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Abstract

Zirconium (Zr) alloys remain as the main cladding materials in most water reactors. Historically, a series of Zircaloys were developed,
and two versions, Zircaloy-2 and -4, are still employed in many reactors. The recent trend is to use the Nb-modified zirconium alloys as
the Nb addition improves cladding performance in various ways, most significant being superior long term corrosion resistance. Hence,
new alloys with Nb additions have recently been developed, such as Zirlo®* and M5™. Although it is known that creep properties
improve, there have been very few data available to precisely evaluate the creep characteristics of new commercial alloys. However,
the creep behavior of many Nb-modified zirconium alloys has been studied in several occasions. In this study, we have collected the creep
data of these Nb-modified alloys from the open literature as well as our own study over a wide range of stresses and temperatures. The
data have been compared with those of conventional Zr and Zircaloys to determine the exact role Nb plays. It has been argued that Nb-
modified zirconium alloys would behave as Class-A alloys (stress exponent of 3) with the Nb atoms forming solute atmospheres around
dislocations and thus, impeding dislocation glide under suitable conditions. On the other hand, zirconium and Zircaloys behave as Class-

M alloys with a stress exponent of >4, attesting to the dislocation climb-controlled deformation mode.

© 2007 Elsevier B.V. All rights reserved.

1. Introduction

Zr alloys are used extensively as the fuel cladding tubes
for encapsulating fuel pellets, and for 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 (CWSR) 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-2.5 wt%
Nb alloy is used as pressure tubes. The safety and reliability
of a reactor largely depend on the cladding performance.
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The cladding tube is subjected to various thermal and
multiaxial stress conditions inside the reactor [1]. A typical
PWR core may experience temperatures in the range of
290-350 °C and a system pressure of 15-16 MPa during
normal operation [2,3]. In addition, stresses arise from
the external pressure of the coolant, flow-induced vibra-
tion, internal pressure due to released fission gases, pellet
cladding mechanical interaction and spacer grid forces
due to differential growth leading to fuel rod bow. Hence
an understanding of the high temperature deformation
behavior of the cladding materials in a wide range of stres-
ses and temperatures is essential to make mitigating plans
in the event of an untoward incident (such as, loss-of-cool-
ant accident or LOCA). Creep behavior of Zr and its alloys
has been investigated over many decades, and been
reviewed [4,5]. The history of the Zircaloy development
has been quite interesting [6,7]. By 1965, Zircaloys became
the main cladding material in almost all the LWRs operat-
ing in the West. In the erstwhile USSR, Ozhenite alloys
which are complex Zr-base alloys with a total amount of
Sn, Fe, Ni, Nb etc. alloying elements in the range of
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0.5-1.5 wt% were investigated for cladding applications.
However, Nb-modified Zr alloys (such as E110 and E635,
main composition being Zr—1 wt% Nb) were found most
suitable for cladding applications in the VVER and
RBMK-type Russian water reactors [8]. It was recognized
that Nb addition in Zr alloys improves the long-term cor-
rosion resistance and mechanical properties as well as
retains a low neutron capture cross-section in the cladding,
leading to extended fuel cycles with higher burn-ups. Fol-
lowing the Russian experience, Canadian researchers devel-
oped Zr-2.5Nb alloys which are used in PHWR (CANDU)
reactors. Recently, several niobium-modified Zr alloys
(such as, Zirlo and M5) have been developed for use in
cladding applications in the USA and Europe. These are
the alloys that are going to be used in modern light water
reactors. Unfortunately, there is a paucity of creep data
for these new Zr alloys including biaxial creep, as evident
from the survey of the recent literature.

There are creep data available for the earlier developed
commercial and experimental Nb-modified Zr alloys. This
study aims to pull together results from those studies as
well as from our own, and analyze them in the light of
existing creep theories. The aim is to develop a unified
mechanistic understanding of the thermal creep behavior
of these materials. The data are also compared with the
representative creep data of Zr and Zircaloys to bring
out the significance of the Nb addition on the creep
properties.

1.1. Zr—Nb system

The chemical compositions of different Zr alloys used
for reactor applications are shown in Table 1. It shows
the major differences in various alloy compositions.

Zr and ND are in the IVB and VB groups of the Periodic
Table, respectively. Their crystal structures at lower tem-
peratures are different (o-Zr is hcp and Nb is bee). How-
ever, at >865°C Zr assumes a bce crystal structure [3].
Nb is considered a strong B-phase stabilizer. Depending
on the processing (such as, heat treatment), various types
of microstructures can be produced. Hence, a full knowl-
edge of microstructural characteristics is essential while dis-
cussing creep properties of the respective alloys. Further, it
is important to note that the impurity content may also
influence the solubility of Nb in Zr.

