜏𝑏2𝜆

𝑘𝑇
)  ,       (1.15) 

where 𝛽 is the number of atoms in the unit cell, 𝑎0 is the lattice parameter. On deriving the 

equation, it was assumed that the height of the jogs was on the order of the burgers vector. 

However, Viswanathan et al later observed jogs in screw dislocations with varying heights as 

high as 100b in a titanium alloy and modified the conventional jogged screw dislocation 

equation to account for it [33]. By doing so, a remarkably good matching between the model 

predictions with the experimental results was obtained. As well, a critical job height, beyond 

which the jog would act as a dislocation source, has been incorporated into the modified jogged 

screw dislocation model (MJSD), which was demonstrated to predict the creep rates correctly 

in power law creep regime as well as power-law break down regime in several materials [34, 

35]. Following are the important features of the MJSD mechanism: 

1. A stress exponent of 5 is observed at low stresses. However, the model can predict the 

power law break down regime at high stresses as well.  

2. Since the creep rates are controlled by the diffusion of vacancies, the activation energy 

for creep is expected to be close to that for lattice self-diffusion.  

3. The crept microstructure reveals screw dislocations with jogs which generally appears 

as dislocation lines with cusps, and bows between cusps while looking normal to the 
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slip plane. Little or no sub-boundaries and dislocation networks were observed in the 

deformation microstructure. 

1.1.2.9 Cross-slip mechanism 

Cross-slip of screw dislocations as a rate-controlling has received perhaps a least 

attention from the creep research community among the mechanisms discussed here. Poirier 

has been perhaps the strongest proponent of this mechanism for considering it as a viable one 

in creep deformation [36, 37]. He proposed a model in which the deformation was assumed to 

be controlled by both climb of edge dislocations as well as cross-slip of screw dislocations. 

The creep rate equation derived by him can be written as,  

휀̇ = 휀�̇�,𝑆𝐷 exp (−
𝑄𝑆𝐷

𝑘𝑇
) + 휀�̇�,𝐶𝑆 (

σ

μ
)

2

exp (
−𝑄𝐶𝑆(𝜎,𝛾𝐹)

𝑘𝑇
)      (1.16) 

The first and second terms in the right hand side of the equation are the creep rates resulting 

from climb-controlled and cross-slip controlled creep respectively. Since they are parallel 

concurrent mechanisms, the faster rate process would dictate the deformation rate as expected 

from equation (1.16). As seen from the rate equation belonging to the cross-slip process, the 

creep activation energy is a function of the applied stress. In particular, the activation energy 

varies inversely proportional to the applied stress as derived by Friedel [38]. Poirier as well 

showed that cross-slip was an active creep mechanism in copper, aluminum and some of HCP 

crystals from their creep data [36].   
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1.2 Zirconium alloys 

Zirconium (Zr) is a transition metal present in group IV of the periodic table with an 

atomic number of 40. At room temperature, Zr in pure form has α-phase with hexagonal 

close-packed (HCP) crystal structure which transits into β-phase having body centered cubic 

(BCC) structure at 863 °C. Some properties of Zr are listed in Table 1.2. Zirconium and its 

alloys have been extensively applied as fuel claddings and s t r u c t u r a l  components 

in the core of fission nuclear reactors both light and heavy water types owing to  their 

attractive properties:  Low absorption cross section for thermal neutrons, good aqueous 

corrosion resistance and sufficient strength at high temperature. Notably, their 

applications in nuclear industry has been the major thriving force behind the hitherto 

development of various zirconium alloys with improved properties obtained by 

alterations in chemical composition or/and processing techniques.  
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Table 1.2. Properties of Zr 

Atomic number 40 

Atomic weight 91.22 

Melting point 1852 °C 

Boiling point 3578 °C 

Density 6.52 g/cm3 

Thermal expansion 22.6 W.m-1.K-1 

Structure HCP (<863 °C) 

Lattice parameters a = 3.232 Å 

c = 5.147 Å 

 

 

The history of zirconium alloys is an interesting story of alloy development 

[39]. Among the properties required for nuclear structural materials, low absorption 

characteristics for thermal neutrons for better neutron economy occupies a prime 

place. At first, zirconium was not reckoned as a proper choice for fuel claddings until 

the discovery by the researchers at Oak Ridge of the presence of naturally occurring 

hafnium (about 2.5%), which has high absorption coefficient for thermal neutrons, in 

zirconim. Once zirconium was able to be purified by the removal of hafnium, its 

neutron absorption characteristics became suitable for the nuclear applications. 

Following that, Admiral Rickover of the US Navy first decided to use zirconium as 

the core structural material for a PWR in the Idaho prototype and also in the reactor 

of nuclear submarine, Nautilus [40]. 
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At first, researchers focused on developing zirconium with as pure as possible 

in order to improve the neutron economy till it was realized that corrosion resistance 

got deteriorated owing to the presence of nitrogen without other metal impurities. 

This lead to the synthesis of Zircloay-1 which was the first notable alloy of zirconium 

with tin (2.5%) as the major alloying element to counteract the effects of nitrogen. 

However, Zircaloy-1 had been observed to corrode at a steady state in high 

temperature long-time autoclave tests instead of the preferred decreasing corrosion 

rate with time. The subsequent alloy developed was Zircaloy-2 having 1.5% tin, 

0.15% iron and 0.05% nickel and 0.10% chromium, which were found to enhance the 

corrosion resistance considerably without losing its tensile strength below that of 

Zircaloy-1. As it was noted that the presence of tin had a negative effect on the long 

term corrosion resistance of Zircaloys in PWR conditions, the percentage of tin was 

reduced to 0.25% with a simultaneous increase in the iron content to 0.25% in 

Zircaloy-3 which has apparently the highest corrosion resistance among all Zircaloys. 

However, the mechanical strength of Zirclaoy-3 was found to be inadequate leading 

to the abandonment of its usage as cladding material.  

In the following period, researchers demonstrated that the fracture resistance of 

Zircaloys was significantly reduced by its absorption of hydrogen which was found 

to be promoted by nickel. Therefore, nickel free zircaloy-2 was produced with an 

increased amount of iron (0.24%) to compensate the reduction in corrosion resistance 

owing to the removal of nickel and was named as Zircaloy-4, which is mainly used 

as claddings, spacer grids and intermediate flow mixers of pressurized water reactors 
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(PWR), channels in boiling water reactors (BWR) and calandria tubes in pressurized 

heavy water reactors (PHWR) [41].   

In the series of zirconium alloy development, addition of niobium to zirconium 

has been found to be useful for an improved long-term corrosion resistance and 

mechanical properties without much losing the neutron absorption characteristics, the 

attributes which are generally ascribed to the distribution of β-Nb precipitates in the 

microstructure [26, 42]. For instance, Zr-2.5%Nb pressure tubes are currently used in 

pressurized heavy water reactor. Nb-modified Zr cladding alloys such as Zirlo and M5 have 

been developed in the USA and Europe for applications in modern PWRs [43]. Along this 

line, the Zircaloy fuel cladding team at Korea Atomic Energy Research Institute (KAERI) 

has recently developed several Zr-Nb cladding alloys, known as HANA (High performance 

Alloy for Nuclear Applications) alloys, with optimum composition and processing conditions 

to enhance their structural properties [44-47]. The out-of-pile and in-pile performance 

evaluation of these alloys demonstrated their improved corrosion resistance as well as 

mechanical properties than Ziracloy-4 probably due to the effect of finely distributed second 

phase precipitates in HANA claddings [48].  

Improvements in the performance of claddings were also achieved by synthesizing 

composites of different Zircaloys in order to exploit their better properties. For instance, 

barrier claddings were processed in such a way that Zircaloy-2 and Zr tubes became outer 

and inner linings of claddings respectively. In this case, Zircaloy-2, which is in contact with 

the coolant medium, has better resistance to corrosion and the inside Zr tubing serves well in 

subduing the issues of pellet-cladding interaction. Similarly, claddings were synthesized with 
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low tin content on their outer surface than the concentration of tin in the bulk, thus providing 

the necessary corrosion resistance on the outside. Table 1.3 shows the compositions of some 

zirconium alloys that were developed for nuclear fuel cladding applications.  

 

Table 1.3. Nominal composition of zirconium based alloys in weight %. 

Alloy Sn Nb Fe Cr Others 

Zircaloy-1 2.5 -- -- -- -- 

Zircaloy-2 1.5 -- 0.12 0.10 Ni-0.05 

Zircaloy-3 0.25 -- 0.25 -- -- 

Zircaloy-4 1.50 -- 0.21 0.10 -- 

Nb-Zry 1.5 1.0 0.21 0.10 -- 

HANA-4 0.4 1.5 0.20 0.10 -- 
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Table 1.4. Summary of creep studies performed on α-Zr alloys 

Reference Material Grain size, 
µm 

T, °C Stress, 
MPa 

n Qc, 
kJ/mol 

Mechanism 

R.B. Jones 1966 
[49] 

Zircaloy 2 12-50  425-500 7-21 1 -- Coble 

Bernstein  et al 
1967 [50] 

α-Zr 
 

50 520-620 7-13 
13-21 

1 
6-7 

124 
234 

Coble 
-- 

Bernstein et al 
1967 [50] 

Zircaloy -2 10 520-620 3.4 - 20 
20-62 

1 
4.5 – 5.5 

173 
289 

Coble 
-- 

Ardell and Sherby 
1967 [51] 

α-Zr 
(β – Annealed) 

300  650-845 6.1-26 7.5 low stress 
4.7 high stress 

213-326 Glide and jogged 
screw 
dislocation  

Gilbert et al 1969 
[52] 

α-Zr 
 

30 500-700 6-100 6.3 276 Jogged screw 
dislocation 

Gilbert et al 1969 
[52] 

α-Zr 
(β – Annealed) 

700 500-800 10-35 Stress 
dependent 

251-326 -- 

Pahutová and 
Čadek 1973 [53] 

α-Zr 150 400-750  5-110 6.6 272 Glide controlled 

Macewen 1981 
[54] 

α-Zr 
 

23-40 497-702 5-20 3 low stress 
9 high stress 

368 
270 

Glide controlled 

Prasad et al 1991 
[55] 

α-Zr 
Zircaloy 2 

16.8 
16.6 

600 5.3 max 
3.9 max 

1 
1 

102 
267 

Coble 
Nabarro-Herring  

Fiala and Čadek 
1985 [56] 

α-Zr 
 

48-113 475-700 2 max 1 124 Ashby and 
Verrall 

Morrow et al [35] Zircaloy-4 -- 260-593  26-196  -- -- Jogged screw 
dislocation 
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1.3 Creep of zirconium alloys 

 
The reactor components and, more importantly, fuel claddings are subjected to 

high temperatures and stresses during the reactor service as well as the spent fuel storage, 

and consequently undergo creep deformation which can even culminate in fracture. Moreover, 

thermal creep becomes more pronounced during untoward incidents such as LOCA (Loss-Of-

Coolant Accident), which could raise the temperature and stress experienced by the cladding 

tubes to an abnormal scale.  Creep of reactor structural materials therefore is regarded as a 

primary performance degrading mechanism that can deter the structural integrity of reactors 

and also limit the operational temperatures of  reactors resulting in a less efficient process 

[57].  It is thus indispensable to accurately predict the accumulated creep strain in the 

claddings under the in-service conditions usually involving low stresses from, in general, the 

higher stress laboratory creep data. However, all materials including zirconium and its alloys 

exhibit different creep micromechanisms dependent on the stress and the temperature 

conditions: generally, dislocation-mediated mechanisms at high stresses and diffusional flow 

at low stresses.  A straight-forward linear extrapolation of laboratory creep data t o  in-

service low stress conditions w o u l d  predict non-conservative estimates of creep rate. 

Consequently, understanding of the various creep mechanisms along with the constitutive 

equations to define the creep rates under various stress and temperature conditions becomes 

essential not only for predicting the life of the zirconium claddings but also for developing 

more creep-resistant microstructures [58, 59]. For instance, FRAPCON mechanical 

model employed for predicting the creep strain accumulated in the reactor 
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components requires mechanistic-based creep rate equations, encompassing stress 

and temperature as major variables, as a principal input [60]. 

 

1.3.1 Creep at high stresses 

Table 1.4 shows a summary of creep studies carried out on zirconium and its 

alloys. In spite of extensive investigations conducted on the creep deformation of 

pure α-zirconium and its alloys, the micro-mechanisms controlling the creep rate 

associated with low stresses as well as high stresses were not unequivocally pointed 

out. For instance, there has been no general agreement on whether dislocation glide 

(microcreep) or dislocation climb process control the creep deformation at 

intermediate stresses and in the vicinity of 0.5Tm (where Tm is the melting point in 

K) in α-zirconium. For instance, the creep studies by Bernstein [50] on α-zirconium 

annealed in alpha phase region in a temperature range of 520-620°C have exhibited 

two distinct regimes characterized by different creep parameters in the tested stress 

conditions: regimes with stress exponents (n) of 1 and 6 with their corresponding 

activation energy values (Qc) of 112 kJ/mol and 234 kJ/mol, respectively, in the 

stress ranges of 7-13MPa and 13-21 MPa. While the creep rate in n=1 regime was 

prescribed to be controlled by Coble creep, the authors had only suggested the 

activation energy in n=6 regime to be equivalent to the activation energy for lattice 

self-diffusion (QL) without invoking any creep mechanisms. However, a 

combination of n=6 and Qc=QL can point out dislocation climb or glide of jogged 

screw dislocations to be the rate controlling process.  In a subsequent study, Gilbert 
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et al have determined values of 6.3 and 276 kJ/mol for n and Qc respectively in the 

testing conditions, 500-700°C and 6-10 MPa, that are similar to the conditions 

wherein, Bernstein et al obtained a stress exponent of 1. While the creep parameters 

by Gilbert et al point towards dislocation based mechanisms at lower stresses, 

Bernstein et al concluded that the creep deformation occurs through Coble creep. 

This is a significant variation in the observed creep behavior of α-zirconium in 

identical conditions of the testing variables: stress and temperature. It is not clear 

what caused the different creep behavior. A considerable variance in their oxygen 

content of the materials used in these studies, 30ppm versus 630-810ppm in α-

zirconium tested, respectively, by Bernstein et al and Gilbert et al, seemingly 

provides no justification to the observed difference in the creep behavior. In contrary 

to this, the presence of impurities such as oxygen and nitrogen was noted to restrict 

the dislocation movement on the prism planes, in which case, the creep data from 

Bernstein would have exhibited an occurrence of some dislocation-mediated creep 

process [61]. Texture could as well play a role in influencing the creep in highly 

anisotropic materials like zirconium [39] however, α-zirconium used in the above 

studies underwent a similar recrystallization treatment, possibly possessing an 

identical texture.  

Further, Gilbert et al extended their analysis on investigating the creep 

mechanism for α-zirconium to high stresses of 100 MPa in similar temperature 

conditions and proposed non-conservative motion of jogs in screw dislocations as 

the dominant mechanism. However, the creep data of α-zirconium at a similar stress 
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and temperature range, i.e. 5-110 MPa and 400-750 °C respectively, by Pahutova 

and Cadek [62] demonstrated dislocation glide as the rate-controlling mechanism by 

incorporating an effective stress, which was derived by subtracting the internal stress 

due to dislocations from the applied stress, in calculating the creep parameters. In the 

analysis, a stress exponent of 6.3 determined using the applied stress was reduced to 

a value of 2-4 when the effective stress was considered in evaluating the stress 

dependence, and an activation energy value of 272 kJ/mol was obtained, which was 

similar to the value reported by Gilbert et al [52]. 

 

 

Figure 1.13. Creep data zirconium, Ziraloy-2 and Zircaloy-4 presented as BMD plot 

[63]. 
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Recently, Hayes et al [63] reviewed the creep data of pure alpha-zirconium 

and its alloys, Zircaloy 2 and Zircaloy 4, from literature and plotted in a single graph 

(Figure 1.13) to obtain a stress exponent of 6.8 and suggested that the dislocation 

climb process controls the creep rate in the power law regime. Their proposition was 

supported by the calculated activation energy which was estimated to be equivalent 

to the activation energy for lattice self-diffusion in α-zirconium. A huge scatter in 

the steady state creep rate data, amounting to two to three orders of magnitude, at a 

constant modulus-compensated stress was evident from their composite plot, 

possibly portraying the effect of texture, alloying elements and various heat 

treatments on the creep behavior of zirconium alloys used in different investigations 

[39]. However, all these studies lack transmission electron microscopic analysis of 

the deformation microstructure necessary for substantiating the proposed creep 

mechanisms. 

Few investigations focused on the transmission electron microscopy studies 

of crept microstructure for revealing the creep mechanisms. Kohn and Dunne [64] 

analyzed the deformation microstructure of the crept zirconium samples over the 

temperature range 200-700 °C for a range of stresses using transmission electron 

microscopy. The deformation microstructure showed dislocations forming cell 

structure and screw dislocations predominantly distributed inside the cells. Though 

they have not proposed any dislocation mechanisms as the rate-controlling process, 

they precluded dislocation climb to be the rate controlling process citing the higher 

activation energy determined from their creep data. Similarly Ecob et al investigated 
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the deformation microstructure of Zircaloy-4 over a range of stresses and 

temperatures and suggested any recovery based mechanism being operated at higher 

stress [65]. 

 Recently, Morrow et al [35, 66] and Moon et al [15] conducted creep tests on 

Zircaloy-4 over a range of temperature and stress conditions, 260-593 °C and 26-

196 MPa respectively, and applied the modified Jogged-Screw model (MJSD) to 

correctly predict the experimental creep-rates. The deformation microstructure of 

the specimens revealed a distribution of jog-heights characteristic of the creep 

process controlled by the glide of jogged-screw dislocations (Figure 1.14). Morrow 

et al [35] argued that the MJSD model could predict the experimental creep rates 

not only in the power law regime but also in the power-law break-down region of 

Zircaloy-4.  

 

 
Figure 1.14. Distribution of jogged screw dislocations observed in the crept specimens 

of Zirclaoy-4 from the studies by Morrow et al [35]. 
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Figure 1.15. (a) TEM micrograph of deformed Zr at 750 °C at a strain of 0.7 showing sub-

grain structure inside the grain. (b) The sub-grain boundary forms a triple junction with the 

grain boundary.   

 

 

    
Figure 1.16. Optical micrographs showing (a) microstructure of as received Zr-4 alloy and (b) 

microstructure formed during tensile test at 650°C for a strain of 0.18 exhibiting grain 

boundary serrations. 

 

 

Perez-Prado et al [67] conducted high temperature mechanical tests such as tension, torsion 

and creep on pure Zr at temperatures 400-800 °C and concluded geometric dynamic 

recrystallization (DRX) – a dynamic recovery mechanism - takes place along with dislocation 

climb. The TEM micrographs of deformed Zr at 750 °C at a strain of 0.7 showing sub-grains 

were given as evidence of the activation of the dislocation climb mechanism (Figure 1.15). 
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However, the serrated grain boundaries observed from the optical micrographs (Figure 1.16) 

indicated geometric recrystallization also as a possible recovery mechanism.  TEM micrograph 

(b) shows that the high angle grain boundary makes a triple junction with a sub grain boundary 

that renders serrated high angle grain boundary. As the strain increases, the grain becomes 

elongated along the tensile axis and thinner. Finally the serrated grain boundaries makes a 

contact with each other and pinching off occurs that result in a refined microstructure [3]. This 

also causes softening during constant strain rate tests. 

 

1.3.2 Creep at low stresses 

A transition from dislocation-mediated mechanisms at high stresses to diffusional 

flow at low stresses has been noted in zirconium alloys as generally found in many materials.  

At low stresses, the steady state creep rate was shown to have a linear dependency 

on the applied stress with a stress exponent of 1 making the deformation like that of 

Newtonian viscous flow. A stress exponent of 1 can suggest any of diffusional creep 

mechanisms – Nabarro-Herring creep, Coble creep, grain boundary sliding 

accommodated by diffusional creep or Harper-Dorn creep as the rate controlling 

process as noted in several materials [5, 10, 68]. Similar to the creep studies on Zr 

employed at high stresses, various creep mechanisms have been proposed to be rate-

controlling at low stresses. For instance, Fiala and Cadek [56] investigated the creep 

mechanisms in α-Zr specimens with grain size in the range of 48-113μm, at low 

stress range (4x10-6E to 4.6x10-4E) and low homologous temperatures (0.4-0.5 Tm) 
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and found a good correlation between the experimental creep rate obtained and the 

creep rate determined using Ashby and Verdell model [20], which proposes grain 

boundary sliding accommodated by non-uniform diffusional flow of atoms along 

grain boundaries to produce strain in the material. However, Bernstein suggested 

creep deformation to be carried out by Coble creep mechanism under similar testing 

conditions [50]. As well, both the investigations estimated an activation energy 

values that are close the grain boundary diffusion activation energy.  

Change in grain size has been reported to influence the low stress creep 

behavior. For instance, Prasad et al [69] have tested Zircaloy-2 with grain sizes 

ranging from 8μm to 17μm, and observed a transition in creep mechanisms as the 

grain size increases: Coble creep in Zircaloy-2 with grain size lesser than 12μm and 

Nabarro-Herring creep in Zircaloy-2 with grain size >17μm. Further, they have 

explained the change in creep mechanisms to sluggishness in the grain boundary 

diffusion arising due to the presence of more refractory Zr(Cr, Fe)2 type precipitates 

at the grain boundaries of Zircaloy-2 with 17μm grain size. Additionally, Prasad et 

al demonstrated that the presence of alloying elements could alter the creep 

mechanisms of zirconium at lower stresses by comparing the creep behavior of pure 

α-zirconium and Zircaloy-2 possessing a similar grain size (17 μm). While they 

have suggested Coble creep to be the dominant mechanism in pure α-zirconium 

from the activation energy value of 102.8 kJ/mol, they indicated Nabarro-Herring 

creep to be the rate controlling mechanism from the determined activation energy 

value of 267 kJ/mol in Zircaloy-2. On the other hand, the creep data of Zircaloy-2 
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with grain sizes lesser than 50 μm from Jones [49] demonstrated that  Coble creep 

as the dominant mechanism which is not in line with the creep studies of Prasad at 

al.  

Based on the literature review, it is evident that there has been no agreement 

vis-à-vis on the creep rate controlling mechanisms in zirconium and its alloys at low 

as well as high stresses. Notably, several studies lacked a collective approach of 

TEM microstructural analysis and experiment-model comparison in identifying the 

creep mechanisms. With this in mind, a detailed analysis of the deformation 

microstructure as well as comparison of experimental creep rate with the perditions 

from standard models have been employed in our attempt to uncover the rate-

controlling mechanisms in zirconium alloys. 
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2 EXPERIMENTAL METHODS 
 

 

Various experimental tools were utilized in pursuing this research work to attain its 

objectives. In particular, uniaxial creep testing, biaxial creep testing, optical microscopy and 

transmission electron microscopy were employed extensively for characterizing the creep 

behavior and the microstructure of Zircaloy-4 and HANA-4 to discover the rate-controlling 

mechanisms. This chapter describes the details of the specimen preparation methods and the 

testing procedures pertaining to these experiments. 

2.1 Specimen preparation for Optical Microscopy 
 

Optical microscopy was utilized for measuring the grain size in the Zircaloy-4 sheet 

that was tested in this study. The sheet specimen was first cut using a low speed saw at the 

Nuclear Materials Lab along the rolling, transverse and normal directions. Following that, the 

specimens were thoroughly cleaned using acetone and ethanol in an ultrasonic cleaner to 

remove the cutting fluid from the surface of the specimens; this facilitated a good adhesion 

with the mold in the forthcoming mounting step. All three cut specimens were mounted in 

single mold using the acrylic cure chemicals, which hardens when exposed to air, by following 

the manufacturer’s directions. In this step, it was ensured that the plastic springs were utilized 

to hold the specimens from falling and thus changing their direction towards the base as shown 

in Figure 2.1. The mold with the specimens inside was polished using grinding wheel attached 

with different grades of sand-papers in the following order: 400, 600, 800 and 1200. While 

proceeding from one grit paper to the next one, the specimen was rotated by about 90° and 

polished, which would be helpful in removing the scratches. However, the specimen was held 
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without any rotation while polishing on a sand-paper.  In my experience, there was no 

necessary to polish the zircaloy-4 specimens with finer sand-paper/diamond solution than 1200 

grit to obtain good optical micrographs. The subsequent etching step, the scratches were better 

removed by the effect of chemical polishing. The specimens were then etched using the 

chemical solution consisting of 45% water, 45% nitric acid and 10% hydrofluoric acid. A 

cotton dipped with the chemical solution was swabbed on the surface of the specimen for about 

10s. The swabbing was also necessary to clean a black deposit formed on the surface by the 

etching process. Once etched, the specimens were first immersed into 4% sodium bicarbonate 

water solution and then into ethanol 10s each for neutralizing the nitric acid and the 

hydrofluoric acid respectively. After the specimens were dried using air blower, optical images 

were taken using the Zeiss Axio polarized microscope at the Materials Science and 

Engineering department. The polarized microscopy reveals a better contrast than the light 

microscopy for zirconium alloys. 

