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ABSTRACT 
 
Zirconium alloys (Zircaloy-2 and -4) remain the main cladding materials in most light water reactors. The recent 
trend is to use niobium-modified zirconium alloys because the Nb addition has been found to improve cladding 
performance in high burnup conditions. Hence, new alloys with Nb additions (such as ZirloTM, M5TM etc.) have 
recently been developed. Although it is known that creep properties improve, there have been very few data 
available to precisely evaluate the creep characteristics of these new commercial alloys. However, the creep 
behavior of many Nb-modified zirconium alloys has been studied over a long period of time. In this study, we have 
collected creep data on various Nb-containing alloys from the open literature as well as our own study over a wide 
range of stresses and temperatures. It is suggested that Nb-modified zirconium alloys behave as a Class-A alloy 
(stress exponent of 3) with the Nb atoms forming solute atmospheres around dislocations and thus, impeding 
dislocation glide under favorable conditions. On the other hand, Zircaloys exhibit Class-M creep behavior with a 
stress exponent of ≥ 4 implying the operation of a dislocation climb-controlled deformation mode. 
 
 
INTRODUCTION 

 
Zirconium (Zr) alloys are used extensively in cladding for encapsulating fuel pellets, and other structural 

applications in light water reactors (LWR). For instance, recrystallized Zircaloy-2 is used in boiling water reactors 
(BWR) and cold-work-stress-relieved Zircaloy-4 in pressurized water reactors (PWR). Zircaloys are Zr alloys 
containing Sn, Fe and Cr as alloying elements. In pressurized heavy water reactors (PHWR), Zr-2.5wt%Nb alloy is 
used as pressure tubes. Safety and reliability of a reactor heavily depend on the cladding performance. The cladding 
is subjected to various thermal and multiaxial stress conditions inside the reactor [1, 2].  

Recently, a number of Nb-containing alloys have been developed worldwide. Many such compositions are 
summarized in Table I [3]. It is interesting to note that the Nb contents in these alloys range from 0.5 – 1.5 wt.%. 
These are the alloys that are going to be used in modern light water reactors. Unfortunately, there is paucity of creep 
data for these new Zr alloys (in particular on biaxial creep) as evident from the survey of the recent literature.  

  
TABLE I. Chemical Composition of Various Zr Alloys (in wt.%) 

Materials Country of 
Origin 

Nb Sn Fe Cr O 

 
E110 

 
Russia 

 
0.95-1.05 

-  
0.006-0.012 

 
- 

 
≤0.10 

E110K Russia 0.95-1.05 - 0.006-0.012 - 0.12-0.16 
E635 Russia 0.95-1.05 1.10-1.30 0.30-0.40 - 0.05-0.12 
M5 France / USA 0.80-1.20 - 0.015-0.06 - 0.09-0.13 
Zirlo USA 0.9-1.13 0.90-1.2 0.1 - 0.09-0.15 
MDA Japan 0.5 0.8 0.2 0.1 - 
HANA-4 Korea 1.5 0.4 0.2 0.1 0.12 

 
Nonetheless, creep data of the earlier developed commercial and experimental Nb-modified Zr alloys are 

available. This paper aims to develop a unified mechanistic understanding of the thermal creep behavior in Nb-
bearing Zr alloys (Note that in this study we mainly discuss the creep characteristics of Zr-base alloys containing 
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~1.2 wt.% Nb or less). The data are also compared with the representative creep data of non-Nb containing Zr alloys 
to bring out the significance of Nb addition on the creep properties. 
 
GENERAL CREEP MECHANISMS 

 
It has been observed that at or above about 0.4Tm temperatures, diffusional processes become dominant and 

diffusion-controlled creep mechanisms starts to operate. These processes can be adequately described by the 
following equation: 
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where ε&  is the steady-state strain rate, σ is the applied stress, d is the grain size, A is a constant dependent on the 
material and operating mechanism, D is the diffusivity (which is of the functional form, Doexp(-Q/RT), where Do is 
the frequency factor, Q appropriate activation energy, R the universal gas constant and T the temperature in K), E 
the elastic modulus, b the Burgers vector, k the Boltzmann’s constant, n the stress exponent and p the inverse grain 
size exponent. 