Bethune and Williams [9] noted that there had been
much disagreement about the maximum solubility of Nb
in o-Zr. From a literature survey, it was found to vary from
0.6 to as high as 6.4 wt%. Okamoto [10] has shown that the
maximum solubility of Nb in a-Zr is ~0.6 wt%. According
to the phase diagram, the solubility of Nb at <400 °C is
very small, and the most Nb remains in some form of pre-
cipitates (B-Nb). Further, according to the Zr—Nb phase
diagram the monotectoid reaction (o7, + Bnp — oz + Bzr)
can occur at about 620 °C. However, a recent study by
Canay et al. [11] revealed that the monotectoid reaction
temperature for a Zr—1Nb alloy is ~776 °C and the transus
temperature is ~948 °C for total transformation to B ;.
Other minor impurities (such as, oxygen) also may change
the transformation temperatures. Hence, the interpretation
of creep data above that temperature range must take into
account the consequence of phase changes. However, Zr
alloys containing ~1.0 wt’% Nb can be considered as a
quasi-single phase alloy because the volume fraction of
the Nb-containing second phases remains very small. In
this paper, we have focused our discussion on the creep
characteristics of Zr-based alloys containing ~1.0 wt%
Nb or less.

Fig. 1 shows bright field TEM images of a recrystallized
Zr-1Sn—1Nb-0.2Fe [12]. Fig. 1(a) shows the o-Zr matrix
grains with a small volume fraction of B-Zr phase present
only at the grain boundaries. The dislocation structures
present in this as-recrystallized alloy is shown in Fig. 1(b).

1.2. Various creep mechanisms

It has been observed that diffusional processes become
increasingly important at temperatures above about 0.3—
0.4 T,, and high temperature deformation behavior can
be described by the following equation:

) DEb o\ (b\"

f=A7 (E) (d) ’ m
where ¢ is the steady-state strain rate, o is the applied stress,
d 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 D, is the fre-
quency factor, Q the appropriate activation energy, R the
universal gas constant and 7 the temperature in K],
E the clastic modulus, » the Burgers vector, k the

Table 1

Chemical composition of various Zr Alloys (in wt%) [8]

Materials Nb Sn Fe Cr (6]

El110 0.95-1.05 - 0.006-0.012 - <0.10
E110K 0.95-1.05 - 0.006-0.012 - 0.12-0.16
E635 0.95-1.05 1.10-1.30 0.30-0.40 - 0.05-0.12
M5 0.80-1.20 - 0.015-0.06 - 0.09-0.13
Zirlo 0.9-1.13 0.90-1.2 0.1 - 0.09-0.15
MDA 0.5 0.8 0.2 0.1 -
Zircaloy-4 - 1.20-1.70 0.1 0.07-0.13 0.09-0.13
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Fig. 1. (a) Recrystallized grain structure of a Zr—1Sn—-1Nb-0.2Fe alloy showing a-Zr grains with B-Zr phases as boundary phases. (b) Dislocation

structures in the same alloy.

Boltzmann’s constant, n the stress exponent and p the in-
verse grain size exponent.

Detailed accounts of various creep mechanisms can be
found in the literature [13-18]. 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 expected. However, stress
exponents of 4-7 generally fit the creep behavior of a Class-
M alloy. Although there are a number of models describing
the Class-M behavior, Weertman’s pill-box model
continues to be widely accepted [17]. In this model, the dis-
locations 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 tempera-
tures, 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 oper-
ating 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 associ-
ated with a stress exponent of 4-7. At higher stresses (at
~107* E) creep rates become higher than what is expected
from the power law creep, and follow an exponential rela-
tion. This is called power law breakdown (PLB) regime.
Dislocation mechanisms occurring in the PLB regime are
not clearly resolved, but it is thought to be essentially the
same as in the power-law regime at lower 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 dif-
fusivity becomes dominant. At higher temperatures and
small grain sizes, Nabarro-Herring (N-H) creep is
dominated by the bulk diffusion. N-H creep is grain size
dependent (p =2). At even smaller grain sizes or lower
temperatures, grain boundary diffusion becomes more sig-
nificant. Then, a different diffusion creep mechanism,
known as Coble creep, operates. This creep mechanism is
more grain size sensitive than the N-H creep (p = 3). At

very large grain sizes creep rate becomes grain size indepen-
dent and follows Harper-Dorn creep (H-D) with an acti-
vation energy equal to that for volume diffusion.