 

 

 

Figure 2.1. Mounted specimens for optical microscopy. 
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2.2 Uniaxial tensile creep tests 
 

The tensile specimens for the uniaxial creep tests were machined out from Zircaloy-4 

sheet in such a way that the tensile axes of the specimens remain along the rolling direction of 

the sheet. The dimensions and the photograph of the tensile specimen are given in Figure 2.2. 

The dimensions of the gauge section of the creep specimens are 25.4 x 6.2 x 1.8 mm3. Uniaxial 

creep tests were performed on a constant load lever arm creep tester by applying a range of 

stresses from 70 MPa to 170 MPa at three different temperatures: 500 °C, 550 °C and 600 °C. 

The creep stresses reported here are the average true stresses that were applied on the 

specimens during the steady state creep regions. A photograph of the creep tester and a close-

up view of the specimen with wedges and pull rods are given in Figure 2.3. As seen in the 

figure, the specimens were attached with wedges on their both ends to grip them firmly during 

creep testing. Subsequently, both wedges were connected to pull rods of the machine. A three-

zone furnace that could maintain the set temperatures within ±1°C was utilized for achieving 

the test temperatures. A K-type thermocouple was attached to the specimen gauge length to 

measure and monitor the temperature. A Linear Variable Capacitor (LVC), which can measure 

the displacement with an accuracy of 2 µm, in attachment with a high temperature 

extensometer was utilized to measure the extension of specimens during creep tests.  The LVC 

was connected to a laptop through a LVC control box and a data acquisition box. The 

Tracerdaq software installed in the laptop was utilized to collect the voltage data generated by 

the LVC in response to the displacement in the specimen. The voltage data (V) was later 

converted into displacement (d) in inches using the following equation,  

𝑑 = (𝑉 − 0.015)/19.9434           
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The creep tests, once the steady state creep rate was achieved, were stopped by rapidly 

cooling the specimens using a fan down to the room temperature under loaded condition in 

order to preserve the deformation microstructures. The specimens were removed from the 

creep tester with care not to bend or deform them for transmission electron microscopy.  

 

 

 

(a) 

 

(b) 

Figure 2.2. (a) The dimensions of the creep tensile specimens investigated in this study. (b) 

Photograph of a Zircaloy-4 tensile specimen.  
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Figure 2.3. (a) Lever arm tester employed for uniaxial creep testing (b) A close-up view of the 

tensile specimen attached with the extensometer. 

 

2.3 Biaxial creep tests 
 

HANA 4 tubes tested in this study had an outer diameter (Do) of 9.50 mm, a wall 

thickness (t) of 0.57 mm and a length of about 140 mm. With an outer diameter to wall 

thickness ratio of lesser than 0.1, the thin-wall approximation, i.e. radial stress is negligible, 

can be applied to the HANA tubing. Biaxial creep testes were then carried out vis-à-vis closed-

end internal pressurization of the tubes which gives rise to a stress ratio (i.e. hoop stress to 

axial stress) of 2:1.  The hoop ( 𝜎𝜃) and axial stresses ( 𝜎𝐻) were calculated using the relations, 

  𝜎𝜃 =
𝑝𝑟

𝑡
          (2.1a) 

  𝜎𝐻 =
𝑝𝑟

2𝑡
          (2.1b) 
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where r is the mean radius and p is the argon pressure inside tube. Biaxial creep testing of 

HANA 4 tubing was carried out by applying a range of hoop stresses at temperatures, 400 °C, 

450 °C and 500 °C.  

 

 

 

Figure 2.4.  (a) Biaxial creep specimen of HANA-4 tubing. (b) Air compressor and gas booster 

system capable of generating 17,000 psi pressure to supply the required pressure for the biaxial 

creep tests. (c) Biaxial creep set-up showing the lasermike and the furnace. 
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The biaxial creep specimens were prepared by closing the ends of the tubes with 

Swagelok fittings except for an inlet to internally pressurize with argon gas as shown in Figure 

2.4a. For making a biaxial creep specimen, one side of the tubing was first fitted with a 

Swagelok 3/8” end-cap that could seal the tubing end without any gas leakage. A cylindrical 

rod with a length approximately equal to 3/4th of the tubing length was placed inside the tubing 

in order to reduce the volume of pressurized air. This would help reducing any damage to the 

furnace in the event of blast during creep tests. The other end of the tube was attached with a 

Swagelok 3/8”-1/4” T-connector which has two 3/8” straight ends and a ¼” T-end that would 

be connected to the argon supply for internal pressurization (Figure 2.4a). The remaining end 

of the T-connector was sealed with a 3/8” end-cap. Teflon tape was used at all the connections 

in order to avoid any pressure leakage during creep tests. Then the biaxial specimen was 

connected to the biaxial creep tester for internal pressurization.  

A gas pressurization system comprising of a gas booster and an air compressor capable 

of generating up to 17000 psi of argon pressure was utilized as a source to supply the pressure 

to attain the required hoop stress (Figure 2.4b). The Master thesis by Brian Marple has a 

detailed description on the operation and maintenance the gas pressurization system [70]. 

Before each creep test, it was ensured that the specimen could hold up the set pressure without 

any gas leakage. This was usually carried out by applying about 3000 psi of pressure inside 

the specimen without any heating for about an hour. A leak-free specimen would hold this 

pressure without any lose. Once the biaxial creep specimen was noted to be ready, two K-type 

thermocouple wires were wound on the specimen in order to measure and control the 

temperature accurately within a range of ±3 K. The test temperatures were attained by heating 
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it using a one-zone furnace that was connected to an ATS® temperature controller. The 

diametrical expansion (∆𝐷𝑜) of the tubing during creep test was in-situ measured by a non-

contact Beta lasermike (Figure 2.4c) with an accuracy of as low as  2.5 µm and was 

continuously logged by the Dataview software installed in a computer. The hoop strain (휀) 

was then measured using the relation,  

휀 =
∆𝑟

𝑟
           (2.2) 

Since the axial strain produced in tube specimen under the biaxial loading with 2:1 stress ratio 

is generally negligible, only the hoop strain was measured for further analysis [71]. Once the 

steady state creep rates were achieved, the creep tests were stopped by cooling the specimen 

down to room temperature using forced air-flow under loaded condition in order to preserve 

the deformation microstructure.  

2.4 Specimen preparation for transmission electron microscopy 
 

The microstructures of the specimens before as well as after creep tests were examined 

using transmission electron microscopy (TEM) to analyze the morphology of dislocations, 

which is indicative of the rate-controlling mechanisms under the testing conditions. For 

synthesizing TEM thin specimens, the sheets of Zircaloy-4 with a thickness of about 1 mm 

were initially dissolved in the etching solution used for the optical microscopy to bring down 

the thickness to about 200 µm. Following that, the sheets were slowly polished using 800 grit 

sand papers till a thickness of ~100 μm is reached. The preceding procedure avoids any 

artificial dislocations generated in the disc from coarse polishing. In the case of the HANA-4 

tubing, the walls of the tube specimens were sectioned using a low speed saw and polished 
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using 800 fine grit sand-papers down to a ~100 µm thick flat sheet. Discs with 3 mm diameter 

were then cut using a mechanical punch for the synthesis of final TEM specimen through twin-

jet electro-polishing technique, in which the disc as anode is dissolved preferentially at the 

center by the chemical jets till it gets a hole having electron-transparent sections in its edges. 

 

 

Figure 2.5. The electropolisher with power controller employed for making TEM specimens. 

 

A model 110 Fischione automatic twin-jet polisher used for electro-polishing discs is 

shown in Figure 2.5. The electro-polisher is connected to a power controller using which the 

voltage and the flow speed of the jets can be controlled. It is also equipped with an alarm 

system which makes an alarm once a hole is made in the disc as well as stops applying voltage 

to the electro-polisher. The discs were fixed on the sample holder of the electro-polisher which 

was connected to positive terminal of the power controller. The negative terminal was 

connected to the stainless steel rods inside the jet nozzles. The discs were subjected to twin-jet 

electro-polishing to produce the final specimens at -60 °C by applying a voltage of 25 V using 
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the following electrolytic solution: 30 ml sulfuric acid and 1 ml hydrofluoric acid  in 470 ml 

methanol [66]. A current of 10 mA was measured during electro-polishing at this temperature. 

A mixture of liquid nitrogen with ethanol was used attaining the required temperature. The jet 

speed was kept at number 5 in the scale given in the controller. In my experience, setting the 

jet speed to the high numbers (7 or above) would deform the thin sections of the disc. As a 

corollary, lot of bend contours would appear while imaging in TEM highly affecting the quality 

of the micrographs. As well, a lower speed than number 3 would result in no contact between 

the jet and the disc. Once the alarm was activated during polishing, the process was stopped 

immediately to avoid any further thinning of the specimens by switching off the power. The 

holder with specimen was immersed gently into ethanol which was kept in multiple containers. 

This is very important to perform for removing any residual acid present in the TEM specimen. 

Finally, the TEM specimens were dried in open air before placing inside TEM grid.  
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3 HIGH TEMPERATURE CREEP AND DEFORMATION 

MICROSTRUCTURES IN RECRYSTALLIZED ZIRCALOY-4 
 

Abstract 

Uniaxial creep tests were performed on recrystallized Zircaloy-4 tensile specimens 

with an average grain size of 8.5 µm at the stress range of  2.56 × 10−4𝐸 − 1.29 × 10−3𝐸, 

where E is the elastic modulus, at three tem 0F

1peratures: 500 °C, 550 °C and 600 °C with an 

objective to uncover the rate-controlling mechanism(s). A transition in creep mechanism was 

observed as the stress exponent increased from a value close to 1 at the low stress range to 4.1 

at high stresses with the calculated activation energies (Qc) of 196 kJ/mol and 241 kJ/mol 

respectively. Possible creep mechanisms have been short-listed based upon the values of n 

and Qc. Transmission electron microscopy analyses of the dislocation structures in the crept 

specimens as well as validation of the experimental results with the predictions by standard 

creep models were undertaken to ascertain the underlying rate controlling mechanisms. While 

Coble creep was noted to be the dominant mechanism in the n~1 regime at low stresses, 

dislocation-climb was identified to control the creep rate in the n~4.1 regime at high stresses.  

 

3.1 Introduction 

Zirconium and its alloys have a rich history of serving light water reactors as fuel 

claddings and other structural components for several decades owing to their attractive 
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properties, such as low absorption cross section for thermal neutrons, good aqueous 

corrosion resistance and sufficient strength at high temperature. In particular, claddings, 

spacer grids and intermediate flow mixers of light water reactors (LWR), channels in 

boiling water reactors (BWR) and calandria tubes in pressurized heavy water reactors 

(PHWR) are fabricated of Zircaloy-4, an alloy of Sn, Cr, Fe and Zr [41]. Creep 

deformation of these components during service as well as spent fuel storage has been 

regarded as a potential limiting factor of their structural integrity under the variable 

conditions of stress, temperature and material microstructure. Therefore, the creep life 

of the zirconium alloys subjected to these conditions becomes a critical parameter for 

nuclear reactor design, and its accurate prediction inevitably requires the 

comprehension of transitions in creep mechanisms as lower stresses are approached that 

are relevant to dry storage conditions [57, 72]. For instance, FRAPCON mechanical 

model employed for predicting the creep strain accumulated in the reactor 

components requires mechanistic-based creep rate equations, encompassing stress 

and temperature as major variables, as a principal input [60].   

In spite of extensive investigations conducted on the creep deformation of α-

Zirconium and its alloys, the micro-mechanisms controlling the creep rate associated 

with low stresses as well as high stresses were not unequivocally pointed out [57, 

63]. For instance, several mechanisms have been proposed to be controlling the creep 

rate at the intermediate stress range in the temperature vicinity of 0.3-0.5 Tm (Tm is 

the melting point in Kelvin) for α-Zirconium and its alloys such as Zircaloy-2 and 

Zircaloy-4, which have tin as a major alloying element: non-conservative motion of 
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jogs in the screw dislocations [35, 51, 52], dislocation glide process [51, 54, 62], and 

Climb of edge dislocations [67, 73]. The creep data from all these investigations 

exhibited stress exponent (n) ranging 3-9 and the creep activation energy (Qc) values, 

in most cases, being close to the activation energy for self-diffusion in α-Zirconium 

(Ql), 270 kJ/mol. Further, Murty et al followed by Matsuo et al determined that the 

creep rate of Zircaloy-4 could be fit with a power law function of sinh(σ/E) in the 

range of 49 MPa to 344 MPa at the temperatures around 400 °C with an activation 

energy of 260 kJ/mol and attested a self-diffusion controlled mechanism to be 

responsible for creep deformation [74, 75]. 

 Hayes et al reviewed the creep data of α-Zirconium, Zircaloy-2 and Zircaloy-4 

collected from several investigations to uncover the rate-controlling mechanism in 

the power law regime by plotting the creep rates as BMD plots – dimensionless 

parameters of diffusion coefficient-compensated creep rate versus modulus 

compensated stress – and obtained a stress exponent of 6.4, 4.8 and 5.0 respectively 

[63, 76]. A stress-independent creep activation energy was assumed to be ~270 

kJ/mol that has been found to best condense the creep rate data into a single line. 

Depending upon these observations, they have ascribed dislocation climb, as 

opposed to dislocation glide, being responsible for controlling the creep 

deformation at the intermediate stresses based upon the mechanistic creep 

parameters. A combination of – n~4.8-6.4 and Qc~Ql – could, however, be 

indicative of not only edge dislocation climb but also non-conservative motion of 

jogs on screw dislocations as a governing mechanism. For instance, Morrow et al 
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and Moon et al conducted creep tests on Zircaloy-4 over a range of temperature and 

stress conditions, 260-593 °C and 26-196 MPa respectively, and considered the 

modified Jogged-Screw model (MJSD) based upon the deformation microstructure 

exhibiting a distribution of jog-heights characteristic of the creep process controlled 

by the glide of jogged-screw dislocations; a good agreement between the predictions 

by the model and the experimental creep rates was obtained [35, 66].  

A transition from dislocation-mediated mechanisms at high stresses to diffusional flow 

at low stresses has been noted in Zirconium alloys as generally found in many materials.  At 

low stresses, the steady state creep rate was shown to have a linear dependency on 

the applied stress with a stress exponent of 1 making the deformation like that of 

Newtonian viscous flow. For α-Zirconium with small grain size (up to 50μm), Coble 

creep, wherein creep is the result of stress-directed diffusion of vacancies along grain 

boundaries, was proposed to be the dominant creep mechanism based upon the 

equivalency of the creep activation energy with that for grain boundary self-

diffusion at 5-13 MPa and 425-620 °C [50, 55]. On the other hand, Fiala and Čadek 

have determined a good correlation between the creep rates and the predictions by 

the Ashby-Verdell model [20], which was derived based upon the creep deformation 

being controlled by grain boundary sliding accommodated by non-uniform 

diffusional flow of vacancies along grain boundaries, for α-Zirconium specimens 

with grain size in the range of 48-113 μm at the low stress range (4x10-6E to 4.6x10-

4E) and low homologous temperatures (0.4-0.5Tm) [51, 56]. As well, the steady state 

creep rate data have demonstrated an inverse linear dependence to the cubic power 
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of the grain size, which complied with the model. However, on analyzing the creep 

data pertinent to the low stresses collectively from the preceding studies, Hayes et 

al have identified that the normalization of the steady state creep rates with the grain 

size with a power of 1 condensed them closely on a single line instead of a power 

of 3 when plotted with the normalized stress on the abscissa. This lead them to 

question the applicability of the Coble creep model as well as the Ashby-Verdell 

model to the low stress creep deformation of α-Zirconium with smaller grain size, 

<90 µm.  

        Addition of alloying elements to α-Zirconium can alter its creep 

mechanisms operative at the low stress regime. For instance, Prasad et al have 

investigated the creep behavior of pure α-Zirconium and Zircaloy-2 which has Sn, 

Fe, Cr and Ni as alloy constituents, both having an equal grain size of ~17 µm at 

stresses to a maximum of 5.9 MPa and 600-720 °C [55]. While the creep activation 

energy value for α-Zirconium was measured to be of 102.8 kJ/mol, it increased to 

267 kJ/mol for Zircaloy-2, indicating the dominant creep mechanism respectively 

to be Coble creep and Nabarro-Herring creep (N-H), wherein creep is the result of 

stress-directed flow of vacancies through the lattice. Since the grain sizes in these 

materials are similar, the origin of the transition in creep mechanism has been 

ascribed to the sluggishness in grain boundary diffusion arising due to the presence 

of more refractory Zr(Cr, Fe)2 type precipitates at the grain boundaries of Zircaloy-

2. The low stress creep data of Zircaloy-4 was, however, not found in the literature.  



 

   61 

   In the light of the above discussions, it can inferred that there is no clear 

agreement on the rate governing mechanisms in α-Zirconium and its alloys at low 

as well as intermediate stresses. One of the shortcomings of several investigations 

on elucidating the creep mechanisms in these alloys is the lack of detailed 

microstructural analysis of the deformed specimens using transmission electron 

microscopy (TEM) in support of the creep data. The objective of this study is to 

investigate the creep behavior of Zircaloy-4 in the low and intermediate stress 

regimes with a focus on uncovering the rate-controlling creep mechanism(s). At 

first, possible creep mechanisms have been short-listed based upon the mechanistic 

creep parameters such as stress exponent and activation energy determined from the 

uniaxial tensile creep tests of Zircaloy-4 conducted over a range of temperature and 

stress conditions, 500-600 °C and 2.56 × 10−4𝐸 − 1.29 × 10−3𝐸 respectively. 

Following that, an extensive analysis of the dislocation substructures in the 

microstructure of the crept specimens using TEM was undertaken to ascertain the 

dominant creep mechanism. Furthermore, the experimental creep rates were compared 

with the predictions of standard creep models to validate the rate-controlling 

mechanisms over the testing conditions. 
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Figure 3.1.  Optical micrographs of the annealed Zircaloy-4 sheet 

 

 

Table 3.1.Chemical composition of Zircaloy-4 tested in this study 

Element Amount  

Tin  

Iron 

Chromium  

Oxygen 

1.62% 

0.23% 

0.11% 

1158ppm 
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3.2   Materials and experiments  

The chemical composition of the Zircaloy-4 sheet tested in this study is given in Table 

3.1. Uniaxial tensile creep specimens were machined out from the sheet by keeping the rolling 

direction along the loading axis of the specimens. The gauge dimension of the specimens was 

25.4 x 6.2 x 1.2 mm3. The specimens were recrystallized at 700 °C for 4 hours under Argon 

atmosphere. The polarized-optical micrographs revealed an equiaxed grain structure as shown 

in Figure 3.1. The average grain size measured using the linear intercept method of about 350 

grains was 8.5 µm with a standard deviation of 4.4 µm.  

Uniaxial tensile creep tests were carried out in a constant load lever arm tester by 

applying a range of stresses, 2.56 × 10−4𝐸 − 1.29 × 10−3𝐸, at three different temperatures: 

500 °C, 550 °C and 600 °C. The test temperatures were achieved by heating the specimens 

inside a three-zone furnace that was connected to an ATS® temperature controller. A K-type 

thermocouple wire was wound on the gauge section of the specimen in order to measure and 

control the temperature accurately within a range of ±1 K. The extension of the gauge length 

during creep tests was measured by a Linear Variable Capacitor (LVC) and extensometer 

assembly; the LVC could accurately measure an extension of as low as 2 µm. Once the steady 

state creep was attained, the creep testes were stopped by switching off the furnace and cooling 

the specimen down to room temperature under air flow to preserve the deformation 

microstructure.  

The microstructures of the unstrained samples as well as crept samples were analyzed 

by means of TEM with an objective to comprehend the underlying creep mechanisms. For 
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synthesizing TEM thin specimens, the sheets with a thickness of about 1 mm were initially 

dissolved in an etching solution, consisting of 45 ml nitric acid, 10 ml hydrofluoric acid in 45 

ml water, to bring down the thickness to about 200 µm. Following that, the sheets were slowly 

polished using 800 grit sand papers till a thickness of ~100 µm is reached. The preceding 

procedure avoids any artificial dislocations generated in the disc from coarse polishing.  Discs 

with 3 mm diameter were then cut using a mechanical punch and were polished using a model 

110 Fischione automatic twin-jet polisher to produce the final specimens at -60 °C by applying 

a voltage of 25 V using the following electrolytic solution: 30 ml sulfuric acid and 1 ml 

hydrofluoric acid in 470 ml methanol. A 200 KeV JEOL 2000FX TEM equipped with a double 

tilt-holder was utilized for imaging. 

TEM micrographs of the unstrained sample revealed fully recrystallized grains 

with a low dislocation density that is characteristic of an annealed microstructure as 

shown in Figure 3.2. The few dislocations were observed to be long and fairly straight 

without forming any sort of tangles or sub-boundaries. Dislocation density (𝜌) in the 

unstrained specimen as well as crept samples were measured from their TEM micrographs 

using the following relation,  

𝜌 = 𝛼
0.5𝑗

𝐴
          (3.1) 

where j is the number of intersections of the dislocations on the foil surface, A is the area of 

the micrograph and α is a correction factor that assumes a value between 1 and 2 

corresponding to completely parallel and completely random dislocations respectively [35]. 

The dislocation density in the unstrained sample was estimated to be in the range of 1.6 ×
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1011 − 4.3 × 1011/𝑚2, which is similar to the value of dislocation density estimated in 

annealed materials [77]. 

 

     

Figure 3.2. Representative TEM micrographs of Zircaloy-4 before creep depicting 

recrystallized grains with few straight dislocations. 

 

3.3  Results and discussion 

3.3.1 Stress exponent (n) and Activation energy (Qc) 

 A creep curve and its derivative plot for an applied stress of 60.6 MPa at 550 °C 

representing the creep curves at high stresses are given in Figure 3.3. A decrease in the creep 

rate with respect to the time followed by a steady state creep rate demarcated the primary creep 

regime from the steady state creep regime, pointing out dislocation-assisted creep deformation 

at high stresses. As well, it can be suggested that the recovery rate during the steady state creep 

regime equally compensates the effects of work hardening originated from the dislocation 

interactions [19]. In contrast to the creep curves at high stresses, the creep curves exhibited 



 

   66 

little primary creep at low stresses and the entire strain is nearly achieved through the steady 

state deformation as shown by the curve at 15.3 MPa and 550 °C in Figure 3.4.  Such kind of 

deformation can point out the occurrence of viscous flow mechanism in which stress-directed 

diffusion of vacancies results in strain.  

(a)  

(b)  

Figure 3.3. (a) Representative creep curve of Zircaloy-4 obtained at 550 °C and 60.6 MPa. (b) 

The derivative plot of (a) showing a transition from the primary creep to the steady state creep. 
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Figure 3.4. Representative creep curve of Zircaloy-4 of obtained at 550 °C and 15.3 MPa. The 

creep curves at low stresses showed only the steady state creep with negligible primary creep. 

 

The steady state creep rates and the total strain along with the stresses and temperatures 

employed in the tests are given in Table 3.2. The steady state creep rate data were further 

analyzed to note the rate controlling mechanisms at the testing conditions. At the outset, two 

important creep parameters namely stress exponent (n) and activation energy (Qc) were 

obtained from the general creep equation relating the steady state creep rate (휀�̇�)  with the 

applied stress (σ) and temperature (T in K) that can be stated as,  

휀̇𝑠 =
𝐴𝐸𝑏

𝑘𝑇
 (

𝜎

𝐸
)

𝑛

𝑒−
𝑄𝑐
𝑅𝑇 ,                       (3.2) 

𝐸 = 98.82 − 0.076(𝑇 − 273) 𝐺𝑃𝑎 .      (3.3) 

In equation (3.2), A is a constant, E is the temperature-dependent elastic modulus of Zircaloy-

4, b is the burgers vector (3.23 × 10−10𝑚), k is the Boltzmann’s constant and R is the gas 

constant. The stress exponent is then equivalent to the slope of the log-log plot between the 
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steady state creep-rate versus the modulus compensated stress which is shown in Figure 3.5. 

A stress exponent of 4.1±0.2 at high stresses transits into a value of 1.3±0.2 at low stresses 

which are referred to as regime II and regime I respectively. 

  

 

Figure 3.5. Steady state creep rate versus modulus-compensated stress plot depicting regime I 

and regime II with stress exponents of 1 and 4.1 respectively. 
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Table 3.2. Stress, steady state creep rates and total strain at the three different test temperatures.  