Detailed accounts of various creep mechanisms can be found in the literature [4-6]. The creep behavior of pure 
metals and some alloys is termed as the Class-M (or Class-II) type. A stress exponent of 5 is generally expected. 
Although there are a number of models describing the Class-M behavior, Weertman’s pill-box model continues to 
be widely accepted [4]. In this model, the dislocations generated by the Frank-Read sources keep on gliding until 
the edge components of the dislocations are hindered from further movement due to the mutual elastic repulsion, 
whereas the screw components cross-slip rapidly for mutual annihilation. At high homologous temperatures, 
diffusion of vacancies become rapid enough for edge dislocations to climb toward each other and in the process, 
mutually annihilate. Then, Frank-Read sources start operating again. The steady state is reached when the rates of 
recovery and work hardening become equal. This creep mechanism is grain size independent, and generally 
associated with stress exponents of ~5. At still higher stresses, creep rates become higher than what is expected from 
the power law creep, and follow an exponential relation. This is called power law breakdown (PLB) regime. 
Dislocation mechanisms occurring in PLB regime is not clearly resolved, but it is thought to be essentially the same 
as in the power-law regime at low stresses. 

At lower stresses, Newtonian viscous creep mechanisms (n=1) are expected to operate. Depending on the grain 
size and/or temperature, the grain boundary or lattice diffusivity becomes dominant. At higher temperatures and 
small grain sizes, Nabarro-Herring (N-H) creep is dominant. N-H creep is grain size dependent (p = 2). At even 
smaller grain sizes or lower temperatures, grain boundary diffusion becomes important. Then, a different diffusion 
creep mechanism known as Coble creep operates. This creep mechanism is more grain size sensitive (p = 3) than the 
N-H creep. However, there is another form of Newtonian viscous creep, called Harper-Dorn creep (H-D), which 
may become relevant at very low stresses and very large grain sizes. The H-D creep is grain size independent (i.e. p 
= 0). 

At even higher stresses, there may appear another regime called low temperature climb controlled creep with a 
stress exponent value of (n+2 i.e. 7). This mechanism is associated with the climb processes involving dominance of 
dislocation core diffusion. However, this is often masked because power law breakdown regime starts in the near 
vicinity. Table II presents the parametric dependencies and constants for relevant deformation mechanisms. 
 

TABLE II. Various Diffusion-Controlled Deformation Mechanisms [1] 
Mechanism D n p A 

Climb of edge dislocations DL 5 0 ~6×107 

Viscous Glide DS 3 0 6 
Low Temperature Climb DC 7 0 2×108 

Harper-Dorn DL 1 0 3×10-10 

Nabarro-Herring DL 1 2 12 

Coble DB 1 3 100 

[Note. lattice diffusivity (DL), solute diffusivity (DS), dislocation core diffusivity (DC), and grain boundary diffusivity (DB)] 
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CREEP CHARACTERISTICS OF Zr-0.5Nb ALLOY 
 

In Zr-0.5Nb alloy, Pahutova et al. [7] obtained a stress-independent activation energy of 288±25 kJmol-1, which 
is in agreement with the activation energy for lattice self-diffusivity (272 kJmol-1). All the stress and steady state 
strain rate data (test temperatures ranging 350-550oC) of this alloy are plotted on a normalized basis (i.e. 
compensating with appropriate diffusivities and moduli) in Fig. 1. This alloy consisted of equiaxed alpha-Zr phase 
and lath martensite. The following diffusivity [8] and temperature-dependent elastic modulus (ET) were utilized in 
the normalization procedure, 

 
 D = 1.26×10-3 exp (-272000J/RT) m2s-1 (2) 

and 
 ET = (88000-61.4T) MPa. (3) 

 
Three deformation regimes can be delineated in Fig. 1. At the intermediate normalized stresses, a region with a 

stress exponent value of 7 was obtained. The authors attributed the deformation due to recovery occurring through 
dislocation climb and annihilation. Microstructural observation in this regime through transmission electron 
microscopy (TEM) revealed a well-developed subgrain structure. Generally, high temperature climb is associated 
with stress exponents of 4-7. However, as the stress exponent here is ~7 (as noted in Table II), there may arise a 
question whether it is characteristic of a low temperature dislocation-climb controlled mechanism. From the above 
discussion, it seems that this kind of mechanism will require an activation energy of dislocation core diffusion. But 
as already mentioned, the activation energy was measured to be that of lattice self-diffusion. Also, notable is that the 
upper portion of these data is close to the power law breakdown regime (PLB), and the transition from the power 
law dependence to an exponential dependence of stress occurs. Generally, power law breakdown regime sets in at 
stresses higher than the stress levels of 10-3E.  

 
Fig. 1. Stress and strain rate data of Zr-0.5Nb alloy shown on a normalized basis. 

 
At lower normalized stresses, there appears a deformation regime with a stress exponent of ~3, which is 

controlled by the viscous glide of dislocations. The possibility of the viscous glide regime was confirmed from the 
substructure of the crept sample (tested at a stress corresponding to ~3×10-4E) investigated by TEM. As expected, 
no subgrain formation was observed, and dislocations were randomly arranged in the alpha-Zr grains.  
 