500 °C 550 °C 600 °C 

σ, 

MPa 

σ/E 휀�̇�, s-1 휀, % σ, 

MPa 

σ/E 휀�̇�, s-1 휀, % σ, 

MPa 

σ/E 휀�̇�, s-1 휀, % 

15.6 

16.9 

20.1 

22.2 

23.5 

27.3 

33.1 

37.8 

50.3 

64.3 

71.8 

78.5 

2.56X 10-4 

2.78 X 10-4 

3.30 X 10-4 

3.65 X 10-4 

3.86 X 10-4 

4.49 X 10-4 

5.44X 10-4 

6.22 X 10-4 

8.27X 10-4 

1.06 X 10-4 

1.18 X 10-4 

1.29 X 10-4 

1.5 X 10-9 

1.8 X 10-9 

2.4 X 10-9 

2.3 X 10-9 

3.8 X 10-9 

2.6 X 10-9 

5.5 X 10-9 

4.4 X 10-9 

1.1 X 10-8 

3.6 X 10-8 

4.0 X 10-8 

1.0 X 10-7 

0.05 

0.45 

0.20 

0.14 

0.20 

1.75 

0.35 

0.30 

1.05 

7.70 

7.30 

4.54 

15.1 

15.3 

20.8 

21.0 

27.2 

37.1 

46.1 

60.6 

67.3 

68.3 

2.65 X 10-4 

2.68 X 10-4 

3.65 X 10-4 

3.68 X 10-4 

4.77 X 10-4 

6.51 X 10-4 

8.08 X 10-4 

1.06 X 10-3 

1.18 X 10-3 

1.20 X 10-3 

1.5 X 10-8 

1.1 X 10-8 

1.4 X 10-8 

1.4 X 10-8 

2.5 X 10-8 

4.3 X 10-8 

9.2 X 10-8 

2.7 X 10-7 

3.8 X 10-7 

4.6 X 10-7 

0.81 

1.10 

2.23 

2.02 

1.45 

2.64 

3.62 

13.66 

4.58 

17.47 

14.1 

20.8 

27.8 

36.6 

48.3 

54.8 

56.0 

56.6 

2.65 X 10-4 

3.90 X 10-4 

5.22 X 10-4 

6.88 X 10-4 

9.07 X 10-4 

1.03 X 10-3 

1.05 X 10-3 

1.06 X 10-3 

6.0 X 10-8 

8.0 X 10-8 

1.5 X 10-7 

3.6 X 10-7 

1.4 X 10-6 

2.2 X 10-6 

2.5 X 10-6 

2.6 X 10-6 

1.53 

2.21 

2.92 

5.21 

7.76 

9.47 

1.36 

3.16 

σ – Stress, E – Elastic Modulus, 휀�̇� − Steady state creep rate, 휀 – Total strain 
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 At a constant modulus-compensated stress, the general creep equation (3.2) can 

simply be written as, 

휀̇𝑠 = 𝐴0𝑒−
𝑄𝑐
𝑅𝑇 ,         (3.4) 

where A0 is a function of the applied stress. The activation energy was then calculated 

from the slope of a semi-logarithmic plot of the steady state creep rate versus the inverse 

of temperature as shown in Figure 3.6 and plotted as a function of the modulus 

compensated stress in Figure 3.7. The activation energy value for regime I was calculated 

to be 196±2 kJ/mol, whereas the activation energy value increased to 240±6 kJ/mol for 

regime II. Also, it can be seen that the activation energy values remain constant vis-à-

vis the applied stress within a regime. The activation energy for creep for regime I, 196 

kJ/mol, resides close to the activation energy value for self-diffusion along grain 

boundary in α-Zirconium determined from diffusion experiments (Qgb=188 kJ/mol) [78]. 

Notably, the activation energy data for self-diffusion along grain boundary in Zircaloy-

4 is not available in the literature. On the other hand, the higher activation energy value 

for creep determined for regime II, 240 kJ/mol, lies in the range of the activation energy 

for lattice self-diffusion in Zr-1.3%Sn determined using the tracer method (Ql=259 

kJ/mol) [79]. Moreover, the ratio of the creep activation energy value for regime I to that 

for regime II is 0.8, which agrees with the general observation that Qgb = 0.5-0.8Ql. 
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Figure 3.6. Arrhenius plots used for calculating the activation energy at different stresses for 

regimes I and II. 

 

 
 

Figure 3.7. Creep activation energy as a function of applied stress in regimes I and II. 
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Figure 3.8. Normalized steady state creep rate versus normalized stress 

 

 Figure 3.8 shows the plot of the steady state creep rates normalized by the lattice 

diffusivity, 𝐷𝑙 = 5 × 10−4exp (−259000/𝑅𝑇), versus modulus-compensated stress 

[79]; it can be seen that the normalization converges the creep rates in regime II fall 

closely in a single line whereas it separates out the creep rates in regime I depicting the 

effect of temperature on the transition in creep mechanisms. Further, grain boundary 

sliding (GBS) – controlled regime with a stress exponent of 2, which usually exists 

between the viscous diffusion creep regime at low stresses and the dislocation-assisted 

creep regime at high stresses as suggested by Langdon, is absent in Zircaloy-4 [80, 81].  
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3.3.2 Possible creep mechanism(s) 

 A stress exponent close to 1 in conjunction with a stress-independent activation 

energy for creep similar to the activation energy for self-diffusion along the grain 

boundary in zirconium generally indicates Coble creep as the rate controlling mechanism 

in regime I [5]. Also, other common Newtonian flow mechanisms such as N-H creep 

[68], and Harper-Dorn (H-D) creep [13] wherein creep is produced as a result of viscous 

flow due to dislocations, can be negated as the prominent creep mechanisms since an 

activation energy equivalent to that for lattice self-diffusion is warranted for such creep 

processes. Moreover, these viscous flow processes in general would become prominent 

in materials with large grain sizes. For instance, Novotný et al [82] have demonstrated 

based on the creep data on alpha-zirconium at the temperature range, 500 °C to 750 °C, 

and the stresses ranging from 4 × 10−6 − 9 × 10−5𝐺 that H-D creep operates 

significantly only when the grain size is larger than 125 µm and that Coble creep dictates 

the creep rates in alpha-zirconium with finer grain size. Congruous with this observation, 

Bernstein et al have earlier shown Coble creep to be active in alpha-zirconium and 

Zircaloy-2 with grain sizes 50 µm and 10 µm respectively at 520-620 °C and low stresses 

[50]. Therefore, a smaller grain size of 8.5 µm present in the Zircaloy-4 sheet tested in 

this study further favors the negligence of N-H creep and H-D creep as viable 

mechanisms in regime I.  

 On the other hand, a combination of n~1 and Qc~Qgb can be ascribed not only 

to Coble creep but also to the slip-band model developed by Spingarn-Nix, wherein 
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creep is controlled by climb of dislocations assisted by diffusion of atoms along grain 

boundaries  [83]. For instance, Gollapudi et al have obtained n~1 and Qc~Qgb for Ti-3Al-

2.5V at low stresses; however, the predictions by the Coble creep model have fallen 

below the experimental creep rates by about seven orders of magnitude [84]. Further 

analysis of the deformation microstructures in TEM exhibiting parallel slip-bands 

joining with grain boundaries and a good consensus between the experimental creep 

rates with the model predictions attested the creep mechanism based upon the slip-band 

model to the viscous creep regime in Ti-3Al-2.5V. A similar creep behavior might be 

expected in Zircaloy-4 as well on account of its similar crystal structure (HCP) with a 

low c/a ratio (<1.633) as per the Ti alloy.  

 In regime II, a stronger dependency of the creep rate on the applied stress with 

n=4.1 points out a dislocation-mediated mechanism to be governing the creep rate. 

Additionally, having a stress-independent creep activation energy equivalent to that for 

lattice self-diffusion in regime II, any of the dynamic recovery processes based on 

dislocation climb [8] or glide of jogged screw dislocations [33], which necessitate 

exchange of vacancies between edge dislocation core and surrounding lattice, can be 

generally considered for the rate controlling process. Meanwhile, dislocation glide 

controlled creep, which is generally associated with n~3 and Qc~Ql, cannot be 

disregarded in regime II. For instance, despite of the creep data on α-Zirconium from 

Pahutová and Čadek exhibiting n=6.3 and Qc~Ql, they have suggested an interpretation 

in which dislocation glide-controlled creep is attested to the power law regime by 

incorporating an effective stress into the analysis [62]. The effective stress was obtained 
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by subtracting the internal stress due to the dislocations present within the system to the 

external applied stress. In the analysis, the stress exponent of 6.3 determined using the 

applied stress was reduced to a value of 2-4 when the effective stress was considered 

in evaluating the stress dependence. 

 In order therefore to establish the appropriate creep mechanism for regimes I 

and II from the ones suggested by the mechanistic creep parameters of Zircaloy-4, 

analyses of the deformation microstructures in TEM as well as validation of the 

experimental creep rates using standard models are undertaken.  

 

3.3.3 Regime I 

3.3.3.1 Microstructural characterization 

Figure 3.9 shows representative TEM micrographs of the specimen deformed 

in two test conditions in regime I: firstly at 550 °C and 15.3 MPa up to 1.1% strain 

followed by a change in stress to 10 MPa for another 1.1% strain. The microstructural 

characteristics of the specimen deformed in regime I were observed to be quite akin to 

that of the unstrained specimen; the crept microstructure revealed no dislocation sub-

boundaries or tangles and was estimated to possess a dislocation density of (4.3 ±

2.8) × 1011/𝑚2 which is similar to the value obtained for the unstrained specimen. 

Neither the microstructure exhibited any slip bands as observed by Gollapudi et al in 

the viscous deformation regime of Ti-3Al-2.5V in compliance with the slip band model 

[71]. These observations suggest that the strain accumulated in the specimen deformed 
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in the viscous creep regime perhaps resulted from the diffusion of vacancies/atoms but 

not involving any dislocation slip. Therefore, Coble creep was deemed as the rate 

controlling mechanism in regime I as pointed out by the stress exponent and activation 

energy. 

 

 

      

Figure 3.9. Representative TEM micrographs of the specimen deformed initially at 550 °C and 

15.3 MPa for a strain of 1.1% and lastly at 550 °C and 10 MPa for a strain of 1.1% in regime 

I. 

 



 

77 

 
Figure 3.10. Comparison of the experimental results of regime I with the predictions by Coble 

creep model. 

 

3.4.2.2 Coble creep model 

Further, the experimental creep rates in regime I were compared with the 

theoretical Coble creep model in order to verify its applicability to Zirclaoy-4 using 

the following equation [10],  

̇ 𝑘𝑇

𝐷𝑔𝑏𝐸𝑏
= (100 ± 50) (

𝑏

𝑑
)

3

(
𝜎

𝐸
)       (3.5) 

𝐷𝑔𝑏 = 𝐷0𝑔𝑏 exp (−
𝑄𝑔𝑏

𝑅𝑇
),        (3.6) 

where d is the average grain size (8.5 µm), 𝐷𝑔𝑏 is the diffusivity along the grain 

boundary in Zircaloy-4, 𝐷𝑜𝑔𝑏 and Qgb are the diffusivity coefficient and the activation 

energy for grain boundary self-diffusion, which assumed the values of 10−3𝑚2/𝑠 and 

188 kJ/mol respectively as determined for α-Zr from radioactive tracer data [78] and 
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the rest are as described earlier. As shown in Figure 3.10, though the experimental 

results fall ~4 times higher than the theoretical predictions, it can be considered as a 

reasonable agreement between them further substantiating Coble creep-controlled 

deformation in regime I of Zircaloy-4 considering the fact that the constant in Eq. 5 for 

Coble creep mechanism was noted to be anywhere between 50-150 [5, 9]. 

 The identification of Coble creep as the dominant  mechanism for Zircaloy-4 at 

the low stress range falls in line with the creep behavior of α-Zr with small grain sizes 

(<50 µm) as reported by Bernstein et al [17] and Fiala and Čadek [50, 55]. However, 

on analyzing the creep data together from the investigations stated above, Ruano et al 

have argued in support of grain boundary sliding (GBS) controlled creep at low stresses 

in α-Zr by portraying a close agreement between the GBS model and the experimental 

results, albeit a stress exponent of 1 was obtained for the creep data, whereas GBS 

controlled creep requires n=2 [50, 55, 56, 85]. In fact, Ruano et al have suggested 

against the existence of diffusion creep-controlled deformation in both metals and 

ceramics [86]. In contrast to this, the application of GBS model to the creep data of 

Zircaloy-4 in this study can be negated based upon the two following observations. 

Firstly, TEM analyses of the deformed specimen reveal no signatures pertinent to GBS 

controlled creep, which can result in distinct dislocation pile-ups against grain 

boundaries as well as a high dislocation activity adjacent to grain boundaries in the 

deformation microstructure as noted by Gollapudi et al in the GBS regime of Ti-3Al-

2.5V [71]. Secondly, there exists a good compliance of the experimental results to 

Coble creep model as depicted in Figure 3.10.   



 

79 

   

 

Figure 3.11. Representative TEM micrographs depicting sub-grains in the specimens deformed 

at a) 550 °C and 46.1 MPa (𝜎/𝐸=8.08 × 10−4), b) 600 °C and 54.8 MPa (𝜎/𝐸=1.03 × 10−3) 

and c) 500 °C and 78.5 MPa (𝜎/𝐸 = 1.29 × 10−3) which lie in regime II. 
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3.4.3 Regime II  

3.4.3.1 Microstructural characterization 
 

  The steady state deformation microstructures of the specimens deformed in regime 

II consisted of well developed sub-grains bounded by dislocations within grains as shown in 

Figure 3.11. Inside the sub-grains, the dislocation density was evidently low. All the 

dislocations in Zircaloy-4 became invisible while imaging in two beam condition with 𝑔 =

< 0002 > suggesting that the burgers vector of these dislocations to be of  
𝑎

3
< 21̅1̅0 > type 

according to the invisibility condition 𝑔. 𝑏 = 0, where g is the reflecting vector. This 

observation remains consistent with the general agreement that the predominant slip system 

in zirconium and its alloys is prismatic slip of  
𝑎

3
< 21̅1̅0 > {011̅0} type on account of their 

low c/a ratio. 
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Figure 3.12. Sub-boundary consisting of edge dislocations in the specimens crept at a) 500 °C 

and 64.3 MPa and b) 500 °C and 78.5 MPa in regime II. The [11̅00] diffraction pattern shows 

the orientation of the grain. The dashed line depicts the cut section of the plane on which the 

dislocation line vector lies, which is perpendicular to the <a> direction in the left image. 

  

 The dislocations present at the sub-grain boundaries were analyzed to assess their 

characters using higher magnification micrographs. It was revealed that two kinds of 

dislocation morphologies were present in the sub-boundaries. Figure 3.12 shows one such kind 

of sub-boundary in which straight dislocations are stacked on each other. It can be seen from 

the trace analysis using the diffraction pattern that 𝑔 = [21̅1̅0] is perpendicular to the plane on 

which the dislocation line vector lies demonstrating that these dislocations have pure edge 

character and thus the sub-boundaries formed by these dislocations are of pure tilt type. 
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Figure 3.13. a) A TEM micrograph depicting dislocations forming hexagonal network on the 

plane normal to [112̅3] crystallographic axis in the specimen deformed at 500 °C and 64.3 

MPa. The inset shows the diffraction pattern of [112̅3]. b) A TEM micrograph at a higher 

magnification showing the dislocation network 

 

Figure 3.13 exhibits another kind of sub-boundary that was observed in the bright field 

images recorded using the direct beam parallel to the [112̅3] zone axis. It can be seen that the 

dislocations formed into a hexagonal network on the image plane. The burgers vectors of the 

dislocations forming this network were determined with the aid of tilting experiments and 

using the invisibility criterion.  Figure 3.14 shows a set of bright field images of the dislocation 

network recorded in two-beam condition with the g vectors [11̅00], [101̅1̅] and [011̅1̅] 

respectively. As can be seen, for each g vector, a pair of dislocation lines in each hexagonal 

loop of dislocations becomes invisible by satisfying the invisibility criterion. Since all the 

dislocations imaged in the two-beam condition with 𝑔 =< 0002 > vector become invisible, 

the burgers vectors of the invisible dislocation lines in the two-beam images with the g vectors 

[11̅00], [101̅1̅] and [011̅1̅] are respectively calculated to be  
𝑎

3
[112̅0], 

𝑎

3
[12̅10] and 

𝑎

3
[2̅110]. 
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These dislocations can then be assumed to lie on the prism (slip) planes (11̅00), (101̅0) and 

(011̅0) respectively. Furthermore, the line vectors of these dislocations are nothing but the 

intersection of their slip planes with the plane normal to the [112̅3] axis on which the two 

dimensional dislocation networks spread. The stereographic projection with [112̅3] as normal 

axis was then utilized to calculate the angle between the burgers vector and the dislocation line 

vector, which was obtained to be 33° for all the dislocations (Figure 3.15). These dislocations 

in the network were therefore characterized as <a> type mixed dislocations.  

 

 

     

Figure 3.14. (a-c) TEM images recorded in two-beam conditions using the g vectors mentioned 

on the image and their schematics depicting the invisible (blue) and the visible (red) dislocation 

lines of the hexagonal network of dislocations shown in Figure 3.13.   
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Figure 3.15. The stereographic projection of the HCP structure with [112̅3] as the normal axis 

showing the angular relation between the Burgers vectors (b), the dislocation line vectors (t) 

and the slip planes of the network dislocations. 

 

 

 

 
 

Figure 3.16. (a-b) Schematic diagram depicting the formation of hexagonal network 

dislocations. Each type of <a> dislocations is marked by different colors. (c)  TEM micrograph 

showing the interaction of dislocations ‘A’ and ‘B’ with ‘C’ while forming the network 

possibly aided by dislocation climb in the specimen crept at 78.5 MPa and 550 °C. 
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Formation of this network comprising of mixed dislocations could be explained with a 

two-step process which is quite analogous to the formation of screw dislocation network in 

Zircaloy-4 as described in detail elsewhere [87]: Firstly, an interaction between two <a> type 

mixed dislocations gliding on their respective prism planes produces the third type of <a> type 

dislocation according to the following relation (Figure 3.16):  

𝑎

3
[21̅1̅0] +

𝑎

3
[1̅21̅0]  =  

𝑎

3
[112̅0]       (3.7) 

Secondly, the network of dislocations formed by this reaction interrupts the glide of the 

upcoming dislocations on their slip planes. Further glide would be possible only when the 

network dislocations move out of the glide planes through a dynamic recovery process. Owing 

to the mixed nature of these dislocations, they would possibly recover by dislocation climb 

[31] on the plane that is normal to the <112̅3 > axis as observed in this study. A representative 

TEM micrograph serving as an evidence for the process described above is given in Figure 

3.16c. It shows a couple dislocations, noted as A and B, interacting with an array of parallel 

dislocations, noted as C. While the dislocation ‘B’ appears to have just interacted with ‘C’ 

dislocations, the dislocation ‘A’ has already reacted with ‘C’ dislocations to form a network of 

dislocations, which could possibly be in the course of climbing down to get annihilated with 

the opposite dislocations.  

The sub-boundaries consisting of pure edge dislocations as well as hexagonal network 

of mixed dislocations revealed by the TEM analyses of the crept specimens indicate that the 

steady state creep rate is controlled by dislocation climb mechanism in regime II [8, 88]. 
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3.4.3.2 Sub-grain size versus stress 

The average sub-grain size (𝛿) in several materials where creep is controlled by the 

dislocation climb has been found to have a dependency on the normalized shear stress (𝜏/𝐺) 

through a relationship of the form [9],  

𝛿

𝑏
= 𝐾 (

𝜏

𝐺
)

−𝑟

          (3.8) 

where K and r are constants whose values were empirically estimated to be 10-20 and 1 

respectively for several materials [89]. Thus, the sub-grain size exhibits an inverse linear 

relationship with the applied stress when the creep is controlled by dislocation climb. In our 

study, the areas of the sub-grains were measured from the TEM micrographs of the specimens 

deformed at the stresses of 46.1 MPa, 54.8 MPa and 78.5 MPa respectively at 550 °C, 600 °C 

and 500 °C and converted into the diameter by assuming the area to be circular. As many as 

25-30 sub-grains were measured for each applied stress and the average sub-grain sizes with 

their standard deviations are given in Table 3.3. Further, the sub-grain sizes are presented as a 

logarithmical plot between normalized sub-grain size versus normalized shear stress in Figure 

3.17. The normal stress (𝜎) and the shear stress (𝜏) are related as 𝜏 = 𝜎/𝑀, where M is 

the Taylor factor and taken to be 4 for Zircaloy-4 [90]. From this plot, the values of K and 

r were found to be 15 and 0.9 respectively showing a good agreement with the empirical 

relation that has been found to be applicable for the dislocation climb mechanism. Moreover, 

the results show that the dependency of the sub-grain size on the normalized stress still holds 

regardless of the different test temperatures.  
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Table 3.3. Sub-grain sizes measured from the specimens deformed in regime II.  

Stress 

(σ), MPa 

Shear stress 

(τ), MPa 

Test 

temperature, °C 

τ/G Sub-grain 

Size (δ), µm 

10-3δ/b 

46.1 

54.8 

78.5 

11.5 

13.7 

19.6 

550 

600 

500 

5.25 X 10-4 

6.70 X 10-4 

8.39 X 10-4 

4.1 ± 1.2 

3.3 ± 1.2 

2.7 ± 1.0 

12.7 ± 3.7 

10.2 ± 3.7 

8.4 ± 3.1 

 

 

 

Figure 3.17. Normalized sub-grain size versus normalized shear stress 

 

3.4.3.3 The Weertman model 

The sub-grain boundaries comprised of dislocations observed in the TEM analyses of 

the crept specimens in regime II are congruous with the assumptions of the dislocation climb 

model derived by Weertman [88]. According to this model, the dislocations generated at 
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various dislocation sources under the application of stress glide on their slip plane until they 

are blocked by the dislocations from other sources, thus forming dislocation dipoles. The 

dipoles are further annihilated by the dislocations climbing toward each other through diffusion 

of vacancies which ultimately create sub-boundaries within grains. The glide and climb of 

dislocations are sequential processes and hence the slower process, which is the later one 

namely climb, controls the rate of deformation. However, the macroscopic strain itself is 

primarily the resultant of the dislocation glide. Weertman derived the following equation for 

predicting the creep rate in materials involving dislocation climb [88], 

휀̇ = 𝛼 (
𝐷𝑙

𝑏3.5𝑀0.5) (
𝜎

𝐺
)

4.5

(
𝐺Ω

𝑘𝑇
)        (3.9) 

where M is the number of active dislocation sources in a unit volume, G is the shear modulus, 

Ω is the atomic volume, 𝛼 is a constant whose values are in the range 0.015 < 𝛼 <0.33, 𝐷𝑙 =

𝐷0 exp (−
𝑄𝑙

𝑅𝑇
)  and the rest are as described before. In order to derive the stress exponent of 

4.5 in the equation, which has been observed in the ‘Class M’ materials whose deformation is 

controlled by dislocation climb, Weertman imposed an adhoc assumption of a constant 

dislocation source density (M) being operative independent of the applied stress. Disregarding 

such assumption would give a stress exponent of 3. Weertman defended this assumption by 

arguing that the number of active dislocation sources would be reduced continuously during 

the course of deformation through the inactivation of the sources belonging to smaller pile up 

of dislocations by neighboring larger pile up of dislocations [88]. As a result, the number of 

active dislocation sources would eventually become the smallest possible as that in well-
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annealed materials regardless of the deformation stress. The value of M can then be obtained 

using the following equation derived geometrically [91],  

 𝑀 = 0.27𝜌1.5          (3.10) 

where 𝜌 is the dislocation density in fully annealed material. Assigning the value of dislocation 

density determined in the unstrained Zircaloy-4 (4.3 × 1011/𝑚2) for 𝜌 in equation (3.10), the 

value of ‘M’ is calculated to be 7.6 × 1016/𝑚3, which lies within the range of  M values 

calculated by Weertman, 3.6 × 1014 − 1.8 × 1017/𝑚3. Substituting 𝑀 = 7.6 × 1016/

𝑚3, 𝛼~0.1, Ω = 0.7𝑏3 and 𝐺 = 𝐸/2.6  renders equation (3.10) in the form of, 

̇ 𝑘𝑇

𝐷𝑙𝐸𝑏
= 1.22 × 106 (

𝜎

𝐸
)

4.5

        (3.11) 

 

 

Figure 3.18. Comparison of the experimental results of regime II with the predictions by the 

Weertman model. 
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Figure 3.18 compares the normalized creep rates in regime II from the experiments with the 

ones predicted by equation (3.11) based upon the Weertman model. The lattice diffusivity 

coefficient (𝐷0) and the lattice diffusion activation energy (𝑄𝑙) of 5 × 10−4𝑚2/𝑠 and 

259 𝑘𝐽/𝑚𝑜𝑙 respectively were determined using radioactive tracers in Zr-1.3% Sn alloy [79].  

A good agreement between the experimental results with the model predictions further 

substantiates dislocation climb-controlled creep to be operative in regime II of Zircaloy-4.  

 

3.4.4 Rate controlling mechanisms related to screw dislocations 

In the crept specimens from regime II, screw dislocations were seen to present as 

hexagonal dislocation networks on the basal plane in the TEM micrographs of the deformed 

specimens in regime II as shown in Figure 3.19, which have been reported to be found in the 

deformed Zircaloy-4 specimens at high temperatures elsewhere [65, 87, 92]. The networks, 

which are quite analogous to the mixed dislocations networks but comprised of <a> type screw 

dislocations,  spread out inside the sub-grains and were frequently observed to be connected 

with either the sub-grain boundaries or grain boundaries. The screw dislocation networks 

presented in the deformed specimens suggest against the glide of jogged screw dislocations as 

the rate controlling mechanism in regime II, which is typically manifested by the distribution 

of jogged screw dislocations in the deformation microstructures. However, the TEM analyses 

of the specimens revealed majority of screw dislocations in networks form with only sporadic 

distribution of jogged and bowed screw dislocations. In addition to that, well–developed tilt 

boundaries and boundaries comprised of mixed dislocations have persuaded us to consider 
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dislocation-climb controlled creep in regime II. On the other hand, Moon et al [66] and Morrow 

et al [6] have attributed the creep behavior of Zircaloy-4 in the power law regime at stresses 

26.8 MPa to 196.5 MPa in the temperature range of 260 °C- 593 °C to the glide of jogged 

screw dislocations based upon the observation of jogged screw dislocations in the crept 

specimens as well as a reasonable prediction of the experimental creep rates by the modified 

jogged screw dislocation model (MJSD) [35, 66]. However, except for a few creep tests, 

majority of their tests were conducted in a lower temperature range, 260 °C to 427 °C, than 

this study. This indicates that there might exist a transition from the creep controlled by the 

glide of jogged screw dislocations to the one dominated by the climb of edge dislocations at 

the temperature range of 400 °C to 500 °C in the power law regime of Zircaloy-4. Further, it 

is worth noting that Moon et al [16] have observed edge dislocations forming straight 

boundaries as well as screw dislocation networks in a specimen deformed at 593 °C and 42 

MPa and hinted a transition towards climb-dominant creep process at higher temperatures in 

Zircaloy-4 as observed in the current study. 
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Figure 3.19. A representative TEM micrograph showing <a> type screw dislocations present 

as hexagonal dislocation network on the basal plane in the specimen crept at 78.5 MPa and 

550 °C. 

 

 Existence of such screw dislocation networks in the deformed specimens can as well 

be considered as an indication for the occurrence of dynamic recovery of screw dislocations 

through cross-slip on the basal plane in zirconium alloys.  For instance, in a recent investigation 

by the authors on the creep deformation of Zircaloy-4 at higher stresses, >2×10-3E,  and in the 

similar temperature range employed here, two prima facie observations have served as 

indications for cross-slip of screw dislocations being the rate-controlling mechanism: an 

extensive presence of the screw dislocation networks on the basal plane and the creep 

activation energy being a decreasing function of the applied stress as in the case of one wherein 

creep is controlled by a stress-assisted thermal activation such as cross-slip [36, 87]. 

Furthermore, an analysis of the creep data of Zircaloy-4 higher stresses in the light of Friedel 

cross slip model for HCP materials corroborated the dominance of cross-slip of screw 
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dislocations [38]. However, as far as the creep data in regime II of Zircaloy-4 in this study is 

concerned, screw dislocation cross-slip can be regarded as an unviable rate-controlling 

mechanism owing to the constancy of the creep activation energy in regime II with respect to 

the applied stress, albeit the deformation microstructure exhibited the presence of screw 

dislocations networks.  

These observations exemplify the conjecture by Poirier that dislocation climb of edge 

dislocations controlled by the diffusion of vacancies and cross-slip of screw dislocations 

proceed in parallel as recovery mechanisms during high temperature creep of materials [36]. 

His calculations have predicted dislocation climb and cross slip to become the rate-controlling 

steps at low and high stresses respectively at a given temperature when the activation-energy 

for self-diffusion is higher than the activation energy for cross-slip. In line with this, the 

activation energies for lattice self-diffusion (240 kJ/mol) was determined to be higher than that 

for cross-slip (220-242 kJ/mol) from our creep studies on Zircaloy-4 [87]. In accordance with 

the predictions by Poirier, the creep data of Zircaloy-4 is observed to follow a trend in which 

cross-slip controlled creep was noted in the high stress range, > 2 × 10−3𝐸, whereas 

dislocation climb was identified as the rate-controlling mechanism at the lower stresses, 5.5 ×

10−4𝐸 − 1.3 × 10−3𝐸, in the temperature range, 500 °C- 600 °C.   

 

3.5 Conclusions 

  Uniaxial creep tests were performed on Zircaloy-4 tensile specimens with an average 

grain size of 8.5 µm in the stress range, 2.56 × 10−4𝐸 − 1.29 × 10−3𝐸, where E is the elastic 
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modulus at three temperatures (500 °C, 550 °C and 600 °C) with an objective to uncover the 

rate-controlling mechanism(s). Two regimes have been identified based upon the mechanistic 

creep parameters such as stress exponent (n) and activation energy (Qc) that were evaluated 

from the steady state creep rate data: Regime I with n close to 1 and Qc=196 kJ/mol at low 

stresses transits into regime II with n=4.1 and Qc=240 kJ/mol at high stresses. The activation 

energies were determined to be independent of the applied stress within a regime. A stress 

exponent close 1 and a stress-independent creep activation energy in range of  that for self-

diffusion along the grain boundary in α-Zr (188 kJ/mol) suggests any of Coble creep or the 

Slip-band mechanism proposed by Spingarn and Nix to be the rate-controlling mechanism in 

regime I. A stress exponent of 4.1 and a stress-independent creep activation energy being close 

to the activation energy for lattice self-diffusion in Zr-1.3%Sn indicate that any of dislocation 

climb and glide of jogged screw dislocations can be the rate-controlling process in regime II. 

Furthermore, TEM analyses of the deformation microstructures and validation of the 

experimental creep rates with standard creep models were undertaken to uncover the dominant 

creep mechanisms in regime I and II.   

 Coble creep mechanism was identified to be the rate-controlling mechanism in regime 

I based on the following observations: 

(a) The deformation microstructures of the specimens deformed even up to 2% in regime 

I were noted to have dislocation densities close to that of the unstrained Zircaloy-4. The 

TEM micrographs revealed no slip-bands or sub-grains suggesting the strain 

accumulation through diffusional creep mechanisms.  
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(b) A good agreement between the experimental creep rates with the predictions by the 

Coble creep model was obtained. 

Edge dislocation climb was attested to regime II as the rate-controlling mechanism based 

on the following observations:  

(a) The TEM micrographs of the deformation microstructures in regime II exhibited sub-

grains within grains. The sub-grains were determined to be bounded by pure tilt 

boundaries and hexagonal dislocation networks comprised of mixed type dislocations 

indicating dislocation climb as the rate-controlling process. 

(b) The sub-grain sizes in regime II followed an inverse linear relationship with the applied 

stress regardless of the test temperature.    

(c) The experimental creep rates in regime II were in good agreement with the predictions 

of the Weertman dislocation climb model. 
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4 DISLOCATION CROSS-SLIP CONTROLLED CREEP IN 

ZIRCALOY-4 AT HIGH STRESSES 
 

Abstract 

Uniaxial creep tests were performed on Zircaloy-41 F

2 sheet in the temperature range of 500-600 

°C at high stresses (>10-3E), to uncover the rate-controlling mechanism.  A stress exponent of 

9.3-11 and a stress-dependent activation energy in the range of 220-242 kJ/mol were obtained 

from the steady state creep data.  TEM analyses revealed an extensive presence of hexagonal 

screw dislocation network on the basal planes indicating recovery of screw dislocations by 

cross-slip to be the dominant mechanism. The creep data was therefore analyzed in the light of 

Friedel’s cross slip model for HCP metals according to which the stress-dependency of the 

activation energy determined from the creep data was written in the form,  

𝑈 = (150 ± 4) + (
2236 ± 124

𝜏
) 𝑘𝐽/𝑚𝑜𝑙 

The constriction energy of screw dislocations of 150 kJ/mol is in agreement with the values 

reported in the literature for zirconium and other HCP metals. Further analysis of the yield 

strength and the activation volume data obtained from stress relaxation tests in the temperature 

range 500-600 °C favors cross-slip of screw dislocations as the rate controlling mechanism 

over the test conditions.   

 

                                                 

This chapter is published in Materials Science and Engineering A journal. 
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4.1 Introduction 

Zirconium and its alloys have a rich history of serving light water reactors as fuel 

claddings for several decades owing to their attractive properties, such as low absorption 

cross section for thermal neutrons, good aqueous corrosion resistance and sufficient 

strength at high temperature. The reactor components and, more importantly, fuel 

claddings are subjected to high temperatures and stresses during the reactor service as 

well as the spent fuel storage, and consequently undergo creep deformation which can even 

culminate in fracture. Moreover, thermal creep becomes more pronounced during untoward 

incidents such as LOCA (Loss-Of-Coolant Accident), which could raise the temperature and 

stress experienced by the cladding tubes to an abnormal scale.  Creep of zirconium alloys 

therefore is regarded as a primary performance degrading mechanism that can deter the 

structural integrity of reactors and also limit the operational temperatures of  reactors resulting 

in a less efficient process [57]. Consequently, understanding of the various creep mechanisms 

along with the constitutive equations to define the creep rates under various stress and 

temperature conditions becomes essential not only for predicting the life of the zirconium 

claddings but also for developing more creep-resistant microstructures [58, 59].  

 

4.2 Creep of zirconium alloys at high stresses  

In spite of extensive investigations conducted on the creep deformation of α-

zirconium and its alloys [26, 50-52, 63, 76, 93], a few studies investigated the rate 

controlling mechanisms at high stresses, i.e. σ>10-3E. For instance, Gilbert et al [52] 
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investigated the creep-controlling mechanisms in α-zirconium at temperature and 

stress ranges of 500-700 °C and 6-100 MPa respectively. At high stresses, non-

conservative motion of jogged screw dislocations was interpreted as the dominant 

mechanism from a stress exponent of 6.3 and a stress-independent activation energy 

of 276 kJ/mol, which is comparable to the value for the lattice self-diffusion. 

-zirconium at a similar stress and temperature range, 

i.e. 5-110 MPa and 400-750 °C respectively, by Pahutova and Čadek [62] 

demonstrated dislocation glide as the rate-controlling mechanism by incorporating 

an effective stress, which was derived by subtracting the internal stress due to 

dislocations from the applied stress, in calculating the creep parameters. In the 

analysis, a stress exponent of 6.3 determined using the applied stress was reduced to 

a value of 2-4 when the effective stress was considered in evaluating the stress 

dependence, and an activation energy value of 272 kJ/mol was obtained, which was 

similar to the value reported by Gilbert et al [52]. Murty et al [75] followed by 

Matsuo et al [74] determined that the creep rate of Zircaloy-4 could be fit with a 

power law function of sinh(σ/E) in the range of 49 MPa to 344 MPa at the 

temperatures around 400 °C with an activation energy of 260 kJ/mol and suggested 

a self-diffusion controlled mechanism responsible for creep deformation. Notably, 

these studies lacked any examination of the deformation microstructures to 

corroborate the creep data analysis.  

 Recently, Morrow et al [35, 66] and Moon et al [15] conducted creep tests on 

Zircaloy-4 over a range of temperature and stress conditions, 260-593 °C and 26-196 
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MPa respectively, and applied the modified Jogged-Screw model (MJSD) to 

correctly predict the experimental creep-rates. The deformation microstructure of the 

specimens revealed a distribution of jog-heights characteristic of the creep process 

controlled by the glide of jogged-screw dislocations. Morrow et al [35] argued that 

the MJSD model could predict the experimental creep rates not only in the power 

law regime but also in the power-law break-down region of Zircaloy-4. Interestingly, 

the microstructural examination of the specimens deformed at high temperatures 

above 400 °C exhibited presence dislocation network, which was tentatively 

correlated with a mechanistic transition towards one possibly involving the edge 

dislocation climb controlled creep process.  

Present study was undertaken to determine the creep controlling 

mechanism(s) in Zircaloy-4 in the high stress regime (70-170 MPa) at a temperature 

range of 500-600 °C using uniaxial tensile creep tests. The necessity of this study 

arose from the lack of understanding of the active mechanisms in Zircaloy-4 in this 

test regime. In addition to the creep tests, uniaxial tensile tests and stress relaxation 

tests were carried out for measuring activation volume of the active deformation 

mechanism(s). In addition to the creep parametric analysis, transmission electron 

microscopy (TEM) was employed to examine the deformation microstructures of the 

crept specimens. Our analysis, for the first time, demonstrates that cross-slip of screw 

dislocations, which is a non-diffusional process, acts as the rate-controlling 

mechanism of the creep of Zircaloy-4 over the range of temperatures and stresses 

considered. 
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4.3 Materials and Experiments 

4.3.1 Materials 

The trace metal composition in the Zircaloy-4 sheet tested in this study was determined 

using a Perkin Elmer ICP-optical emission spectrometer, and the amount of oxygen present in 

the alloy was quantified through an inert gas fusion technique; the results are given in Table 

4.1. Uniaxial tensile specimens were machined out of the Zircaloy-4 sheet by keeping the 

tensile stress axis of the specimens parallel to the rolling direction of the sheet. The dimensions 

of the gauge sections of creep and quasi-static tensile test specimens respectively are 25.4 x 

6.2 x 1.8 mm and 21.2 x 4 x 1.8 mm. The specimens were annealed at 700°C for four hours 

inside a furnace with controlled argon atmosphere. An annealed sample was polished using 

sandpapers and etched in a solution consisting of 45ml of nitric acid, 45ml of water and 10ml 

of hydrofluoric acid. The optical micrographs recorded using a polarized microscope revealed 

equiaxed grains suggesting fully recrystallized microstructure as shown in Figure 4.1. The 

average grain size calculated from measurements of about 375 grains using the line intercept 

method is 8.5 µm with a standard deviation of 4.4 µm. 

 

Table 4.1.Chemical composition of Zircaloy-4 tested in this study 

Element  Amount 

Tin  

Iron 

Chromium  

Oxygen 

1.62% 

0.23% 

0.11% 

1158ppm 
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Figure 4.1. Optical micrographs of the annealed Zircaloy-4 sheet 

 

4.3.2 Uniaxial tensile creep test 

Uniaxial creep tests were performed on a constant load lever arm creep tester by 

applying a range of stresses from 70 MPa to 170 MPa at three different temperatures: 500 °C, 

550 °C and 600 °C. The creep stresses reported here are the average true stresses that were 

applied on the specimens during the steady state creep regions. A three-zone furnace that could 

maintain the set temperatures within ±1°C was utilized for achieving the test temperatures. A 

K-type thermocouple was attached to the specimen gauge length to measure and monitor the 

temperature. A Linear Variable Capacitor (LVC), which can measure the displacement with 

an accuracy of 2 µm, in attachment with a high temperature extensometer was utilized to 

measure the extension of specimens during creep tests.  The creep tests, once the steady state 

creep rate was achieved, were stopped by rapidly cooling the specimens using a fan down to 
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the room temperature under loaded condition in order to preserve the deformation 

microstructures. 

4.3.3 Stress relaxation test 

The activation volume of the dominant deformation process occurring at various 

flow stresses in the temperature range of 500 – 600 °C was estimated from the stress 

relaxation experiments, which were conducted using an Instron universal tester. A three-

zone furnace similar to the one used for the creep tests was employed for heating the 

specimen. A K-type thermocouple was attached to the specimen for accurate test 

temperature measurement. The stress relaxation experiment consisted of deforming the 

specimen plastically at a nominal strain rate of 10-3s-1, arresting the crosshead movement 

at a flow stress and recording the stress drop over about 300s. After 300s of stress 

relaxation, the specimen was again deformed to a higher flow stress and allowed to relax 

as shown in Figure 4.2a. The activation volume as a function of flow stress was 

calculated by fitting the plots of stress drop (∆𝜎) versus time (t) as shown in Figure 4.2b 

[94, 95], 

−∆𝜎 =
𝑀𝑘𝑇

𝑉∗ ln (1 +
𝑡0

𝑡
),        (4.1) 

where M is the Taylor factor which relates the normal stress (𝜎) to the shear stress (𝜏) 

as 𝜏 = 𝜎/𝑀 and M is taken to be 4 for Zircaloy-4 [90]; it is interesting to note that M 

for many materials is usually considered to be 2 and this higher value seems to stem 

from the commonly observed crystallographic textures of Zircaloys [39]. In equation 

(4.1), V* is the apparent activation volume for the thermally activated process and to 
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is the time constant. The true activation volume (V), as derived by Vagarali et al [96], 

can be estimated from the apparent activation volume as follows, 

𝑉 = 𝑉∗ −
2𝑘𝑇

𝜏
 .         (4.2) 

The variance in the yield strength of Zircloy-4 with temperature in the range of 500 °C – 600 

°C was obtained from the initial loading in the stress relaxation tests.  

 

  

   (a)      (b)  

Figure 4.2. (a) True stress versus time plot for the stress relaxation experiment conducted at 

600°C (b) Change in true stress versus time for various initial stresses.  

 

4.3.4 Transmission electron microscopy 

The microstructures of the specimens before as well as after creep tests were examined 

using transmission electron microscopy (TEM) to analyze the morphology of dislocations, 

which is indicative of the rate-controlling mechanisms under the testing conditions. For 
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synthesizing TEM thin specimens, the sheets with a thickness of about 1 mm were initially 

dissolved in the etching solution to bring down the thickness to about 200 µm. Following that, 

the sheets were slowly polished using 800 grit sand papers till a thickness of ~100 μm is 

reached. The preceding procedure avoids any artificial dislocations generated in the disc from 

coarse polishing.  Discs with 3 mm diameter were then cut using a mechanical punch and were 

subjected to twin-jet electro-polishing to produce the final specimens at -60 °C by applying a 

voltage of 25 V using the following electrolytic solution: 30 ml sulfuric acid and 1 ml 

hydrofluoric acid  in 470 ml methanol [66]. A 200 KeV JEOL 2000FX TEM equipped with a 

double tilt-holder was utilized for imaging. 

 

4.4 Results and Discussion 

4.4.1 Uniaxial creep test results  
 

A representative creep curve and its derivative of Zircaloy-4 tested under various 

temperature and stress conditions used in this study are shown in Fig 3. Following an 

instantaneous strain in response to the initial application of the load during the creep tests, the 

primary creep proceeded with a decrease in creep rate with time or strain indicating that work 

hardening due to dislocation interactions dominates any recovery processes that are taking 

place in this regime. Subsequently, the creep tests reached the steady state creep regime with 

the well-known signature of exhibiting a constant creep rate. This regime corresponds to the 

deformation process in which the rate of recovery equals the work hardening rate. The test 
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matrix consisting of the stress and temperature conditions employed in this study and the 

corresponding steady state creep rates are given in Table 4.2.  

 

Table 4.2. Stress and steady state creep rates at the three different temperatures.   

500 °C 550 °C 600 °C 

Stress,  
MPa 

Steady state 
creep rate, s-1 

Stress,  
MPa 

Steady state 
creep rate, s-1 

Stress,  
MPa 

Steady state 
creep rate, s-1 

94 
99 
109 
129 
137 
156 
170 
 

2.2 x 10-6 
2.1 x 10-6 
6.7 x 10-6 
3.3 x 10-5 
8.9 x 10-5 
4.0 x 10-4 
1.2 x 10-3 
 

79.5 
79 
80.5 
80.5 
89.5 
100 
117 
139 

6.5 x 10-6 
6.3 x 10-6 
1.1 x 10-5 
1.0 x 10-5 
1.9 x 10-5 
6.2 x 10-5 
2.5 x 10-4 
1.5 x 10-3 

70 
70 
76 
84 
97.5 
113.5 
 

3.0 x 10-5 
2.2 x 10-5 
4.8 x 10-5 
1.6 x 10-4 
6.1 x 10-4 
2.2 x 10-3 
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(a)   

(b)  

Figure 4.3. (a) Representative creep curve of Zircaloy-4 and (b) The derivative plot of (a) 

showing the steady state creep rate.   

  

 The steady state creep rate data were subsequently analyzed to evaluate the stress 

exponent, n, and the activation energy, Qc, which are parameters indicative of the rate-

controlling mechanisms.  A general creep equation relating the steady state creep rate, 휀�̇�,  with 

the applied stress, σ, and the temperature, T, through the stress exponent and the activation 

energy respectively, can be stated as,  
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휀̇𝑠 =
𝐴𝐸𝑏

𝑘𝑇
 (

𝜎

𝐸
)

𝑛

𝑒−
𝑄𝑐
𝑘𝑇 ,                       (4.3) 

𝐸 = 98.82 − 0.076(𝑇 − 273) 𝐺𝑃𝑎 .      (4.4) 

In equation (4.3), A is a constant, E is the temperature-dependent elastic modulus of Zircaloy-

4, b is the Burgers vector and k is the Boltzmann’s constant.  The stress exponent was obtained 

from the slope of the log-log plot between the creep rate, 휀�̇�, and the modulus-compensated 

stress, 𝜎 𝐸⁄ , at a constant temperature, as shown in Fig 4. The stress exponent decreased from 

a value of ~11 at 500°C to ~9.3 at higher temperatures of 550°C and 600°C.  It was generally 

observed that the stress exponent for Zircaloy-4 was in the range of to 4.5 to 6.4 during the 

power law creep regime [75, 76].  A high stress exponent in this study indicates that the creep 

data might correspond to the power law break down regime.   

 

 

Figure 4.4. Steady state creep rate versus modulus compensated stress. 
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Figure 4.5. Arrhenius plots to determine the activation energy at various applied stresses. 

 

 

Figure 4.6. Activation energy for creep as a function of the applied stress. 

 

 At a constant modulus-compensated stress, the general creep equation (4.3) can 

simply be written as, 
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휀̇𝑠 = 𝐴0𝑒−
𝑄𝑐
𝑘𝑇 ,         (4.5) 

where A0 is a function of the applied stress. The activation energy was then calculated 

from the slope of a semi-logarithmic plot of the steady state creep rate versus the 

inverse of temperature as shown in Figure 4.5 and plotted as a function of the modulus-

compensated stress in Figure 4.6. The errors in the activation energy values were 

estimated from the standard errors in the slope parameter of the linear fits in Figure 

4.5.The activation energy for the creep (QC) deformation was found to be slightly 

decreasing as the applied stress increases: 242±16 kJ/mol at a stress of 1.57x10 -3E to 

220±5 kJ/mol at a stress of 2.1x10-3E. The activation energy for the lattice self-

diffusion (QSD) of Zr in Zr-1.3%Sn alloy was estimated to be 260 kJ/mol [79]. While 

QC at lower stresses is comparable to QSD, it, however, deviates from QSD to a lower 

value at higher stresses exhibiting a stress-dependent activation energy. Therefore, the 

rate controlling mechanism under the test conditions should account for this stress-

dependence of the activation energy obtained from the experimental data. However, it 

is established that the activation energy for the lattice diffusion-controlled recovery 

processes such as dislocation climb or glide of jogged screw dislocations is 

independent of the applied stress [8, 17, 31]. In view of this, considering these 

processes as the rate controlling mechanisms under the present test conditions for 

Zircaloy-4 becomes unviable. On the other hand, Raj et al [97] showed that a 

mechanistic transition from the high temperature climb to the low temperature climb 

could lead to a regime in which the activation energy would linearly decrease with the 

applied stress. However, such a regime would possess a stress exponent of around 7, 
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which is clearly not the case in our data. Some thermally activated mechanisms such 

as recovery by cross slip of screw dislocations [36, 38] or glide controlled creep [8, 

98], in which the dislocations overcome the obstacles by stress assistance exhibit a 

stress dependent activation energy and can be the rate controlling process for Zircaloy-

4 in the testing conditions. 

 

 

Figure 4.7. TEM micrographs of Zircaloy-4 before creep depicting recrystallized grains with 

few straight dislocations. 