CREEP CHARACTERISTICS OF Zr-1Nb ALLOY 

 
Thorpe and Smith [9] reported that the creep curves in Zr-1Nb alloy almost never reach a steady state. The 

material used in that study was recrystallized with a mean linear intercept grain size of 2.2 μm. The test 
temperatures varied from 100-500oC. Dynamic strain aging was observed to influence the deformation behavior in 
the vicinity of 257oC. An attempt was made to explain the behavior with recovery and hardening effects. Although 
the steady-state was not achieved, the stress sensitivity of the creep rate in the transient regime (at 5% creep strain) 
was 8.4 at 400 oC, and 8.0 at 500oC. However, no microstructural evidence was presented. 
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Alymov et al. [10] referred to a work by Voeikov et al. [11] where stress exponents of ~5, and a creep activation 
energy of 214 kJmol-1 were obtained while investigating steady-state creep of Zr-1Nb cladding tubes in the 
temperature range of 347-397oC and a stress range of 70-120 MPa (1.4 - 2.6×10-3E). Although from the initial study, 
it may appear Zr-1Nb acts as a Class-M alloy, the stress and temperature ranges investigated were too narrow to 
reach any definitive conclusion. 

Alymov and coworkers [10, 12-14] generated a vast amount of high temperature deformation data in a wide 
range of conditions. The work was carried out in the single phase regime of the alloy at a temperature range of 377-
597oC and a stress range of 10-150 MPa (2×10-4-4×10-3E). The initial microstructure of the alloy was completely 
recrystallized with a grain size of ~5 μm. An apparent activation energy of 240±10 kJmol-1 was obtained. By 
modulus compensation, a true activation energy of 235±10 kJmol-1 was derived. It was found that the activation 
energy was not influenced by stress or temperature ranges. Although they did not present any microstructural 
evidence, they suggested that the stress exponent of ~5 obtained above a stress level of 32 MPa is the direct 
evidence of dislocation climb-controlled creep mechanism. A stress exponent of 2.2 was obtained for tests 
conducted under a stress of 32 MPa, which may imply operation of grain boundary related mechanism. They also 
constructed a rough deformation mechanism map showing that Coble creep would operate at very low stresses, but 
no direct evidence was presented. Fig. 2 shows the normalized stress and strain rate plots of the creep data. There 
appear only two distinct deformation regimes, one with a stress exponent close to 5 at higher σ/E values and the 
other with a stress exponent value of ~3 at lower modulus-compensated stresses. Hence, it appears to be a transition 
in deformation mechanism similar to that of Zr-0.5Nb alloy discussed earlier. However, it is not clear from this 
analysis whether the power law broke down at higher stresses because of the lack of enough data. 

 

 
Fig. 2. The variation of strain rate as a function stress using proper modulus and diffusivity compensation. 

 
CREEP MECHANISMS IN ZIRLO 

 
Zirlo is basically an Nb-modified Zircaloy. Murty et al. [15, 16] studied tensile creep tests in both rolling 

direction (RD) and transverse directions (TD) of a Nb-modified Zircaloy (Zr-1Sn-0.2Fe-1.0Nb, by wt.%) sheet. The 
material had a recrystallized microstructure with an average grain diameter of 8 μm. Both the RD and TD specimens 
show a very similar trend, and the minor variation in strain rates was characteristic of minor planar anisotropy of the 
sheet. When steady-state strain rates were plotted as a function of stress, it yielded three distinct deformation 
regimes (n=1, n=3 and n=7 with incrementing stress levels). In the lower stress regime, a mean activation energy of 
~126 kJmol-1 was obtained, and this value corresponded to the activation energy for grain boundary diffusion in α-
Zr (143.8 kJmol-1). A comparison with the standard models revealed that the lower stress regime with n=1 
represents Coble creep consistent with the relatively small grain size (8 μm) of the experimental alloy, and not 
Nabarro-Herring or Haper-Dorn creep with similar stress dependencies. 
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The second regime at the intermediate stresses shows a stress exponent of 3, which is characteristic of viscous 
dislocation glide regime. An activation energy of ~282 kJmol-1 was obtained. This value is close to the activation 
energy for lattice self-diffusion in α-Zr (~272 kJmol-1) identifiable with the appropriate diffusivity in a dilute solid 
solution. 