 

4.4.2 Microstructural observations   

TEM micrographs of the annealed Zircaloy-4 revealed fully recrystallized 

grains with a low dislocation density characteristic of an annealed microstructure as 

shown in Figure 4.7. The few dislocations were observed to be long and fairly straight 

without forming any sort of tangles or sub-boundaries.  
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Representative TEM micrographs of the specimens creep tested in the range of 

temperature and stress conditions used here are given in Figure 4.8 – 4.10. The 

microstructures consisted of dense hexagonal networks of dislocations on the basal 

planes, which were connected to the grain boundary, as shown in Figs. 9 and 10. In 

addition to that, edge dislocation sub-boundaries, though not fully developed, were 

observed sporadically. The dislocation network became invisible while imaging in a 

two beam condition with the g = <0002> vector, indicating that the network consists 

of only <a> type dislocations according to the g.b=0 invisibility criterion. Therefore 

the Burgers vector of these dislocations is 
𝑎

3
< 21̅1̅0 >, where a is the lattice constant. 

Figure 4.8 shows observably an initial stage of dislocation network formation. It can 

be seen that the long dislocation segments are clearly parallel to the traces of the 𝑔 =

< 21̅1̅0 > vectors on the basal plane revealing that the dislocations are pure screw 

dislocations predominantly lying on the prism planes, {011̅0}. Our analysis is in line 

with the general observation that < 21̅1̅0 > {011̅0} is the dominant slip system in 

Zircaloy-4 owing to its low c/a ratio [39, 61].  

 

4.4.2.1 Formation of dislocation network  

Our TEM analysis indicates that the formation of dense screw dislocation 

network is the result of the dislocations interacting on the basal planes and, followed 

by the occurrence of a dynamic recovery process of the screw dislocations, possibly 

through cross slip. As can be seen in Figure 4.8, dislocations with two different <a> 
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Burgers vectors, which are noted as A and B, lying on two prism planes intersect each 

other on the basal plane and produce a third type of dislocations with a different <a> 

type Burgers vector on the third prism plane, which is noted as C. Such a dislocation 

reaction is energetically favorable according to the well-known Frank’s rule since the 

total line energy (proportional to b2) can be proportionally reduced from 2𝑎2 to 𝑎2 by 

the reaction, 

𝑎

3
< 21̅1̅0 > +

𝑎

3
< 1̅21̅0 > =  

𝑎

3
< 112̅0 >      (4.6) 

This reaction could occur from the dislocations gliding on several parallel slip planes 

leading to the formation of a two dimensional dislocation network. A schematic of the 

process is shown in Figure 4.11. Such screw dislocation networks can be characterized 

as pure twist boundaries. 

 

 

 

 



 

113 

    

  (a) (b) 

Figure 4.8. TEM images of the specimen crept at 550 °C and 79 MPa. (a) [0001] Zone axis 

pattern showing the crystal orientation of the grain; the dashed lines point out the directions of 

the 𝑔 =< 21̅1̅0 > vectors. (b) A bright field image showing two families of screw dislocations, 

noted as A and B, interacting and producing a third family of screw dislocations, noted as C, 

developing a dislocation network; the dashed lines indicate the traces of {101̅0} planes. The 

dashed arrows point at the dislocations with a curvature on the basal plane suggesting their slip 

on the plane. 

 

 

The dislocation reactions and the subsequent formation of dislocation networks 

can act as obstacles for the gliding dislocations on the prism planes. Further glide of 

the dislocations could only be possible when the dislocations involved in the formation 

of the network move out of their original slip plane assisted by a recovery process. 

Since the dislocations possess predominantly the screw character, they necessitate 

cross-slipping along the basal plane to recover and can get annihilated by combining 

with dislocations with opposite Burgers vectors. The screw dislocations forming the 
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network are observed to form curvatures on the basal plane in Figure 4.8 and 4.9, 

indicating that the dislocations are cross-slipping on the basal planes.  

 

 

Figure 4.9. A bright field TEM image of the specimen crept at 550 °C and 79 MPa depicting a 

dense screw dislocation network formed on the basal planes. The network is connected to the 

grain boundary on the left.  
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Figure 4.10. Bright field TEM images of the specimen crept at 550 °C and 117 MPa showing 

a dense screw dislocation network formed on the basal planes. The inset shows the [0001] zone 

axis pattern indicating the orientation of the grain. In image on the right, note that one set of 

dislocations becomes invisible because they satisfy the invisibility criterion.  

 

 

Ecob et al [30] and Armas et al [65, 92] observed similar dislocation networks 

in Zircaloy-4 deformed at high temperatures (700-800 °C). Further, Ecob et al [65] 

argued that the dislocations in the network possibly moved out of the slip planes by 

diffusion assisted climb of the edge character originated from the curvature of the 

screw dislocations. However, it is more plausible that the screw dislocations change 

their glide planes via the cross slip process as noted in several investigations on 

different materials [36]. Moreover, the absence of well-developed sub-grains formed 

by the edge dislocations and the stress-dependent activation energy suggest against the 

dislocation climb as the rate-controlling process in the range of stresses and 

temperatures investigated in this study. The possibility of the glide of jogged screw 
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dislocations being the rate-controlling mechanism is not considered owing to a non-

significant presence of jogged screw dislocations in the microstructure as well as the 

stress dependent activation energy. At high temperatures, the easy flow of vacancies 

could facilitate the glide of the jogged portion of the screw dislocations making it an 

insignificant process, which is also substantiated by the TEM observations of screw 

dislocations forming networks. Moon et al [66] reported a similar observation in the 

crept Zircaloy-4 specimens at the temperatures above 500°C. 

An extensive occurrence of screw dislocation network on the basal planes and 

the stress-dependent activation energy, which is suggestive of a thermally assisted 

mechanism to be controlling the creep deformation, lead us to consider the cross slip 

as a rate controlling mechanism.  
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Figure 4.11. A Schematic representation of the sequence of the screw dislocation network 

formation on the basal planes: (a) & (b) Interaction of two screw dislocations, AA’ and BB’, 

gliding on their respective prism planes produces a third screw dislocation, CC’; (c) BC and 

BC’ screw dislocations cross slip on the basal plane; (d-f) More interactions between 

dislocations and cross-slip leading to the formation of hexagonal dislocation network.  
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Figure 4.12. Cross slip of a screw dislocation according to Friedel’s model: (a) screw 

dislocation partials with a spacing of d on the glide plane; (b) constriction of the partials at 

points A and B and recombination of the partials between A and B; (c) and (d) the recombined 

part of the dislocation expands on the cross slip plane by the applied stress [20]. 

 

4.4.3 Cross slip as the rate controlling mechanism  
 

Cross slip has been proposed as the rate controlling mechanism in several FCC [99, 

100] and HCP metals such as Magnesium and Zinc [96, 101]. Very few studies, 

however, treated the cross slip of screw dislocations as a viable mechanism for 

deformation in zirconium in high temperature quasi-static tensile testing [102, 103]. 

The models for cross slip mechanism were developed by Friedel [38] and Poirier [36]. 

Friedel considered a case of a screw dislocation cross-slipping from the basal plane to 

the prismatic plane in HCP materials. He argued that the partials of the screw 

dislocation on the glide plane must initiate constriction at a point and recombine over 

a length of AB to be able expand onto the new plane as depicted in Figure 4.12. 
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Consequently, the activation energy for cross-slip (U), as derived by Friedel, 

encompassed the energy necessary for the constriction and the recombination of the 

partials. The activation energy for cross slip was obtained in the form of [38, 96, 101], 

𝑈 = 𝑈𝐶 + 𝑐𝑜𝑛𝑠𝑡 𝜏−1 = 𝑈𝑐 +
25/2𝑅3/2Γ1/2

3𝑏𝜏
     (4.7) 

where Uc is the energy of formation of a constriction, R is the recombination energy 

per unit length, 𝛤 is the energy of an undissociated dislocation per unit length and 𝜏 is 

the shear stress on the prism plane. 

For the cross-slip controlled deformation, the shear strain rate is given by [101],  

�̇� = 
𝜆𝐴𝑏4𝜈0𝜏2

8𝑅Γ
exp (−

𝑈𝐶

𝑘𝑇
) exp ( −

25/2𝑅3/2Γ1/2

3𝑏𝜏𝑘𝑇
)     (4.8) 

where 𝜆 is the total length of screw dislocations on the cross-slip plane per unit volume 

and 𝐴 is the average area swept out per process.  

 

 

Figure 4.13. Activation energy for creep as a function of the inverse of the shear stress. 
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Poirier [36] derived a constitutive equation for the cross-slip controlled deformation 

which is essentially similar to the equation by Friedel [38], 

휀̇ = 휀̇0,𝐶𝑆 (
𝜎

𝜇
)

2

𝑒𝑥𝑝 − (
𝑄𝐶𝑆(𝜎,𝛾𝐹)

𝑘𝑇
)       (4.9) 

where  휀̇0,𝐶𝑆 is a constant, 𝑄𝐶𝑆 is the activation energy for cross slip, which is a function 

of the applied stress (𝜎) and the stacking fault energy (𝛾𝐹) and 𝜇 is the shear modulus. 

Though Friedel developed the model considering screw dislocations cross slipping 

from the basal planes to the prism planes, it should be applied to the prism to basal 

cross slip in Zr as well while considering the symmetrical nature of such processes 

[102].  

According to equation (4.7), a plot between U and 1/τ would be linear with the 

intercept on the energy coordinate and the slope to be equivalent to the constriction 

energy and the second term in U consisting of the recombination energy respectively 

when the deformation was controlled by the cross slip mechanism. In Figure 4.13, the 

activation energy for Zircaloy-4 is plotted against the inverse of the shear stress. It can 

be seen that the data can well be fitted with the linear equation,  

𝑈 = (150 ± 4) + (
2236±124

𝜏
) 𝑘𝐽/𝑚𝑜𝑙       (4.10) 

Comparing it to equation (4.7), the constriction energy Uc comes out to be 150±4 

kJ/mol. The amount of energy that is required for constricting a pair of partial screw 

dislocations is primarily a function of the separation between the partials, which has 

an inverse dependence on the stacking fault energy. The constriction energy can be 
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equated to the separation between the partial dislocations using the Stroh’s equation 

[38, 104] as,  

𝑈𝐶 =  
𝜇𝑏2𝑑

30
(𝑙𝑛

𝑑

𝑏
)

1/2

         (4.11) 

where, d is the separation between the partials. Substituting 𝑈𝐶 = 150 𝑘𝐽/𝑚𝑜𝑙 

obtained from the creep data, 𝑏 = 3.23 𝑋 10−10𝑚 and 𝜇 for Zircaloy-4 at 500°C = 

23.4 GPa, the value of d is calculated to be 22.0 X 10-10 m, which is equivalent to 6.8b. 

Sastry et al [105] estimated the separation between the partial dislocations of <a> type 

screw dislocations on the prism planes using X-Ray diffraction method and obtained 

the values of 2.6b, 5.4b, 7.4b and 9.8b for zirconium with 0%, 0.7%, 3% and 5% of tin 

respectively while Zircaloy-4 tested in our study has 1.62% of tin. The results of the 

separation between partials of the screw dislocations that were estimated by Sastry et 

al [105] and that derived in this study exhibited good agreement as shown in Figure 

4.14. Moreover, the constriction energy is in agreement with the earlier estimate of 142 

kJ/mol for Zirconium single crystals through tensile tests by Akhtar [102] and it is also 

comparable to the values of 134 kJ/mol, 147 kJ/mol reported for magnesium by 

Vagarali et al [96] and Flynn et al [101], respectively, and of 159 kJ/mol obtained for 

zinc by Gilman et al [106].  
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Figure 4.14. Separation between the partial dislocations as a function of the percentage of Sn 

in Zr. 

 

4.4.4 Activation volume of deformation 
 

Figure 4.15 depicts the true activation volume derived from the stress relaxation tests 

as a function of the flow stress in the temperature range of 500-600 °C. The true 

activation volume, which spreads in the range of 70b3-190b3, shows an inverse 

dependency on the stress and it, however, remains quite independent of the test 

temperature. The trend of change in the activation volume values with the stress and 

the temperature for Zircaloy-4 is consistent with that reported for many materials 

[107]. The decrease in the activation volume with stress suggests that a stress-assisted 

thermally activated mechanism like cross slip is the dominant deformation process at 
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the test conditions. The true activation volume values in the range of 70b3-190b3 are in 

fairly good agreement with a cross-slip process [94, 100].  

 

Figure 4.15. True activation volume versus stress at various temperatures. 

 

 

Figure 4.16. (a) Loading portion the stress-strain curves from the relaxation tests (b) 1/𝜏𝑇 

versus 1/𝑇 plot, 𝜏 is the shear stress at the 0.2% yield point.  
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4.4.5 Temperature dependence of the yield strength 
 

Rearranging the rate equation (4.8) for the cross slip mechanism gives,  

1

𝜏𝑇
=

3𝑏𝑘

25/2𝑅3/2Γ1/2 𝑙𝑛
𝜆𝐴𝑏4𝜈0

8𝑅Γ�̇�
+

3𝑏𝑘 𝑙𝑛𝜏

25/2𝑅3/2Γ1/2 −
3𝑏𝑈𝐶

25/2𝑅3/2Γ1/2T
    (4.12) 

At a constant-rate deformation, the first term on the right hand side of the equation 

becomes constant and the second term only varies modestly with respect to the applied 

stress. Therefore, 1/𝜏𝑇 should decrease almost linearly with 1/𝑇. The 0.2% yield 

strength obtained from the tensile tests in the temperature range 500-600 °C, as shown 

in Figure 4.16, are plotted as 1/𝜏𝑇 versus 1/𝑇 and it shows a linearly decreasing trend, 

which is in consensus with the prediction of the cross-slip rate equation. We note from 

the slope that,  

3𝑏𝑈𝐶

25/2𝑅3/2Γ1/2 = (6.8 ± 0.6) 𝑋10−2 𝑀𝑃𝑎−1      (4.13) 

or 

𝑈𝐶

𝑅3/2Γ1/2 = 397 ± 35 𝑚/𝑁        (4.14) 

The error in this value was obtained from the standard error in the slope parameter of 

the linear fit in Figure 4.16b.  

On the other hand, the effect of change in strain rate on the stress for the 

mechanism of cross slip can be computed by differentiating the rate equation [101], 

𝛽 =
𝜕𝑙𝑛�̇�

𝜕𝜏
=

2

𝜏
+

25/2𝑅3/2Γ1/2

3𝑏𝑘𝑇𝜏2          (4.15) 

Or  

𝑅3/2Γ1/2 =
3𝑏𝑘𝑇𝜏2𝛽

25/2
−

3𝑏𝑘𝑇𝜏

23/2
        (4.16) 
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The value of 𝛽 can then be calculated from the activation volume data at various 

stresses as,  

𝛽 =  
𝜕𝑙𝑛�̇�

𝜕𝜏
=

𝑉∗

𝑘𝑇
         (4.17) 

Substituting the values of β and 𝜏 at the yield strength obtained from the stress 

relaxation tests respectively at various temperatures in equation (4.16) gives an average 

value of,  

𝑅3/2Γ1/2 = (4.6 ± 0.3) 𝑋 10−22 𝐽2/𝑚2  

 

Table 4.3. Parameters used in the calculation of 𝑹
𝟑

𝟐𝜞
𝟏

𝟐 . Note that the errors in the activation 

volume values are the 95% prediction intervals of the power law fit in the plot between the 

apparent activation volume and the stress. 

𝑇, ℃ 𝜎0.2%, 𝑀𝑃𝑎 𝜏0.2%, 𝑀𝑃𝑎 𝑉∗, 𝑏3 
𝑅

3
2Γ

1
2 𝑋10−22, 𝐽2𝑚−2 

500 

550 

600 

106.4 

91.3 

78.0 

26.6 

22.8 

19.5 

150 ± 18 

179 ± 18 

226 ± 21 

5.2 ± 0.7 

4.5 ± 0.5 

4.2 ± 0.5  

 

 

The parameters used in computing the value of 𝑅3/2Γ1/2 are given in Table 4.3. 

Applying this value in equation (4.14), the constriction energy is calculated to be 

110±10 kJ/mol while the constriction energy is calculated to be 150±4 kJ/mol from the 
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creep data. Further, substituting the value of 𝑅3/2Γ1/2 and τ value at the yield stress at 

500 °C in the second term in the activation energy (U) equation (4.7) yields, 

25/2𝑅3/2Γ1/2

3𝑏𝜏
= (1.17 ± 0.08) 𝑋 10−25 𝑀𝑃𝑎 𝑚3 = 71 ± 5 𝑘𝐽/ 𝑚𝑜𝑙 

Similarly, from the creep data, the value of the second term in U at the yield stress at 

500 °C is estimated to be 84±5 kJ/mol from equation 4.11. Both the constriction energy 

value and the second term in U consisting of the recombination energy calculated from 

the tensile and relaxation tests are comparable with the values obtained from the creep 

tests.  

A reasonable compliance of the creep and tensile data of Zircaloy-4 at high 

stresses with Friedel’s cross-slip model for HCP materials suggests that the cross-slip 

of screw dislocations, as a recovery process, controls the creep rate of Zircaloy-4 and, 

possibly, of other zirconium alloys. This observation is also substantiated by our TEM 

analysis, which revealed an extensive prism slip with cross-slip on basal planes by 

screw dislocations forming networks. Poirier [36] postulated that climb of edge 

dislocations and cross slip of screw dislocations, should be occurring as the recovery 

mechanisms in parallel to produce the strain in materials. He further argued that cross-

slip becomes dominant especially at high stresses at a given temperature in materials 

for which the activation energy for the cross-slip is less than that of the self diffusion. 

The creep data of Zircaloy-4 seem to follow a similar trend with cross-slip dominating 

at high stresses and diffusion controlled mechanisms such as dislocation climb or non-
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conservative glide of jogs on screw dislocations dominating at the intermediate stress 

levels as reported in several investigations [66, 76].  

 

4.5 Conclusions 
 

The creep behavior of Zircaloy-4 over a range of temperature and stress 

conditions, 500-600 °C and 70-170 MPa respectively was studied using uniaxial tensile 

testing. A stress exponent in the range of 9.3-11 and a stress-dependent activation 

energy in the range of 220-242 kJ/mol were obtained. TEM micrographs revealed an 

extensive presence of screw dislocation networks on the basal planes, suggesting cross 

slip of screw dislocations as a possible rate controlling mechanism. The Friedel’s cross 

slip model for HCP metals was therefore applied to analyze the creep data. Following 

observations substantiate the cross-slip of screw dislocations as the rate controlling 

mechanism in Zircaloy-4 over the test conditions, 

1. The stress-dependant activation energy obtained from the creep data can be written 

in the following form, as derived in Friedel’s model, which encompasses the 

activation energies for the constriction and the recombination of screw 

dislocations, 

𝑈 = (150 ± 4) + (
2236 ± 124

𝜏
) 𝑘𝐽/𝑚𝑜𝑙 

2. The constriction energy of 150 kJ/mol obtained from creep data is in good 

agreement with the values reported in the literature for zirconium and several HCP 

materials. 
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3. The activation volume values measured from the stress relaxation experiments in 

the temperature and stress ranges similar to the creep test conditions are 70b3-

190b3, which are in consensus with a cross slip process.  

4. The yield strength of Zircaloy-4 in the temperature range of 500-600 °C 

determined from the tensile tests were found to be in line with the constitutive 

equation given by the Friedel model namely 1/τT linearly decreasing with 1/T.  

5. The activation energy values for the constriction and the recombination of the 

screw dislocations were calculated from the tensile and the activation volume data 

from relaxation tests; they are comparable to the activation energy values obtained 

from the creep data. 
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5 COBLE, OROWAN STRENGTHENING AND DISLOCATION 

CLIMB MECHANISMS IN A NIOBIUM-MODIFIED ZIRCALOY 

CLADDING 
 

Abstract 

Biaxial creep tests on HANA-4 tubes, Nb-added Zircaloy-4 were conducted using internal 

pressurization of closed-end tubes to investigate the rate-controlling mechanisms over a range 

of hoop stresses, 8.38 × 10−5𝐸 − 2.87 × 10−3𝐸, at three different temperatures: 400 °C, 450 

°C and 500 °C. The mechanistic creep parameters such as stress exponent (n) and activation 

energy (QC) were then determined from steady state creep rates. Based on the variance in stress 

exponent with respect to the applied stress, three regimes have been identified: a stress 

exponent close to 1 at low stresses that increased to 3 at the intermediate stresses, which 

became 4.5 at high stresses. An activation energy value of 226 kJ/mol was evaluated for the 

n=3 and n=4.5 regimes, which lies close to the activation energy for self-diffusion (QL) in α-

Zr alloys. Further, TEM analyses of crept microstructures and comparison of experiments 

results with standard models were undertaken to find out the rate-controlling mechanisms. 

Coble creep, climbing of dislocations to bypass the β-Nb precipitates and dynamic recovery 

by edge dislocation climb are proposed as the rate controlling mechanisms in the n=1, n=3 and 

n=4.5 regimes of HANA-4 respectively.   
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5.1  Introduction 

Zirconium alloys have found extensive applications in nuclear reactors as fuel rods and 

structural materials for several decades owing to their attractive properties such as sufficient 

mechanical strength at high temperatures, good corrosion resistance and, more importantly, 

low absorption cross section for thermal neutrons.  In particular, Zircaloy-2 and Zircaloy-4 

with major alloying elements of Sn, Fe and Cr have been serving boiling water reactors (BWR) 

and pressurized water reactors (PWR) respectively for several decades [39]. However, with 

the advent of using these cladding materials for extended burn-up as well as Generation-IV 

reactor design concepts, the materials inside the reactors are expected to function reliably at 

higher temperatures, higher neutron doses and extremely corrosive environment for far longer 

times [43]. This critically demands for improved microstructural design in reactor structural 

materials through various methods such as altering composition and processing routes to attain 

better properties. One such attempt towards realizing this goal was to add Niobium with 

Zircaloys for achieving an improved long-term corrosion resistance and mechanical properties 

without losing the neutron absorption characteristics, the attributes which are generally 

ascribed to the distribution of β-Nb precipitates in the microstructure [26, 42]. For instance, 

Zr-2.5%Nb pressure tubes are currently used in pressurized heavy water reactors (PHWR). As 

well, Nb-modified Zr cladding alloys such as Zirlo and M5 have been developed in the USA 

and Europe for applications in modern PWRs [43]. Along this line, the Zircaloy fuel cladding 

team at Korea Atomic Energy Research Institute (KAERI) has recently developed several Zr-

Nb cladding alloys, known as HANA (High performance Alloy for Nuclear Applications) 
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alloys, with optimum composition and processing conditions to enhance their structural 

properties [44-47]. The out-of-pile and in-pile performance evaluations of these alloys 

demonstrated their improved corrosion resistance as well as mechanical properties than 

Ziracloy-4 probably due to the effect of finely distributed second phase precipitates in HANA 

claddings [48].    

Among several possible performance degradation phenomena occurring in nuclear fuel 

cladding materials such as creep, stress-corrosion cracking and delayed-hydrogen cracking, 

creep is regarded as the prime degradation mechanism. Further, knowledge on transitions in 

creep mechanisms becomes essential not only in predicting the life times of fuel claddings 

conservatively but also can be useful in designing microstructures with better creep resistance 

[41, 57]. To this end, several investigations were undertaken to comprehend the creep behavior 

of Zr-Nb alloys which were recently reviewed by Charit and Murty for different Zr-Nb based 

alloys with an emphasis on the transitions in creep mechanisms over a range of stress and 

temperature conditions [26, 53, 72, 108-111]. From the review, a common trend that can be 

noted in all the Zr-Nb based alloys considered vis-à-vis the change in stress exponent (n) as a 

function of the applied stress is as following: n=1 at low stresses  changes to n=3 at 

intermediate stresses, which then transits into a n=5-7 regime at high stresses. Based on the 

analyses of the stress exponent values in combination with the creep activation energies in the 

three regimes, the rate-controlling mechanisms for the creep deformation have been proposed. 

For instance, Coble creep, which is a Newtonian viscous flow mechanism, was attested to the 

n=1 regime at low stresses for Zr-Nb alloys with fine grain size, lesser than < 10 µm. In the 

intermediate regime that behaves like the natural power law creep with n=3, viscous glide 
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mechanism mediated by dragging of dislocations by niobium solutes has been suggested as the 

rate-controlling process while climb of edge dislocations at high stresses. However, TEM 

analyses of the deformation microstructures in support of the viscous dragging mechanism was 

undertaken by only a very few studies. For example, Murty et al showed dislocations uniformly 

distributed throughout  the zirconium matrix without forming into sub-boundary or networks, 

possibly indicating viscous glide mechanism to be operative in the n=3 regime [112, 113]. 

However, at the temperatures of interest, Nb exhibits distinct precipite formation with very 

little solid solubility in Zr thereby rendering doubt as to the locking of the dislocations by Nb 

solid solutes. As the applied stress becomes larger than a critical stress of about 7.5 × 10−4𝐸, 

which is sufficient to break away the dislocations bounded by the niobium solutes [25], the 

creep deformation of Zr-Nb alloys was postulated to be controlled by dislocation climb, which 

is now the slower process between glide and climb acting sequentially. In this regime, the crept 

microstructures revealing sub-grains bounded by dislocations [53] and dislocation networks 

[26] in TEM micrographs were ascribed to the occurrence of dislocation-climb controlled 

process. In addition, the activation energies determined for n=3 and n=5-7 regimes were found 

to be close to the lattice self-diffusion activation energy in α-Zr since both glide and climb are 

controlled by solute atom diffusion and self-diffusion that are noted to have similar activation 

energies. Based on these observations, it can be argued that Zr-Nb alloys behave like a class-

A alloys during creep at intermediate stresses, whereas they act as a class-M alloy at high 

stresses similar to α-zirconium and its alloys with tin as major alloying element such as 

Zircaloy-2 and Zircaloy-4 [63, 76] .  
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Though there exists a consistency in the mechanistic creep parameters like stress 

exponent and activation energy at a range of stresses in several Zr-Nb alloys, more detailed 

analyses of the deformation microstructure are warranted to unambiguously detect the rate-

controlling mechanisms. With this in mind, the creep behavior of HANA-4 (Zr-1.5%Nb alloy) 

cladding, which is a potential candidate for nuclear fuel claddings, has been investigated with 

a focus on identifying the transitions in creep mechanisms along with emphasis on deformation 

microstructures. Biaxial creep tests on HANA-4 tubes were conducted using internal 

pressurization of closed-end tubes, which simulates similar loading conditions experienced by 

fuel claddings in reactors, to gather the steady state creep data over a range of stress and 

temperature conditions. From the analysis, the creep data of HANA-4 was noted to follow a 

similar trend observed in other Zr-Nb alloys with respect to the variance of stress exponent as 

a function of stress (n=1, n=3 and n=4.5 respectively at low, intermediate and high stresses) as 

well as the activation energies being equivalent to that for the lattice self-diffusion in α-Zr in 

the n=3 and n=4.5 regimes. However, it is postulated from the analyses of the deformation 

microstructures using TEM that dislocations bypassing the β-Nb precipitates in HANA-4 

through the climb process is the rate-controlling mechanism, as against the usually-perceived 

viscous glide mechanism, in the n=3 regime. Furthermore, the recovery of dislocations by 

climb, as suggested by the pillbox model from Weertman, is proposed as the dominant 

mechanism in the n=4.5 regime [8]. The stress at the point of transition from the n=3 regime 

to the n=4.5 regime has been identified as the critical stress required by dislocations to bypass 

the precipitates in HANA-4 via the well-known Orowan mechanism [114, 115]. For the first 
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time, we show that the creep behavior of a Zr-Nb alloy is similar to that of certain precipitation-

hardened materials; but not of a class-A alloy.  

 

Table 5.1. Chemical composition of HANA-4 tested in this study 

Element  Amount  

Niobium 

Tin 

Iron 

Chromium  

Oxygen 

Silicon 

Zirconium 

1.5 % 

0.4 % 

0.2 % 

0.1 % 

1100 ppm 

100 ppm 

Rest 
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Figure 5.1. a) Inverse pole figure maps depicting the grain orientation in the annealed HANA-

4 tubing at 537 °C for 4 hours with the orientation legend placed below, b) the grain size 

distribution calculated from the inverse pole figure map revealing an average grain size of 

about 3.8 μm. 

 

 

5.2  Materials and Experiments 

 HANA 4 tubes with an outer diameter (Do) of 9.50 mm and a wall thickness (t) of 0.57 

mm were received from Korea Atomic Energy Research Institute (KAERI) in cold-worked and 

stress relieved condition. The chemical composition of the tubing is given in table 5.1. The as-

received tubes were annealed at 537 °C for 4 hours inside a vacuum furnace continuously 

purged with argon gas to reduce their oxidation. The annealing temperature was chosen so that 

the creep tests with temperature as high as 500 °C in this study could be carried out with little 

microstructural changes. With an outer diameter to wall thickness ratio of lesser than 0.1, the 
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thin-wall approximation, i.e. radial stress is negligible, can be applied to the HANA tubing. 

Biaxial creep testes were then carried out vis-à-vis closed-end internal pressurization of the 

tubes which gives rise to a stress ratio (i.e. hoop stress to axial stress) of 2:1.  The hoop ( 𝜎𝜃) 

and axial stresses ( 𝜎𝐻) were calculated using the relations, 

  𝜎𝜃 =
𝑝𝑟

𝑡
,          (5.1a) 

  𝜎𝐻 =
𝑝𝑟

2𝑡
,          (5.1b) 

where r is the mean radius and p is the argon pressure inside tube. Biaxial creep testing of 

HANA-4 tubing was carried out by applying a range of hoop stresses, 8.38 × 10-5E - 2.87× 10-

3E, at temperatures, 400 °C, 450 °C and 500 °C. The biaxial creep specimens were prepared 

by closing the ends of the tubes with Swagelok fittings except for an inlet to internally 

pressurize with argon gas. A gas pressurization system comprising of a gas booster and an air 

compressor capable of generating up to 17,000 psi of argon pressure was utilized as a source 

to supply the pressure to attain the required hoop stress. Before each creep test, it was ensured 

that the specimen could hold up the set pressure without any gas leakage. The test temperatures 

were attained by heating the specimen using a one-zone furnace that was connected to an ATS® 

temperature controller. Two K-type thermocouple wires were wound on the specimen in order 

to measure and control the temperature accurately within a range of ±3 K. The diametrical 

expansion (∆𝐷𝑜) of the tubing during creep test was in-situ measured by a non-contact Beta 

lasermike with an accuracy of as low as  2.5 µm and was continuously logged by a computer. 

The hoop strain (휀) was then measured using the relation,  

휀 =
∆𝑟

𝑟
           (5.2) 
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Since the axial strains produced in tube specimen under the biaxial loading with 2:1 stress ratio 

are negligible, only the hoop strain was measured for further analysis [71]. Once the steady 

state creep rates were achieved, the creep tests were stopped by cooling the specimen down to 

room temperature using forced air-flow under loaded condition in order to preserve the 

deformation microstructures.  

Since the tube specimens were heated in the atmospheric air without any protection for 

oxidation during the creep tests, any thickness variation originated from the oxide scale 

formation could be added up to the creep induced diametrical expansion by the lasermike 

resulting in a wrong interpretation of the data. However, it was noted from oxidation 

experiments, in which HANA 4 tubing was heated in the atmospheric air without the 

application of pressure that the thickness increment arising solely from the oxide scale 

formation is negligible for the test temperatures employed here. For instance, heating the 

HANA 4 tubing at 525 °C for 20 days increased its thickness by only about 0.4 µm owing to 

the formation of oxide scale, which is an insignificant (휀𝜃 ≅ 10−5) fraction of the diametrical 

expansion obtained from our creep tests.  

The microstructures of the specimens before and after creep were characterized using 

TEM with an objective to detect the dominant mechanism operative under the testing 

conditions. To this end, the walls of the tube specimens were sectioned using a low speed saw 

and polished using 800 fine grit sand-papers down to ~100 µm thick flat sheet for synthesizing 

TEM thin specimens. The flat sheets were then punched using a mechanical punch into 3 mm 

disks, which were further polished using a model 110 Fischione automated twin-jet polisher to 

produce the final thin specimens at -60 °C by applying a voltage of 25 V using the following 
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electrolytic solution: 30 ml sulfuric acid and 1 ml hydrofluoric acid in 470 ml methanol. A 200 

KeV JEOL 2010F TEM equipped with a double tilt-holder was employed for imaging the 

microstructures. In addition, compositional analysis of the secondary phases in this alloy was 

conducted using energy dispersive X-ray spectroscopy (EDS) mapping in a 200 KeV 

aberration-corrected FEI Titan G2 microscope with an X-FEG source and ChemiSTEM 

technology which was operated under scanning transmission electron microscope (STEM) 

mode. The EDS maps were recorded over areas of 108×101 nm in 420×392 pixels for about 

20 mins.  

 

    

0002    101̅0 

Figure 5.2. Pole figures of (0002) and (101̅0) with the thickness direction (r) at the center along 

with axial direction (z) on the top and hoop (q) at 90o along the horizontal direction of annealed 

HANA-4 tubing with the legend showing intensity distribution.  
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5.3  Results 

5.3.1  Microstructure of annealed HANA-4 

Figure 5.1a presents the inverse pole figure map of the annealed HANA 4 from which 

grain size distribution (figure 5.1b) and pole (basal and prism) figures (Figure 5.2) were 

evaluated. An average grain size of about 3.6±2.5 µm was determined by fitting the plot of 

grain size versus area fraction with a Gaussian distribution function. From the pole figures, it 

can be seen that the annealed HANA 4 possessed a texture which is comparable to the one that 

was observed in zirconium alloys [116]. The basal poles were noted to be aligned at an angle 

of about ±20-40º from the radial direction towards the hoop direction as seen in Figure 5.2. On 

the other hand, the maximum intensity of the prism poles existed at a slightly tilted angle from 

the axial direction.  

 

   

Figure 5.3. Representative TEM micrographs of annealed HANA-4 showing recrystallized 

grains with fine precipitates distributed throughout the matrix.  
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Figure 5.4. The size distribution of the precipitates in HANA-4 before creep (top) and after 

crept at 450 °C for 5 days (bottom). 

 

 

TEM micrographs of the annealed HANA-4, given in Figure 5.3, revealed 

recrystallized grains with a low density of dislocations without forming any entangles or sub-

boundaries. Additionally, second phase precipitates, most of them in rounded shape, were 

observed to be distributed throughout grain interiors as well as at grain boundaries. The size 

of the precipitates of about 500 numbers in different grains were measured from the 

micrographs using the ImageJ software. The size distribution of precipitates complied with a 

log-normal distribution with an average diameter (d) of about 63 ± 35 nm as shown in Figure 

5.4. Similarly, the precipitate size distribution in the HANA-4 tubing crept at 450 °C and 50 
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MPa for 5 days in regime II was determined from the measurements of about 500 precipitates 

(Figure 5.4), which also complied to a log-normal distribution with an average precipitate 

diameter of 57±34 nm. As seen, no statistically significant change in the precipitate size 

distribution is determined in the HANA-4 tube after a prolonged heating indicating the 

presence of stable precipitates. Further, energy dispersive X-ray spectroscopy (EDS) elemental 

maps of a precipitate surrounded by the matrix are presented in Figure 5.5. It was quite evident 

from the maps that the precipitates are composed of niobium as the major element. The 

quantitative analysis of the elements determined by the software provided the chemical 

composition of the precipitates to be Nb-82.6%, Zr-17%, Cr-0.2% and Fe-0.2%. The 

diffraction patterns obtained from the precipitates confirm that they have BCC crystal structure 

as depicted in Figure 5.6. The preceding analyses indicate that these are β-Nb (BCC) second 

phase precipitates, which are generally present in Zr-Nb alloys owing to a very low  solubility 

of Nb in Zr at room temperature according to the Zr-Nb phase diagram (Figure 5.7) [117-119]. 

As well, similar second phase precipitates were observed to be present in HANA-6 alloys (Zr-

1.1%Nb), which are processed in a similar way like that of HANA-4 [48]. 
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Figure 5.5. a) HAADF-STEM image of a precipitate surrounded by the matrix. (b)-(e) EDS 

elemental mapping of the precipitate and the matrix. 

 

 

 

 

Figure 5.6. Diffraction pattern obtained from the precipitate indexed with the reflections of 

BCC crystal structure. The zone axis of the pattern is along [102]̅. 
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Figure 5.7. (a) Zr-Nb phase diagram (b) An expanded view of the Zr-rich side in the Zr-Nb 

phase diagram [29]. 

 

 

 

 
 

Figure 5.8. a) The creep curve of HANA-4 at 100 MPa and 450 °C. b) Creep rate versus time 

plot showing the steady state creep rate. 
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5.3.2 Stress exponent and activation energy 

Figure 5.8 shows a representative creep curve of a specimen deformed at 100 MPa and 

450 °C. The creep curves in general exhibited the primary creep regime initially, wherein the 

creep rate showed a decreasing trend with time, and followed by the steady state creep regime, 

wherein the creep rate became time-invariant. The steady state creep rates and the total strain 

along with the stresses and temperatures employed in the tests are given in table 5.2. The steady 

state creep rate data were further analyzed to note the rate controlling mechanisms at the testing 

conditions. At the outset, two important creep parameters namely stress exponent (n) and 

activation energy (Qc) were obtained from the general creep equation relating the steady state 

creep rate (휀�̇�)  with the applied stress (σ) and temperature (T in K) that can be stated as,  

휀̇𝑠 =
𝐴𝐸𝑏

𝑘𝑇
 (

𝜎

𝐸
)

𝑛

𝑒−
𝑄𝑐
𝑅𝑇 ,                       (5.3a) 

𝐸 = 95.92 − 0.0629(𝑇 − 273) 𝐺𝑃𝑎 .      (5.3b) 

In equation (5.3a), A is a constant, E is the temperature-dependent elastic modulus of Zr-2.5% 

Nb [120], b is the burgers vector (3.23 × 10−10𝑚), k is the Boltzmann’s constant and R is the 

gas constant. From equation (5.3a), the stress exponent is equivalent to the slope of the log-log 

plot between the steady state creep-rate versus the modulus compensated stress at a constant 

temperature which is shown in Figure 5.9. As seen from the plot pertained to the tests at 500 

°C, n is 0.6±0.3 at low stresses which changes to 4.2±0.1 at high stresses passing through 

n=2.9±0.1 at the intermediate stress regime indicating transitions in creep mechanisms as the 

applied stress increases. These regimes will be referred to as regime I, II and III at low, 
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intermediate and high stresses respectively. A similar trend can be observed at 450 °C and 400 

°C as well except for the absence of the creep data at lower stresses.  

 
Figure 5.9. Steady state creep rate versus modulus-compensated hoop stress. 
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Figure 5.10. Arrhenius plots used for calculating the activation energy at a constant normalized 

hoop stress for regimes II and III. 

  

 At a constant modulus-compensated stress, the general creep equation (5.3a) can 

simply be written as, 

휀̇𝑠 = 𝐴0𝑒−
𝑄𝑐
𝑅𝑇 .                         (5.4) 

where A0 is a function of the applied stress. The activation energy was then calculated 

from the slope of a semi-logarithmic plot of the steady state creep rate versus the inverse 

of temperature as shown in Figure 5.10. A creep activation energy value of 226 kJ/mol 

was determined for both regimes II and III. However, the activation energy for regime I 

could not be assessed owing to the lack of creep data at lower temperatures. The 

activation energy estimated for regimes II and III is somewhat lesser than the activation 

energy for lattice self-diffusion for α-Zr determined by radioactive tracer experiments,  
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Table 5.2. Stress, steady state creep rates and total strain at the three different test temperatures.  

400 °C 450 °C 500 °C 

σθ, 

MPa 

σθ/E 휀�̇�, s-1 휀, % σθ, 

MPa 

σθ/E 휀�̇�, s-1 휀, 

% 

σθ, 

MPa 

σθ/E 휀�̇�, s-1 휀, % 

90 

106 

119 

122 

134 

137.5 

156 

177 

203 

1.27 × 10-3 

1.50 × 10-3 

1.68 × 10-3 

1.72 × 10-3 

1.89 × 10-3 

1.94 × 10-3 

2.20 × 10-3 

2.50 × 10-3 

2.87 × 10-3 

7.3 × 10-9 

1.3 × 10-8 

2.3 × 10-8 

2.1 × 10-8 

3.9 × 10-8 

3.2 × 10-8 

6.2 × 10-8 

9.3 × 10-8 

2.6 × 10-8 

0.8 

1.2 

0.6 

1.5 

0.6 

1.1 

1.7 

1.5 

2.1 

20 

25 

30 

40 

50 

50 

61 

65 

70 

99 

100 

2.96 × 10-4 

3.70 × 10-4 

4.44 × 10-4 

5.92 × 10-4 

7.39 × 10-4 

7.39 × 10-4 

9.02 × 10-4 

9.61 × 10-4 

1.04 × 10-3 

1.46 × 10-3 

1.48 × 10-3 

1.3 × 10-9 

1.0 × 10-9 

3.0 × 10-9 

5.0 × 10-9 

1.2 × 10-8 

1.3 × 10-8 

2.1 × 10-8 

3.0 × 10-8 

8.8 × 10-8 

3.1 × 10-7 

2.1 × 10-7 

0.2 

0.5 

0.2 

0.2 

0.5 

0.6 

0.5 

0.2 

1.7 

4.5 

4.4 

5.4 

8.2 

10.6 

13 

19 

30 

44 

53 

69 

90 

90 

8.38 × 10-5 

1.27 × 10-4 

1.64 × 10-4 

2.02 × 10-4 

2.95 × 10-4 

4.65 × 10-4 

6.82 × 10-4 

8.22 × 10-4 

1.07 × 10-3 

1.40 × 10-3 

1.40 × 10-3 

4.2 × 10-9 

3.4 × 10-9 

7.5 × 10-9 

7.3 × 10-9 

7.1 × 10-9 

2.9 × 10-8 

8.3 × 10-8 

1.4 × 10-7 

4.8 × 10-7 

1.4 × 10-6 

1.3 × 10-6 

0.4 

0.6 

1.1 

0.9 

0.4 

1.2 

1.2 

2.8 

4.9 

7.4 

10.8 

σθ – Hoop stress, E – Elastic Modulus, 휀�̇� − Steady state creep rate, 휀 – Total strain 
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which is 259 kJ/mol [79]. However, the value is comparable to the lattice diffusion 

activation energiesof 213 kJ/mol and 234 kJ/mol obtained from creep experiments in Zr-

1%Nb alloys by Voeikov et al [26]  and Alymov et al [111] respectively. Further the 

creep data is presented as the plot of the steady state creep rates normalized by the lattice 

diffusivity (𝐷𝑙 = 𝐷0 exp (−
𝑄𝑐

𝑅𝑇
)) versus the modulus-compensated stress in Figure 5.11. 

The diffusion coefficient, 𝐷0, and 𝑄𝑐 assumed the values of 5 × 10−4𝑚2/𝑠 and 259 kJ/mol 

respectively as determined for Zr-1.3%Sn from radioactive tracer data [79]. It can be seen in 

this figure that the steady state creep rates obtained at different test temperatures overlapped 

well showing the transitions in the value of stress exponents and possibly in creep mechanisms 

as the applied hoop stress increases; Regime I with a stress exponent close to 1 transits into 

regime II with n~3 at a stress of about 2.95 × 10−4𝐸, which further changes to regime III with 

n~4.5 at about 8.22 × 10−4𝐸. 
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Figure 5.11. Normalized steady state creep rate versus normalized hoop stress. 

 

5.3.3 Crept Microstructures 

The deformation microstructure of the specimens crept in regime II revealed 

dislocations distributed throughout the matrix with little sub-boundaries formation as seen in 

Figure 5.12a. A predominant number of dislocations were observed to be pinned at the 

precipitates with the unpinned portion of the dislocation lines advanced further with bows 

(curves) in the matrix as seen in Figure 5.12b. Further, the dislocations were imaged using 

weak-beam dark field technique in order to observe the interaction of the dislocation lines with 

the precipitates (Figure 5.13). It can be seen from the micrographs that dislocations were 

captured while bypassing the precipitates possibly assisted by dislocation climb process, which 

are marked as ‘A’. As well, dislocation lines were observed to be partially wrapping around 

the precipitates in a way they are in the process of bypassing the precipitates through Orowan 

bowing, which are marked as ‘B’. The curvature formed by the dislocations in between 
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precipitates generally indicates the direction in which the shear stress acts on the dislocation 

line.  

 

   

(a)         (b) 

Figure 5.12. TEM micrographs of the crept specimen at 50 MPa and 450 °C in regime II (n=3). 

(a) Dislocations are distributed throughout the matrix without forming sub-boundaries and 

networks. (b) A higher magnification image showing dislocations pinned by the precipitates. 

 

On the other hand, the micrographs of the crept specimen in regime III showed 

dislocations forming hexagonal networks as well as sub-grain boundaries which were distinctly 

absent in regime II as shown in Figure 5.14. Further, the dislocation density inside the sub-

grains was evidently low. These observations suggest that the dislocations could overcome the 

precipitates in regime III at a relative ease making the interruption by them probably an 

insignificant process towards the rate controlling mechanism. 
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Figure 5.13. Weak beam dark field TEM images showing dislocations climbing over 

precipitates (marked as ‘A’) and partially bowing around precipitates in a similar way of that 

in the Orowan bypass mechanism (marked as ‘B’).   

 

 

 
Figure 5.14. TEM micrographs of the crept specimen at 99 MPa and 450 °C in regime III 

(n=4.5). (a) Dislocations forming into networks inside grains (b) dislocations forming into sub-

boundaries with lesser dislocation density inside the sub-grain.  
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5.4  Discussion 

5.4.1 Rate controlling mechanism in regime I 

A stress exponent close to 1 at low stresses indicates that any of the diffusional creep 

mechanisms such as Coble creep, Nabarro- Herring (N-H) creep or Harper-Dorn (H-D) creep 

can be the dominant mechanism [5-7, 13]. But pointing out the exact rate-controlling 

mechanism necessitates the activation energy data or the knowledge of the dependency of the 

creep rate on the change in grain size (inverse grain size exponent), which are unavailable for 

regime I [121]. However, it can be suggested based on the earlier studies on zirconium alloys 

that Coble creep is more likely the rate-controlling mechanism owing to the distribution of fine 

grain size in HANA-4, which has an average of 3.6 µm. Generally, N-H creep and H-D creep 

are the dominant mechanisms in materials with intermediate and large grain sizes respectively. 

For instance, the creep data of α-Zr from Novotný et al exhibited an inverse grain size exponent 

of ~3 up to a grain size of 125 μm suggesting Coble creep to be active at 600 °C [82]. In 

specimens with larger grain size than 125 μm, the inverse grain size exponent value reduced 

to zero indicating that H-D creep is the rate-governing mechanism. Also in an unpublished 

work of the authors [122] , Coble creep was found to be operable in Zircaloy-4 with an average 

grain size of 8.5 μm at low stresses in the temperature range of 500-600 °C based on the 

observation  that the creep activation energy value (196 kJ/mol) lied closed to the grain-

boundary diffusion energy (188 kJ/mol) in α-Zr determined using radioactive tracer data [78]. 

Further, the experimental creep results in regime I are compared with the predictions by the 

Coble creep model given by the relation, 
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̇ 𝑠𝑘𝑇

𝐷𝑔𝑏𝐸𝑏
= (100 ± 50) (

𝑏

𝑑
)

3

(
𝜎

𝐸
)

1

       (5.5a) 

𝐷𝑔𝑏 = 𝐷0𝑔𝑏 exp (−
𝑄𝑔𝑏

𝑅𝑇
),        (5.5b) 

where, 𝐴𝑐 is a constant which was derived to be equal to (100 ± 50) [5, 9],  d is the average 

grain size (3.6 μm) and 𝐷𝑔𝑏 is the grain boundary diffusivity.  𝐷0𝑔𝑏and 𝑄𝑔𝑏 are the grain 

boundary diffusivity coefficient and the grain boundary diffusion activation energy, 

which have the values of 10−3𝑚2/𝑠 and 188 𝑘𝐽/𝑚𝑜𝑙 determined for α-Zr using 

radioactive tracer data [78]. Additionally, the predictions by the models for N-H creep [6] and 

H-D creep [18] were calculated using equations (5.6) and (5.7) respectively,  

̇ 𝑠𝑘𝑇

𝐷𝑙𝐸𝑏
= 12 (

𝑏

𝑑
)

2

(
𝜎

𝐸
)

1

         (5.6) 

̇ 𝑠𝑘𝑇

𝐷𝑙𝐸𝑏
= 4 × 10−11 (

𝜎

𝐸
)

1

        (5.7) 

Figure 5.15 compares the experimental creep rates in regime I with the model predictions for 

Coble, N-H and H-D creep mechanisms as a BMD plot. As seen, the predictions by the Coble 

creep model exhibit an excellent correlation with the experimental results, thus substantiating 

the dominance of the Coble creep mechanism in HANA-4 at low stresses. On the other hand, 

the creep rates predicted by the N-H and the H-D models fell about 2 and 5 orders of magnitude 

respectively below the creep rates measured in regime I. Therefore, these mechanisms are not 

considered to be rate controlling in the HANA-4 tubing.   
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Figure 5.15. Comparison of the experimental creep rates in regime I with the Coble creep 

model. 