At higher stresses (third regime), a stress exponent of ~7 was obtained. As discussed earlier, it most likely 
involves the operation of dislocation climb related processes with an activation energy close to that of lattice self-
diffusion. At even higher stresses, the strain rate increases at a rate higher than definable by the power law, and thus, 
PLB starts. Fig. 3 shows a composite curve in normalized strain rates and stresses using all the creep data obtained 
for this material. In this figure, we use lattice self-diffusivity for compensation. As a result, the lower stress regime 
data (Coble creep) did not fall together. However, the other data correlate very well in the other two regimes (n = 3 
and 7). An important observation from this figure is that at temperatures below a specific temperature, the viscous 
glide regime disappears, and dislocation climb controlled regime appears with a direct transition from diffusional 
creep. The equations defining the two dislocation creep regimes are 
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respectively. Also, it is to be noted that similar deformation mechanisms were also found in the creep testing of Zirlo 
cladding tubes [1, 17]. Interestingly, the alloys did not show any diffusional creep regime (i.e. n = 1) under the 
comparable conditions. 

 
Fig. 3. The normalized plot of the creep data of the Nb-modified Zircaloy showing various deformation regimes. 

 
CREEP PROPERTIES OF Zr-Sn-Mo-Nb ALLOY 
 

Pahutova et al. [19] studied the creep properties of a Zr-3Sn-1Mo-1Nb (by wt.%) in a temperature range of 
350-550oC. The initial grain size of the alloy was 220 μm. All the creep data (steady state strain rate and stress) 
pertaining to this material was normalized with appropriate diffusivity and modulus, which is shown in Fig. 4. 
Unlike the previous data, all the data were obtained at high stresses (~10-2E) only. At lower normalized stress, a 
stress exponent of 4 is obtained implying that a viscous dislocation glide (n=3) is operating. At even higher stresses, 
dislocation climb-controlled creep appears (n=6). At still higher stress regime, power law breakdown occurs. From 
this curve, it seems that there may not be any effect of excess Sn or Mo in modifying the deformation mechanisms. 
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Fig. 4. Normalized steady-state creep rate vs. modulus-compensated stress data for Zr-3Sn-1Mo-1Nb alloy. 

 
DISCUSSION 
 

So far, we have discussed deformation mechanisms individually in several Nb-containing Zr-base alloys. In 
Fig. 5, we have shown most data in the form of data trace only for a clear interpretation. In addition, we have also 
shown a data trend for commercially pure Zr as compiled by Hayes et al. [20] and creep data from Zircaloy-4 [21]. 
Only the data which correspond to the lattice self-diffusivity of α-Zr are used for normalization.  

 

 
Fig. 5. The relative positions of normalized strain rate-stress data for various Zr-base alloys. 

 
 

From this figure, we can note a few interesting points: 
a) The creep strengths of all alloys are stronger than the commercially pure Zr (which shows a typical 

dislocation climb controlled behavior). 
b) It appears from the above figure that the addition of Nb does not increase the creep resistance after 0.5 

wt.% or so since the Zr-1Nb data fall almost close to the Zr-0.5Nb data. However, note that we have not 
dealt with the higher Nb-containing alloys and the statement made previously may not be true for them. 

c) As from Figure 5, it is apparent that Zircaloy-4 and Zirlo almost have the similar creep strength, which may 
imply that Sn strengthens Zr whereas Nb may not have much effect above a critical amount. 
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d) The strongest alloy is found to be Zr-3Sn-1Mo-1Nb alloy. A higher amount of Sn and Mo may have 
increased the creep strength. 

e) It has been shown that Nb-containing alloys can behave as a Class-A solid solution, involving the operation 
of viscous dislocation glide mechanism (generated by the solute drag exerted by the Nb solute atmospheres 
formed around the mobile dislocations), and yielding a stress exponent of 3. This deformation regime is not 
present in the creep of Zr or Zircaloys. 

f) It is interesting to note that in Zr-based alloys, PLB has been found to occur at relatively higher stresses 
than usually noted in many metallic systems.  

 
From above discussions, it is clear that knowledge of deformation mechanisms is very important in evaluating 

and predicting the creep performance of cladding in reactors. One needs to understand that the presence of such 
transitional mechanisms can lead to non-conservative estimates of the creep rates as a result of blind extrapolation 
of higher stress data to lower stresses corresponding to in-service conditions. 
 
CONCLUSIONS 

 
Creep along with high temperature deformation data are analyzed from different investigations on Nb-modified 

Zr alloys. Only creep data of Zr alloys containing less than ~1.2 wt.% Nb are analyzed. The data were also 
compared with those of Zr and Zircaloy-4. It is found that under certain conditions of temperatures and stresses, the 
Nb-containing alloys may behave as a Class-A alloy due to solute-drag dislocation glide, which is not found in Zr or 
Zircaloys. Through this, the importance of transitional creep mechanisms is further emphasized in the estimation of 
reactor cladding life. More creep studies on the advanced alloys like Zirlo and M5 would be needed to fully 
understand their creep behaviors. 
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