 

5.4.2 Rate controlling mechanism in regime II 

A stress exponent of 3 with the creep activation energy equivalent to that of the lattice 

self-diffusion activation energy in regime II generally points to dislocation glide or microcreep 

as the rate controlling mechanism [23] as pointed out earlier. In fact, the creep deformation of 

several Nb added Zircaloys in n=3 regime has been ascribed to dislocation glide controlled 

mechanism arising from locking of gliding dislocations by niobium solute atoms [26], which 

was as well validated by TEM micrographs revealing uniform distribution of dislocations in 

grain interior.  Although the deformation microstructures of HANA-4 in regime II showed 

dislocations presented throughout the matrix, it is quite evident from the micrographs that those 

dislocations were pinned at the precipitates (Figure 5.12a). This indicates that dislocations 

could more likely move at ease while gliding in between two consecutive precipitates without 
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being locked by niobium solute atoms, if anything present. Moreover, very limited solubility 

of niobium in zirconium (0.3 wt% of Nb at 500 °C) possibly leaves little solute atoms available 

in the matrix for locking dislocations to reduce their glide rate. Based on these observations, 

dislocation glide resulting from solute locking as the rate controlling mechanism, which has 

been generally attested to the n=3 regime in Zr-Nb alloys, becomes questionable in regime II 

of HANA-4 alloy. It is worth pointing out here that while Sn is present as solid solution in Zr, 

Zircaloy-4 was shown not to exhibit viscous glide creep [41, 122]. On the other hand, 

dislocations bypassing the precipitates, which is the slower process, can be the rate-governing 

mechanism in regime II. 

(a)  

(b)  

Figure 5.16. Schematic diagrams depicting (a) local climb and (b) general climb of dislocation 

over cubical precipitate. [51]. 
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An activation energy equivalent to that for the lattice self-diffusion in conjunction with 

the observation of dislocations passing over the precipitates in the crept microstructure (Figure 

5.13) indicate that dislocation climb over the Nb-rich precipitates as the rate-controlling 

mechanism in regime II. Dislocation climb over obstacles as the rate controlling mechanism 

has been extensively investigated especially in precipitation hardened and dispersion 

strengthened materials [115, 123-130]. Local climb and general climb are the two mechanisms 

that have been often postulated as the modes of dislocations bypassing second phase particles 

at relatively low stresses and high temperatures, wherein diffusion occurs at a reasonably faster 

rate [19, 125]. In local climb, the dislocation line assumes the profile of the particle at the 

particle-matrix interface while the rest of the dislocation line glides on the slip plane thus 

creating a sharp curvature (Figure 5.16a). On the other hand, in the case of general climb, the 

dislocation line outside the particle gets relaxed by forming a smooth curvature at the interface 

through diffusion of vacancies to the core (Figure 5.16b). Though both these mechanisms were 

suggested to be operative in precipitation hardened as well as dispersion strengthened materials 

through experiments and mathematical models, it necessitates a discrete analysis to figure out 

from which one of these mechanisms is operative in HANA-4, which has not been attempted 

here [19]. However, Rӧsler and Arzt demonstrated using their model that general climb is 

favorable energetically and predominates when dislocations bypass precipitates in materials 

with low volume fraction of precipitates and without any long range attractive dislocation-

precipitate interactions [125]. The force of the attractive or repulsive interaction between 

matrix and precipitates increases proportional to the difference in their physical parameters, 

namely, lattice parameter and shear modulus, which are listed for HANA-4 in Table 5.3. As 
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seen from Table 3, the lattice parameter and the shear modulus of the zirconium matrix and 

the β-Nb precipitates lie closely indicating that the dislocation-particle interaction would be 

likely small. Also, HANA-4 has a low volume fraction of β-Nb precipitates in accordance with 

the assumption of the model. It can be therefore conjectured that general climb occurs 

predominantly in regime II of HANA-4. As well, Roser and Arzt derived a stress exponent of 

3-4 for the general climb controlled creep regime, which matches with the stress exponent of 

3 obtained in regime II further substantiating dislocation climb, as opposed to dislocation glide, 

as the rate-controlling mechanism in HANA-4 [125].  

 

5.4.3 Rate-controlling mechanism in regime III 

 A stress exponent of ~4.5 and an activation energy close to the lattice self-diffusion 

activation energy in regime III indicate edge dislocation climb as the rate controlling 

mechanism, whose mathematical formulation was derived by Weertman [8, 28]. According to 

this model, dislocations glide with less resistance on their slip plane till they arrive closer to 

other dislocations with the opposite burgers vectors in the parallel slip planes and form 

dislocation dipoles. Further, these dislocations climb up or down to combine and get 

annihilated thus allowing further glide to proceed. Between these sequential processes of glide 

and climb, the later proceeds at a slower rate thus controlling the deformation process. The rate 

equation derived by Weertman based on these assumptions has the following form [88],  

휀�̇� = 𝛼 (
𝐷𝑙

𝑏3.5𝑀0.5) (
𝜎

𝐺
)

4.5

(
𝐺Ω

𝑘𝑇
)        (5.8) 
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where 𝛼 is a constant whose values are in the range 0.015 < 𝛼 <0.33, M is the number of active 

dislocation sources in a unit volume, G is the shear modulus , Ω is the atomic volume, 𝐷𝑙 =

5 × 10−4 exp (−
25900

𝑅𝑇
) 𝑚2/𝑠 [79] and the rest are as described before. As noted, the stress 

exponent was derived to be 4.5. The value of M can be related to the dislocation density in the 

annealed material under consideration as [91],  

 𝑀 = 0.27𝜌1.5          (5.9) 

The value of M was earlier estimated for annealed Zircaloy-4 to be about, 7.6 × 1016/𝑚3, 

which could be applicable to annealed HANA-4 as well [122]. Substituting 𝛼~0.1 and 

Ω~0.7𝑏3 and 𝐸 = 2.6𝐺 with other values, equation (5.8) can be written in the BMD format 

as, 

̇ 𝑠𝑘𝑇

𝐷𝑙𝐸𝑏
= 1.22 × 106 (

𝜎

𝐸
)

4.5

        (5.10) 

The experimental creep results in regime III were then compared with the Weertman model as 

given in equation (10) (Figure 5.17), which shows a good correlation between them indicating 

climb of edge dislocations as the rate-controlling mechanism in regime III of HANA-4. 

Further, an important signature in the crept microstructure of the dislocation climb controlled 

process is the formation of sub-grain boundaries and dislocation networks, which were as well 

observed in the HANA-4 specimens deformed in regime III (Figure 5.14).  
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Figure 5.17. Comparison of the experimental creep rates in regime III with the Weertman climb 

model. 

 

 Based on the analyses of the creep data and the microstructural evidences, it can be 

suggested that dislocation climb is the rate-controlling mechanism in both regimes II and III 

respectively at low and high stresses. Notably, the activation energies for creep in regimes II 

and III are similar which are close to the lattice self-diffusion activation energy, thus supporting 

this proposition. However, the difference between the climb processes in regimes II and III 

would be that only the segments of dislocations approaching the precipitates would climb over 

them to bypass (a local phenomenon) and then start gliding on the same slip plane as the former 

one, whereas the entire dislocation line would climb to get annihilated or to form sub-

boundaries on the parallel slip planes in the latter case (a global phenomenon).  
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Table 5.3. Lattice parameters and shear modulus of the Zr matrix and β-Nb precipitates. 

Parameters  Zr matrix β-Nb precipitates 

Lattice parameter, Å a =3.23 [131] ap = 3.28 [132] 

Shear modulus at 450 °C, GPa μ = 25 [120] μp = 30 [133] 

 

 

5.4.4 Transition from regime II to regime III 

A question arises as to what causes the transition from regime II at low stresses to 

regime III at high stresses. It can be argued that dislocations start overcoming the precipitates 

through a mechanism other than the climb process in regime III above the hoop stress of 

about 8.22 × 10−4𝐸. At high enough stresses, precipitate shearing and Orowan bowing 

between precipitates, which are essentially athermal processes, are generally considered to be 

operative for bypassing precipitates by dislocations. In the case of precipitate shearing, the 

shear stress required to break away from the precipitates can be calculated from the particle 

strength which may originate from various hardening mechanisms such as misfit 

strengthening, chemical strengthening, modulus hardening and order hardening [115]. Since 

the β-Nb precipitates in HANA-4 have no ordered structure as noticed from the diffraction 

pattern, only the strengthening owing to the other mechanisms can be considered for 

calculating the shearing stress of the precipitates. The strengthening (𝜎𝑚) contributed by the 

misfit (휀) between matrix and precipitate can be determined using the relations [134] ,  

𝜎𝑚 = 𝑀𝜒(휀𝜇)3/2 (
<𝑟>𝑓𝑏

𝑇
) ,       (5.11a) 
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휀 =
2

3
(

𝑎𝑝−𝑎

𝑎
) ,         (5.11b) 

where M is the Taylor factor that generally assumed a value of 4 for zirconium alloys in the 

case of uniaxial tensile testing. However, the value of M for biaxial loading is not available in 

the literature. Therefore, M is assumed to be 4 here. 𝜒 is a constant whose value is 2.5, 𝜇 is the 

shear modulus at the test temperature, <r> and f are the average radius and the volume fraction 

of precipitates,  T is the line tension of dislocations, which is roughly equal to 
1

2
𝜇𝑏2 and 𝑎 and 

𝑎𝑝 are the lattice parameters of the matrix and precipitate respectively. The value of <r> is 32 

nm obtained from the precipitate size distribution. The volume fraction (f) of the β-Nb 

precipitates corresponding to 1.5wt% of Nb in HANA-4 calculated from Zr-Nb phase diagram 

using the lever rule is about 1% at 450 °C. Substituting the values of 𝜇, 𝑎 and 𝑎𝑝 given in Table 

5.3, the stress required to shear the β-Nb precipitates that are hardened by the misfit is 

calculated to be 363 MPa at 450 °C. For comparison, the effective stress at the transition point 

between regimes II and III calculated from the hoop stress using the Von Mises criteria is 53 

MPa, which is about seven times smaller than the shearing stress of the precipitates hardened 

by the misfit. With respect to the chemical strengthening mechanism, a simple model equating 

the work done by the dislocations to create the new particle-matrix interface owing to particle 

shear would give the following relation for calculating the stress (𝜎𝑐) required for particle 

shearing [135],  

𝜎𝑐 =
𝑀𝜋𝛾𝑠<𝑟>

2𝑏𝜆
 ,         (5.12a) 

and 
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𝜆 = (√
𝜋

𝑓
− 2) √

2

3
< 𝑟 >.        (5.12b) 

Here 𝛾𝑠 is the particle-matrix interfacial energy and 𝜆 is the average inter-precipitate spacing. 

The interfacial energy for the Zr matrix and β-Nb precipitates was obtained from the literature 

to be 0.19 𝐽/𝑚2 [132, 136], which is assumed for the newly formed interface due to particle 

sharing  in HANA-4 as well. Thus, the stress required to shear the β-Nb precipitates in HANA-

4 was calculated to be 308 MPa. Similarly, the stress (𝜎𝑚𝑜) needed to shear the precipitates 

strengthened by modulus hardening  can be stated as [137],  

𝜎𝑚𝑜 = 0.0055𝑀 (
𝑓

𝑇
) (𝜇𝑝 − 𝜇)

3

2𝑏 (
<𝑟>

𝑏
)

3𝑚

2
−1

 ,     (5.13)  

where 𝜇𝑝 and 𝜇 are the shear modulus of the precipitate and matrix respectively and m is a 

constant whose value is equal to 0.85. Substituting the modulus values from Table 5.3, the 

stress required to shear the β-Nb precipitates strengthened by modulus hardening is determined 

to be about 301 MPa, which, similar to the case of misfit hardening and chemical strengthening, 

is several times higher than the observed stress at the transition between regimes II and III 

from the creep experiments. Based on these calculations, the precipitate shearing as a 

mechanism to bypass the precipitates in regime III of HANA-4 can be discounted. In addition, 

the crept microstructure of the specimens from regime III still revealed essentially rounded 

precipitates supporting that the particle shearing is not an active mechanism for dislocations to 

bypass the precipitates in regime III.  

The second kind of mechanism by which dislocations can bypass precipitates is through 

the well-known Orowan bowing, for which the required stress (𝜎𝑂−𝐴) is given by the Orowan-

Ashby model [114],  
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𝜎𝑂−𝐴 = 𝑀 
0.83𝜇𝑏

2𝜋(1−𝜈)0.5

1

𝜆
ln (

√
2

3
<𝑟>

2𝑏
) ,      (5.14) 

where 𝜈 is the Poisson ratio (0.34). A similar volume fraction of the precipitates (1%) is 

assumed at 500 °C since the difference between them is insignificant. Substituting the other 

values of the parameters in equation (5.14), the stresses necessary for the Orowan-bypass are 

determined to be 51 MPa and 48 MPa respectively at 450 °C and 500 °C. On the other side, 

the effective stress at the transition point between regimes II and III are obtained to be 53 MPa 

and 43 MPa at 450 °C and 500 °C respectively. A good agreement between the experimental 

stress values with the ones calculated from the Orowan-Ashby model indicates that the 

dislocations bypass the precipitates through the Orowan-bowing mechanism in regime III and 

also, unlike in regime II, dislocations bypassing the precipitates using climb is not the rate-

controlling mechanism in regime III. Additionally, the dislocations, which were still pinned by 

the precipitates in regime III, were observed to make a breaking angle (ϕ) – the angle between 

the two arms of the dislocations bowing around the precipitate as depicted in Figure 5.18 – 

close to zero suggesting that the precipitates might act as impenetrable obstacles. As a result, 

it is likely that the dislocation arms might pinch off to cross the precipitates through the Orowan 

bowing mechanism [115].  
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Figure 5.18. TEM micrograph of the crept specimen at 99 MPa and 450 °C in regime III 

(n=4.5) showing dislocations pinned by the precipitates. As seen, the breaking angle (φ) is 

close to zero for all dislocations suggesting that they might bypass the precipitates through the 

Orowan mechanism.  

 

5.4.5 Creep threshold stress 

A distinct feature that has been noted in the creep behavior of several precipitation 

hardened and dispersion hardened materials is the existence of a threshold stress at the low 

stress levels, below which the creep rate would drop at an increasing rate to a negligible value. 

The origin of such a threshold stress can be related to any of particle shearing, dislocation 

climb-controlled bypass or dislocation-particle detachment [124]. According to the model by 

Rӧsler and Arzt [125], which was derived for the general climb of dislocations over 

precipitates, an expression for the creep threshold stress (𝜎𝑡ℎ) was obtained in the form of,  
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𝜎𝑡ℎ

𝜎𝑂−𝐴
=

<𝑟>

2𝜆
 .          (5.15) 

The origin of the threshold stress was attributed to the stress required for a small increment in 

the length of the dislocation line while climbing, which is necessary to keep up a minimum 

energy configuration.  This relation given in equation (5.15) could be applied to HANA-4 since 

general climb of dislocations has been suggested to occur in regime II. Accordingly, the 

threshold stress for HANA-4 calculated using equation (5.15) is about 4 MPa in all the test 

temperatures employed in this study if the very small difference in the stress values arising due 

to the variance in temperatures is neglected. However, as seen from the creep data of HANA-

4 at 500 °C, the creep rates in regime II transit into regime I, where diffusional creep 

mechanism was suggested to be operative, at a stress of 19 MPa. It can thus be argued that the 

threshold stress arising from the general climb process in regime II would not be revealed in 

the case of HANA-4. Alternately, Coble creep has become the rate-controlling step at low 

stresses as shown by the model predictions. This can be justified by considering the fact that 

general climb and Coble creep mechanisms proceed in parallel and that the faster mechanism 

would dictate the creep rate. Thus, Coble creep proceeds at a faster rate than the dislocation-

based mechanism below the applied stress of 19 MPa. 

 

5.5  Conclusions 

The creep behavior of newly-developed HANA-4 (Zr-1.5% alloy) cladding has been 

investigated with a focus on identifying the transitions in creep mechanisms. Biaxial creep tests 

on HANA-4 tubes were conducted using internal pressurization of closed-end tubes to gather 
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the steady state creep data over a range of hoop stresses, 8.38 × 10−5𝐸 − 2.87 × 10−3𝐸, at 

three different temperatures: 400 °C, 450 °C and 500 °C. The mechanistic creep parameters 

such as stress exponent (n) and activation energy (QC) were then determined from steady state 

creep rates. Based on the variance in stress exponent with respect to the applied stress, three 

regimes have been identified: a stress exponent close to 1 at low stresses increased to 3 at the 

intermediate stresses, which became 4.5 at high stresses. These regimes are referred to as I, II 

and III respectively. An activation energy value of 226 kJ/mol was evaluated for regimes II 

and III, which lies close to that for self-diffusion (QL) in α-Zr alloys. Further, TEM analyses 

of crept microstructures and comparison of experiments results with standard models were 

undertaken to find out the rate-controlling mechanisms. The following are the important 

observations from this study. 

1) In regime 1, Coble creep has been suggested as the dominant mechanism based upon the 

stress exponent close to 1 and the fine grain size in HANA-4. As well, a good correlation 

between the experimental rates in regime I with the Coble creep model predictions 

substantiated the proposal.  

2) At intermediate stresses, the crept microstructure revealed a uniform distribution of 

dislocations throughout grain interior pinned by the precipitates suggesting that 

dislocations bypassing precipitates is the slower process than the glide between 

precipitates. Further, n=3 and QC=QL in regime II indicates dislocations climbing over the 

precipitates as the rate-controlling mechanism in accordance with the model by Rӧsler 

and Arzt. Thus, for the first time, we show that the creep behavior of a Zr-Nb alloy is 
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similar to that of certain precipitation-hardened materials but not of a class-A alloy 

(viscous glide or microcreep). 

3) With n=4.5 and QC=QL in regime III that occurred at high stresses, recovery of 

dislocations through climb as characterized by the Weertman model is identified as the 

rate-controlling mechanism. A good prediction of the experimental creep rates by the 

Weertman model and the TEM analyses, which revealed sub-boundaries and networks 

formed by dislocations, support the proposed mechanism. 

4) The critical stress of transition from regime II to regime III was found to be equivalent to 

that required for the activation of the Orowan bypass mechanism by which dislocations 

could bypass the precipitates without an involvement of the dislocation climb process. 

5) A low creep threshold stress of ~4 MPa was estimated based on the general climb model 

of Rӧsler and Arzt at the test temperatures.  However, the threshold stress possibly would 

not be revealed at the calculated stress owing to the dominance of Coble creep at these 

low stress levels (<19 MPa) at 500 °C. 
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6 EFFECT OF HYDROGENATION ON THE CREEP BEHAVIOR OF 

HANA-4 
 

B. Kombaiah, A. Sarkar and K.L. Murty 

 

Abstract 

The effect of hydrogenation of the biaxial creep behavior of HANA-4 was studied using 

internal pressurization of closed end tubes by applying a range of hoop stresses (27 MPa to 

156 MPa) at two temperatures: 400 °C and 500 °C. Two HANA-4 tubes were hydrogenated 

using the electrolytic method respectively with ~387 ppm and ~715 ppm of hydrogen while 

HANA-4 tubes without hydrogenation were utilized as the test specimens for comparison.  

Further, high temperature XRD experiments were conducted on the hydrogenated HANA-4 

specimens to detect the dissolution limit of the hydride phase. A collective examination of the 

results of the creep tests and the XRD experiments shows that hydrogen fully present in the 

solid solution at the creep temperature enhances the creep rate of HANA-4, whereas hydrogen 

present as both hydride and dissolved hydrogen reduces the creep rate regardless of the applied 

stress. The rationale behind the creep behavior of hydrogenated HANA-4 has been suggested 

from models.  
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6.1  Introduction 

Zirconium (Zr) alloys are the backbone materials for the water-cooled thermal reactors. 

They are used for fuel-element cladding and in-core structural components in water-cooled 

nuclear reactors. Low neutron absorption cross-section, attractive mechanical properties and 

good corrosion resistance make Zr-based alloys the best possible cladding material in modern 

thermal nuclear reactors [39]. Over the years, various alloying elements have been added in Zr 

to make alloys to sustain in the highly diverse atmosphere in the nuclear reactor for long time. 

Zircaloys with Sn and Fe as primary alloying elements are widely used as fuel cladding 

material. Zr2.5%Nb alloy is used as pressure tube material for pressurized heavy water reactors 

(PHWRs).  There are some new generation Zr alloys used in nuclear applications like Zirlo 

(Zircaloy with Nb), M5 (Zr-1Nb), etc. All these alloys used in the reactor undergo several 

degradation mechanisms including radiation damage, corrosion, etc. These limit their life in 

the reactor. 

 

Figure 6.1. Terminal Solid Solubility curve of H in Zircaloy-2 [3] 
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Water (Light or Heavy) is used as coolant and moderator in the thermal reactors. In the 

reactor environment, Hydrogen (H2) is released from water either due to radiolysis or from the 

following corrosion reaction with Zr: 

Zr + 2H2O   ZrO2 + 2H2              (6.1) 

Zr is an exothermic occluder of hydrogen, which means that hydrogen is more stable in solution 

in the Zr matrix than it is as hydrogen gas. Enthalpy of solution for H2 in Zr is -12.2 kcal/mole 

for hexagonal closed packed (hcp) -Zr [138]. Therefore, Zr alloys pick up the hydrogen 

generated in the coolant. Solubility of H2 in a Zr alloy is dependent on temperature. Hydrogen 

atoms are located at tetrahedral sites in the hcp zirconium lattice up to solubility limit. The 

maximum solubility of H2 in Zr is described by Terminal Solid Solubility (TSS) and Figure 1 

shows the variation of TSS for dissolution of H2 in Zircaloy [139].  

 

Figure 6.2. Zr-H  phase diagram [4] 
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It can be seen that at lower temperatures hydrogen has very low solubility in Zircaloy 

but with increasing temperature it increases almost in an exponential fashion. This behavior is 

similar in other Zr alloys. Once the H2 concentration exceeds the TSS limit, hydride 

precipitates are formed in the alloy. Figure 2 shows the Zr-H phase diagram [140]. It shows 

that depending on the H2 concentration and temperature, different types of precipitates are 

formed. Physical characteristics of different hydrides in Zr system are listed in Table 6.1 [141]. 

Among these three types of hydrides, -hydrides are most commonly observed. Hydride 

acquires plate shaped morphology and the broad face of the hydride plate coincides with certain 

crystallographic plane of hcp α-Zr crystal, which is called the habit plane. 

 

Table 6.1. Physical Characteristics of hydrides in Zr [5] 

Hydride Crystal Structure Lattice parameters (nm) 

 Face centered cubic a = 0.4778  

γ Tetragonal a = 0.4596 

c = 0.4778 

 Tetragonal a = 0.4980 

c = 0.4445 

 

Creep is considered to be one of the important degradation mechanisms of the nuclear 

structural materials during reactor operating and repository conditions [9]. The reactor 

components are designed to operate at stresses well below the yield stress at normal conditions. 
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Therefore the only significant deformation is time dependent. The cladding and pressure tubes 

used in the reactors are subjected to various thermal and multi-axial stress conditions inside 

the reactor. During normal operation, a typical water reactor core experiences temperatures in 

the range of 290-350°C and a system pressure of 15-16 MPa. In addition, there are other 

sources of stresses e.g. the pressure of the coolant, internal pressure due to released fission 

gases, pellet-cladding mechanical interaction, etc. Creep-rupture is considered to be a potential 

cladding failure mode during dry storage [57]. The parameters that determine the possibility 

of creep rupture are: the cladding temperature during cask drying, depending on the drying 

procedure, the evolution of cladding temperature during long time storage depending on 

burnup and the previous cooling time, the cladding stresses due to the internal gas pressures 

depending on cladding wall, fuel duty and burnup, the creep strength of the cladding material 

that depends on its condition and composition. During vacuum drying after loading of the fuel 

into the cask, temperatures of 360-500°C may exist for hours depending on the drying 

procedure. During long time storage the temperature decreases from an initial value of 300-

400°C to significantly lower values. The cladding hoop stress also decreases as a consequence 

of the decreasing temperature of the internal gas during this period. The initial value of hoop 

stress is in a range of 60-120 MPa.  

The factors which are considered to affect the creep mechanism under dry storage 

condition are: Thermal creep, Effect of hydrogen on thermal creep, Effect of irradiation 

hardening on thermal creep, Irradiation damage recovery during the initial drying cycle(s) and 

during subsequent long term dry storage. Among them, the effect of hydrogen on the creep 

behavior of zirconium alloys is the interest of this study. Several investigations have thus far 
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focused on understanding the effect of hydrogen on creep of various zirconium alloys, which 

have been reviewed by Sarkar et al [142]. For instance, Setoyama and Yamanaka have carried 

out indentation creep experiments on pure Zr specimens charged with 50, 144 and 185 ppm 

levels of hydrogen at 420 °C and 100-200 MPa [143]. The results revealed an increase in creep 

rate with the hydrogen amount without altering the stress exponents considerably, which 

suggested activation of similar creep mechanism in the specimens tested. It has to be 

emphasized that all the hydrogenated zirconium specimens in this study had hydrogen in the 

solid solution at 420 °C, which is the dissolution limit for ~350 ppm of hydrogen according to 

the TSS curve in Figure 1. A similar observation of increase in the creep rates was made from 

the creep experiments conducted by Bouffioux et al [144, 145] in annealed Zircaloy-4 sheet 

with 180 ppm of hydrogen at the stress of 120 MPa and at the temperature of 400 °C, at which 

the entire hydrogen dissolves into the solid solution. However, the creep rate was noted to be 

lesser for a Zircaloy-4 sheet with an increased hydrogen content of 500 ppm than the as-

received Zircaloy-4 under similar test conditions. Hydrogen would be completely in the solid 

solution in the former case, whereas some of it would be precipitated as zirconium hydride in 

the latter case at the creep temperature of 400 °C. These results suggest that hydrogen in solid 

solution during creep would enhance the creep rate and, on the other hand, hydrogen present 

as precipitated hydride would reduce the creep rate in zirconium alloys. The preceding 

inference has been demonstrated to be applicable to several zirconium alloys using creep 

experiments and computational modeling [146, 147].  

The objective of this study is to investigate the effect of hydrogen on the biaxial creep 

behavior of HANA-4, a recently developed Zr-1.5%Nb alloy by Korea Atomic Energy 



 

174 

Research Institute (KAERI) for fuel cladding applications in advanced nuclear reactors [44-

47]. The biaxial creep behavior of annealed HANA-4 tubing has been studied recently at the 

temperature range 400 °C-500 °C with an emphasis on the transitions in creep mechanisms 

with the applied stress [148]. However, the data on how hydrogenation of HANA-4 would 

alter its creep deformation is not available in the literature. To this end, two HANA-4 tubes 

were hydrogenated using the electrolytic method respectively with ~387 ppm and ~715 ppm 

of hydrogen. Biaxial creep experiments were carried out through internal pressurization of 

closed-end tubes by applying a range of hoop stresses at two temperatures: 400 °C and 500 °C. 

Further, high temperature XRD experiments were conducted on the hydrogenated HANA-4 

specimens to detect the dissolution limit of the hydride phase. A collective examination of the 

results of the creep tests and the XRD experiments confirms that hydrogen fully present in 

solid solution at the creep temperatures enhances the creep rate of HANA-4, while hydrogen 

present as both hydride and dissolved hydrogen reduces the creep rate regardless of the applied 

stress, which is in line with the previous investigations on this subject.  

6.2  Materials and experiments 

 HANA 4 tubes with an outer diameter (Do) of 9.50 mm and a wall thickness (t) of 0.57 

mm were received from KAERI in cold-worked and stress relieved condition. The as-received 

tubes were annealed at 537 °C for 4 hours inside a vacuum furnace continuously purged with 

argon gas to reduce their oxidation. The chemical composition and the microstructural analysis 

of annealed HANA-4 vis-à-vis grain-size distribution, texture measurements and β-Nb 

precipitate size distribution were presented in Section 4.2. 
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6.2.1 Electrolytic hydrogenation process 

A schematic diagram and a photograph of the electrolytic set-up used for hydrogenation 

are shown in Figure 3. A flow chart depicting the sequence of the hydrogenation process and 

an image of a hydrogenated HANA-4 are given in Figure 4. HANA-4 tubes in cold worked-

stress relieved condition were charged with hydrogen using the electrolytic method in which 

the tubing was suspended into an electrolyte of 0.4 N sulphuric acid solution and connected to 

the negative terminal of a constant current source as cathode [149]. A lead cylinder as anode 

was suspended in a way that its inner wall remains at equidistant from the HANA-4 tubing, 

which helps in attaining a constant current density across the surface of the tubing. In principle, 

the hydrogen positive ions from the sulphuric acid solution would migrate to the tubing that is 

cathode and react with its surface to form an outer layer of zirconium hydride. The tubing and 

the lead cylinder were earlier cleaned thoroughly to remove any foreign matter from their 

surface such as oxide scale, dirt and grease in order to accomplish a proper current flow through 

the circuit as well as to facilitate a good adherence of the hydride layer on the tube surface. To 

this end, pickling of HANA-4 tubing was carried out by immersing it into an acidic solution 

consisting of 45 vol% nitric acid, 45 vol% water and 10 vol% hydrofluoric acid for few 

seconds. The pickling process was also useful in removing any scratches present on both 

outside and inside surfaces of the tubing. Further, the surfaces of the lead cylinder were 

polished using sand-papers started with coarse (300) to fine grit (800) to remove any oxide 

scale present. Subsequently, the tubing and the lead cylinder were cleaned separately using an 



 

176 

ultrasonic cleaner for 20 mins each by immersing first into acetone and then into ethanol for 

degreasing their surfaces.  

 As shown in Figure 3, a constant current density of 0.2 A/cm2 was supplied through 

the electrolytic set-up. The electrolyte bath was maintained at a temperature of 65 °C using a 

heater and an immersion thermometer and was constantly stirred using a magnetic stirrer to 

uphold its chemical and thermal homogeneity. Figure 4 summarizes the procedure used in the 

hydrogenation process and includes a typical hydrogenated tubing. Using this method, two 

tubes were charged with hydrogen by running the electrolytic process for 2 days and 7 days 

respectively, which produced a layer of zirconium hydride on the surfaces with thicknesses of 

20 μm and 30 μm respectively. An X-Ray diffraction (XRD) scanning on the surface of the 

tubing revealed that the hydride layer composed of ZrH1.6 (δ-hydride) having FCC crystal 

structure (Figure 5). 
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(a)  

(b)  

Figure 6.3. (a) Schematic diagram and (b) Photograph of the electrolytic set-up used for 

hydrogenation of HANA-4 tubing. 
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(a)       (b) 

Figure 6.4. (a) Flow chart depicting the sequence of the hydrogenation process. (b) A 

hydrogenated HANA-4 tubing.  

 

 

 

Figure 6.5. XRD patterns obtained from the HANA matrix and the hydride layer at the surface 

of HANA-4 tubing formed by the electrolytic method.  
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The tubes with hydride layer were then annealed at 537 °C for 4 hours inside a vacuum 

furnace continuously purged with argon gas to reduce their oxidation. The annealing step 

served two purposes: firstly, the thermal annealing process activates the diffusion of hydrogen 

from the outer hydride layer into the HANA-4 matrix, which leads to the formation of hydrides 

into a rim structure spread across the tube wall as shown in Figure 6. Secondly, the annealing 

process facilitates a direct comparison between the creep data obtained from hydrogenated 

HANA-4 and HANA-4 without hydrogenation which were annealed at identical conditions. 

Further, samples cut from the hydrogenated tubes were consigned to Applied Testing Services 

(ATS), Georgia, for quantifying the hydrogen amount in them through inert gas fusion method. 

According to the analysis, the average hydrogen amounts were determined to be 387 ppm and 

715 ppm in the tubes that were in the electrolytic process respectively for 2 days and 7 days. 

These tubes are hereafter referred to as H-387 and H-715 respectively. The HANA-4 tubes 

without hydrogenation, which were utilized as controlled specimens in the creep experiments, 

will be referred to as HANA-4.  

 

 



 

180 

    

Figure 6.6. Optical micrographs of (a) HANA-4 and (b) hydrogenated  HANA-4 with ~387 

ppm of hydrogen.  

 

 

6.2.2 High temperature XRD experiments 
 

 It has been shown from the previous investigations that the state in which hydrogen 

present in zirconium alloys, dissolved in solid solution and precipitated hydride, could 

influence their creep behavior [144, 145]. Therefore, a knowledge on the state of hydrogen in 

microstructure during creep becomes essential. As seen from Figure 1, the solubility of 

hydrogen in zirconium matrix was found to increase exponentially with the raise in temperature 

[150, 151]. It is relevant to note that alloying elements, especially niobium, were found to 

enhance the TSS of hydrogen in zirconium [152]. Being alloyed with niobium, it could be 

expected for HANA-4 to have higher solubility limits for hydrogen than the zirconium alloys 

without niobium. In order to detect the TSS of hydrogen in HANA-4, high temperature X-ray 

diffraction experiments were conducted on the hydrogenated tubes using a Panalytical 

Empyrean diffractometer equipped with a high temperature holder which is capable of heating 

specimens up to 1200 °C in vacuum or argon atmosphere and simultaneously collecting the 
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diffraction data. The diffractometer is equipped with a special line detector (PIXcel1D) capable 

of collecting diffractograms at faster rate with low noise than the conventional detectors. The 

diffraction experiments on the H-387 and H-715 specimens were carried out by heating them 

at a rate of 10 °C/min to above their hydride dissolution temperature. The XRD scanning over 

the 2θ range of 31°-33.5° to capture the (111) δ-hydride peak was programmed to take place 

for every 10 °C in isothermal condition. The change in peak intensity was observed as a 

function of temperature.  

6.2.3 Biaxial creep tests 

The hydrogenated tubes with their ends closed using Swagelok fittings were bi-axially 

crept by internally pressurizing them with argon gas to various hoop stresses to determine the 

steady state creep rates at two temperatures: 400 °C and 500 °C. The test matrix for the H-387, 

H-715 and HANA-4 specimens is given in Table 6.2. In the case hydrogenated HANA-4, all 

creep tests were conducted on each single specimen of H-387 and H-715 by changing the 

applied stress and/or the temperature once the steady state creep rate was attained in the 

previous test.   More details on the biaxial creep experiments can be found in Section 4.2. 
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Table 6.2. The test matrix and creep results of unhydrogenated and hydrogenated HANA-4. 

Unhydrogenated HANA-4 Hydrogenated HANA-4 (387 ppm) Hydrogenated HANA-4 (715 ppm) 

T, °C  σθ, MPa 휀�̇�, s-1 휀, % T, °C  σθ, 

MPa 
휀�̇�, s-1 휀, % T, °C  σθ, 

MPa 
휀�̇�, s-1 휀, % 

400 

400 

400 

90 

122 

156 

7.3 × 10-9 

2.1 × 10-8 

6.2 × 10-8 

0.8 

1.5 

1.7 

400 

400 

400 

90 

121 

150 

4.0 × 10-9 

1.1 × 10-8 

3.7 × 10-8 

0.3 

0.8 

0.6 

400 

400 

400 

90 

121 

151 

2.3 × 10-9 

6.8 × 10-9 

2.2 × 10-8 

0.3 

0.3 

0.4 

500 

500 

500 

500 

500 

500 

30 

44 

53 

69 

90 

90 

2.9 × 10-8 

8.3 × 10-8 

1.4 × 10-7 

4.8 × 10-7 

1.4 × 10-6 

1.3 × 10-6 

1.2 

1.2 

2.8 

4.9 

7.4 

10.8 

500 

500 

500 

500 

500 

27 

43 

53 

70 

90 

2.7 × 10-8 

1.2 × 10-7 

2.3 × 10-7 

8.1 × 10-7 

2.8 × 10-6 

1.2 

2.6 

1.5 

1.9 

2.6 

500 

500 

500 

500 

500 

35 

45 

54 

72 

90 

2.3 × 10-8 

3.8 × 10-8 

7.2 × 10-8 

2.0 × 10-7 

5.5 × 10-7 

1.1 

0.7 

0.5 

0.7 

0.5 

T- Temperature, σθ – Hoop stress, E – Elastic Modulus, 휀�̇� − Steady state creep rate, 휀 – Total strain  
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6.3 Results  

6.3.1  High temperature XRD results 

 The results of the high temperature XRD experiments conducted on the hydrogenated 

HANA-4 specimens are shown as intensity versus 2-theta plots at various temperatures and 

temperature versus 2-theta plot which portrays the peak intensity using a color scheme in 

Figures 7 and 8 respectively for H-387 and H-715. As seen from the figures 7a and 7b pertained 

to H-387, the intensity of the hydride peak keeps lowering down till it disappears into the 

background intensity at about 395 °C, which is the dissolution limit of the hydride phase 

according to the XRD experiment. However, the intensity of the peak originating the zirconium 

matrix exists without any significant change for the entire range temperature applied in the 

experiment. Another notable feature associated with the hydride peak is its shifting towards 

higher 2-theta with the temperature rise, indicating that the lattice parameter of the hydride 

phase decreases on heating. In the case of H-715, the intensity of the zirconium hydride peak 

appears till the temperature reaches to about 535 °C (Figures 8a and 8b). Based on the XRD 

results, the dissolution limits of the hydride phase in the hydrogenated HANA-4 specimens 

with 387 ppm and 715 ppm of hydrogen respectively are about 395 °C and 535 °C. However, 

a detection limit of ~3% pertaining to XRD phase analysis suggests that the actual dissolution 

limits could be higher than that determined from the XRD experiments. In view of this, H-387 

could possess some hydride phase with major portion of hydrogen dissolved into the solid 

solution during creep at 400 °C. However, the entire hydrogen in H-387 would be dissolved 

into the solid solution during the creep tests at 500 °C. On the other hand, H-715 would have 
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its hydrogen as hydride as well as in the solid solution during the creep tests both at 400 °C 

and 500 °C.  

 

  

   (a)                                                            (b) 

Figure 6.7. (a) A plot showing the peak Intensity as a function of temperature and 2θ for H387 

(b) A contour plot depicting the change in intensity with a color scheme as a function of 

temperature and 2θ for H387. 

 

6.3.2 Biaxial creep results 

The representative creep curves of H-387 and H-715 obtained at 400 °C and 500 °C 

are given in Figure 9. The creep curves of the controlled specimen HANA-4 obtained under 

similar testing conditions of stress and temperature are also added in Figure 9. As seen from 

the creep curves at 121 MPa and 400 °C, the creep strain accumulated at a given time and, as 

a result the steady state creep rate become lesser as the hydrogen content increases in HANA-



 

185 

4. A similar trend has been observed for the tests at various stresses at 400 °C for the H-387 

specimen. In contrast to this, as the test temperature is raised to 500 °C, the H-387 specimen 

crept at a higher steady state creep rate than HANA-4 as shown in the representative creep 

curve at 53 MPa and 500 °C in Figure 9b. In the case of H-715 specimen, the accumulated 

creep strain and the steady state creep rate were determined to be at the lower side than that of 

HANA-4 at both 400 °C and 500 °C (Figure 9). These trends are similar for varied stresses as 

noted below. 

 

  

(a)                                                            (b) 

Figure 6.8. (a) A plot showing the peak Intensity as a function of temperature and 2θ for H715 

(b) A contour plot depicting the change in intensity with a color scheme as a function of 

temperature and 2θ for H715. 
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 (a)  

(b)  

Figure 6.9. Creep curves obtained for annealed HANA-4 and hydrided HANA-4 for the 

hydrogen amounts of 387 ppm and 715 ppm at (a) 121 MPa and 400 °C and (b) 53 MPa and 

500 °C. 

 

The steady state creep rates of the H-387 and H-715 specimens calculated at the stress 

and temperature conditions employed in this study are listed in Table 6.2. As noted, the steady 

state creep rates of H-387 and H-715 were reduced by about 2 and 3 times from that of HANA-

4 at 400 °C. In the creep tests conducted at 500 °C, the steady state creep rates of the H-387 
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specimen increased by up to 2 times, while the creep rates of H-715 specimen decreased by 

1.3-2.6 times than that of HANA-4.  The steady state creep rate data were further analyzed to 

obtain the true stress exponent (n) from the general creep equation relating the steady state 

creep rate (휀�̇�)  with applied stress (σ) and temperature (T in K) that can be stated as,  

휀̇𝑠 =
𝐴𝐸𝑏

𝑘𝑇
 (

𝜎

𝐸
)

𝑛

𝑒−
𝑄𝑐
𝑅𝑇 ,                       (6.2a) 

𝐸 = 95.92 − 0.0629(𝑇 − 273) 𝐺𝑃𝑎 .      (6.2b) 

In equation (2a), A is a constant, E is the temperature-dependent elastic modulus of Zr-2.5% 

Nb [120], b is the burgers vector (3.23 × 10−10𝑚), k is the Boltzmann’s constant and R is the 

gas constant. At a constant temperature and assuming the elastic-modulus to be invariant of 

hydrogenation, equation (2a) can be written in the form of, 

휀̇𝑠 = 𝐴1 𝜎𝑛          (6.3) 

From equation (3), the stress exponent is equivalent to the slope of the log-log plot between 

the steady state creep-rate versus the stress at a constant temperature as shown in Figure 10. 

The stress exponents obtained for the specimens with their corresponding stress ranges and 

temperatures are listed in Table 6.3, from which it can be noted that hydrogenation of HANA-

4 with hydrogen amounts as high as 715 ppm used in this study has no considerable effect on 

the stress exponents obtained over the testing conditions. At 500 °C, an average stress exponent 

of 2.8 at the low stress range (27 MPa–53 MPa) increased to 4.3 at high stresses (53 MPa–90 

MPa) for all the three specimens. From the creep tests conducted at high stresses and at 400 

°C, an average stress exponent of 4.1 was estimated. 
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(a)  

(b)  

Figure 6.10. Steady state creep rate versus hoop stress at (a) 400 °C and (b) 500 °C.  
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Table 6.3. Stress exponents of HANA-4, H-387 and H-715 at various stresses and 

temperatures. 

 Stress exponent (n) 

Specimen 𝐓 = 𝟒𝟎𝟎 ℃ 

σθ=90 - 156 MPa 

𝐓 = 𝟓𝟎𝟎 ℃ 

σθ=27 - 53 MPa 

𝐓 = 𝟓𝟎𝟎 ℃ 

σθ=53 - 90 MPa 

HANA-4 

H387 (387 ppm of H) 

H715 (715 ppm of H) 

3.8 ± 0.2 

4.3 ± 0.5 

4.3 ± 0.2 

2.8 ± 0.03 

3.2 ± 0.03 

2.6 ± 0.4 

4.7 ± 0.1 

4.2 ± 0.1 

4.0 ± 0.3 

 

6.4 Discussion 

 It has been recently demonstrated that dislocation bypassing the β-Nb precipitates 

distributed in the microstructure through climb as the rate-controlling mechanism in the n=3 

regime changes to  dynamic recovery of edge dislocations by climb in the n=4.5 regime in 

HANA-4 [148]. The stress at the transition between these regimes at 500 °C was found to be 

equal to the stress required for dislocations to bypass the precipitates through the Orowan 

bowing mechanism. Based on the similar stress exponent values noted for HANA-4 and 

hydrogenated HANA-4 within the range of applied stresses (Table 6.4), it can be inferred that 

hydrogen present within the concentrations employed in this study would not alter the rate-

creep mechanisms in HANA-4. As noted, the n=3 regime changes to the n=4.5 regime at a 

stress of ~53 MPa in all the HANA-4 and hydrogenated HANA-4 specimens at 500 °C 

indicating that the presence of hydrogen has no influence on the critical stress required for the 

activation of Orowan mechanism.   
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In order to comprehend the effect of hydrogen on the steady state creep rates of HANA-

4, a collective examination of the results of the creep tests and the high temperature XRD 

experiments on HANA-4 and hydrogenated HANA-4 was undertaken. While the hydrogenated 

HANA-4 specimen possess the zirconium hydride phase under the test temperature regardless 

of the amount of dissolved hydrogen, its creep rate is reduced in comparison with HANA-4. 

For instance, both the hydrogenated specimens (H-387 and H-715) would possess zirconium 

hydride distributed in the microstructure during the creep tests at 400 °C resulting in a decrease 

in the creep rates (Figure 10a). This observation is also applicable to the reduced creep rate 

measured for the H-715 specimen crept at the temperature of 500 °C (Figure 10b), at which 

the hydride phase is retained according to the XRD results. Further, the magnitude of reduction 

in the creep rate carries a direct proportionality with the amount of hydride present in HANA-

4 as discussed earlier. Similar results have been demonstrated from the creep experiments on 

hydrogenated zirconium alloys in cold-worked stress relieved (CWSR) condition as well as in 

annealed condition having hydride phase at the test temperatures [144, 145]. For example, 

Bouffioux et al conducted uniaxial and biaxial creep experiments on Zircaloy-4 cladding tubes 

in CWSR condition charged with a range of hydrogen concentrations, 100-1100 ppm at room 

temperatures and at high temperatures, 350 °C and 400 °C [145]. It was revealed that the steady 

state creep rates of the hydrogenated Zircaloy-4 with hydrides under the test temperature 

decreased from that of Zircloy-4 as the hydrogen concentration increases. This conclusion has 

also been extended to the creep behavior of hydrogenated Zircaloy-4 in recrystallized condition 

[144]. Further, a numerical model developed by Mallipudi et al to investigate the effect of 

hydrogen on the creep behavior of Zircaloy-4 exhibited a decrease in the creep rate in the 
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presence of hydride phase [153]. A plausible explanation for the reduction in creep rate of 

zirconium alloys with hydride phase could be attested to the hindrance of dislocation glide by 

the hydride phase. Owing to this effect, the dislocation velocity in materials with precipitated 

second phases was calculated to have an inverse relationship with the square of the volume 

fraction of the second phases in the n=3 regime according to the Rӧsler and Arzt model [125]. 

In the case of HANA-4 with the hydride phase during creep, it could be argued that the volume 

fraction of the hydride phase gets added to the already existing β-Nb precipitates resulting in 

a decrease in the dislocation velocity and thus the creep rate. Similarly, the presence of hydride 

phase is expected to prohibit the glide of dislocations and reduces the creep rate in the n=4.5 

regime of HANA-4.  

 In contrast to the preceding observation, the steady state creep rates of HANA-4 were 

found to be enhanced while hydrogen is fully dissolved into the solid solution as noted from 

the creep deformation of the H-387 specimen at 500 °C. This result falls in line with that from 

the creep experiments conducted by Bouffioux et al and that from the numerical modeling by 

Mallipudi et al on Zircaloy-4 with hydrogen at the test temperatures above the dissolution limit 

of the hydride phase [144, 153]. An explanation for the increased creep strain could be 

extracted from the results of ab-initio calculations carried out by Domain et al to investigate 

the interaction between hydrogen and planar defects in α-Zr-H system [154]. This study has 

revealed that the atomic hydrogen in zirconium could be favorably trapped at the core of the 

screw dislocations owing to a strong binding energy between hydrogen and the stacking faults 

presented in the dislocations. As a result, the planar slip of the dislocations is enhanced in 

zirconium by the presence of atomic hydrogen possibly leading to a higher creep strain. 
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However, it is interesting to note that hydrogen fully present in the solid solution of CWSR 

Zirclaoy-4 at the creep temperature was measured to decrease the creep rate unlike in the case 

of annealed Zircaloy-4, for which the reasons are unknown.  

 This study shows that the presence of hydrogen as zirconium hydride would be 

beneficial to HANA-4 claddings as far as the steady state creep deformation is concerned 

during their in-reactor service and spent fuel storage. Since the creep life time before fracture 

has an inverse relation to the steady state creep rate according to the Monkman-Grant 

relationship [4], it can be expected that the creep life time of HANA-4 with hydride phase 

would be prolonged. Meanwhile, it is critical to note that the steady state creep rate is 

accelerated in HANA-4 with the presence of hydrogen in the solid solution, which carries a 

malign effect on its creep life time. Owing to the exponential increase in the TSS of hydrogen 

in Zr with raise in temperature, it can be predicted that Zr fuel claddings serving under 

untoward high temperature conditions such as Loss-Of-Coolant-Accident (LOCA) would have 

a deleterious effect from the dissolved hydrogen in terms of creep deformation. Additionally, 

hydrogen enhanced creep rate in Zr claddings merits attention while employing them in high 

temperatures reactors.   

6.5 Conclusions 

The effect of hydrogen on the biaxial creep behavior of HANA-4, a recently developed 

Zr-1.5%Nb alloy by KAERI for fuel cladding applications in advanced nuclear reactors was 

investigated. Two HANA-4 tubes were hydrogenated using the electrolytic method 

respectively with ~387 ppm and ~715 ppm of hydrogen. Biaxial creep experiments were 
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carried out through internal pressurization of closed-end tubes by applying a range of hoop 

stresses (27 MPa to 156 MPa) at two temperatures: 400 °C and 500 °C. Further, high 

temperature XRD experiments were conducted on the hydrogenated HANA-4 specimens to 

detect the dissolution limit of the hydride phase. A collective examination of the results of the 

creep tests and the XRD experiments confirms that hydrogen fully present in solid solution at 

the creep temperatures enhances the creep rate of HANA-4, whereas hydrogen present as both 

hydride and dissolved hydrogen reduces the creep rate regardless of the applied stress. 

Preferential segregation of atomic hydrogen to the core of screw dislocations resulting in easy 

planar slip as proposed by ab-initio calculations was proposed as a possible rationale for the 

increase in the creep rates in the former case. On the other hand, the zirconium hydride phase 

acting as obstacles to dislocation glide leads to reduction in the creep rate in the latter case. 

However, no change in the rate-controlling mechanism in HANA-4 by the influence of 

hydrogenation has been proposed based on the comparable stress exponents obtained for all 

the specimens tested under identical conditions of stress and temperature.    
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