The creep behaviors of many solid solution alloys are
termed as Class-A (or Class-I) type [14-16]. Here solute
atoms lock the mobile dislocations in such a way that the
glide process becomes sluggish compared to the climb pro-
cess under a range of creep conditions. As the climb and
glide operate in sequence, the slower one i.e. the dislocation
glide controls the rate. The activation energy associated
with this mechanism is that of solute diffusivity in solid
solution (or Darken diffusivity). However, for all practical
purposes, the lattice self-diffusivity and Darken diffusivity
are comparable, especially in dilute alloys. If the stress is
decreased further, the dislocation climb controlled regime
would appear. However, diffusional creep may still be
observed at further lower stresses. On the other hand, at
higher stresses dislocations may breakaway from the solute
atmospheres, thus entering a climb-controlled regime
again. This regime is associated with similar characteristics
as the climb-controlled regime already discussed (n = 4-7).
Following Murty’s work [15,16,18], this breakaway stress
can be calculated from the equation

W2 c,
* T o @)

where W, is the binding energy between solute atom and
the dislocation, ¢, is the solute concentration, and f typi-
cally ranges between 2 and 4 depending on the shape of
the solute atmosphere. Later, Langdon and coworkers
[14,19] showed that this relation is valid for a number of so-
lid solution alloys. Assuming 0.23 eV as a reasonable value
for Wy, the critical stress for breakaway is estimated to be
~7.5x 10~* E, which is in agreement with the experimental
results obtained from various Class-A alloys [18].

At even higher stresses, there may appear another
regime involving low temperature climb controlled creep
with a stress exponent value of n+ 2 (i.e. 7). This mecha-
nism is associated with the climb processes involving

[
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Table 2
Parametric dependencies of various diffusion-controlled deformation
mechanisms [1,18]

Mechanism D n P A

Climb of edge dislocations Dy 5 0 ~6x 107
Viscous glide Ds 3 0 6

Low temperature climb D¢ 7 0 2% 108
Harper-Dorn Dy 1 0 3x 10710
Nabarro-Herring Dy, 1 2 12

Coble Dy 1 3 100

Note. Dy: lattice diffusivity, Ds: solute diffusivity, Dc¢: dislocation core
diffusivity, and Dy: grain boundary diffusivity.

dominance of dislocation core diffusion. However, this is
often masked because the power law breakdown regime
starts in the near vicinity. Table 2 presents parametric
dependencies and constants for relevant deformation
mechanisms.

It is important to note that a number of activation
energy values for lattice self-diffusion in o-Zr have been
available in the literature. There was much confusion
regarding activation energy values of intrinsic self and sub-
stitutional diffusion in o-Zr, and Hood and coworkers
[20-22] have treated the subject extensively. It is now
known that the activation energy value in a-Zr (~300 kJ/
mol) is much higher than originally thought of mainly
because of the extrinsic impurity effects. For example, the
presence of minor amount of iron tends to lower the diffu-
sivity as Fe atoms appear to diffuse through Zr lattice inter-
stitially very rapidly and form a complex with Zr vacancy.
Eq. (3) determined by Lyashenko et al. [23] has been used
here to evaluate the appropriate diffusivity value as it
appears to be the most compatible with the experimental
data under consideration. Thus, the following diffusivity
[23] and temperature-dependent elastic modulus (E7) were
utilized in the normalization procedure for this study:

D = 1.26 x 10 exp(—272000 J/RT)m?> s~ (3)
and
Er = (88000 — 61.4T) MPa, (4)

where T is in K.

2. Creep characteristics of Zr—0.5Nb alloy

Pahutova et al. [24] conducted a detailed creep study on
a Zr alloy containing 0.5 wt”% Nb with an average grain
diameter of 500 pm. They reported a stress-independent
creep activation energy of 288 4= 25 kJ/mol, which is in
agreement with the activation energy for lattice self-diffu-
sivity (272 kJ/mol) [24]. All the stress and steady state
strain rate data (test temperatures ranging 350-550 °C) of
this alloy are plotted on a normalized basis (i.e. compensat-
ing with the appropriate diffusivities and moduli) in Fig. 2.
This alloy consisted of equiaxed a-Zr phase and some lath
martensite. Three deformation regimes can be recognized
in Fig. 2. At the intermediate normalized stresses, a region

10° T

F Zr-0.5Nb (Pahutova et al.) a8
2L Temperature 350-550°C %2
)

ékT/DEb

c/E

Fig. 2. Stress and strain rate data of Zr—0.5Nb alloy shown on a
normalized basis [24].

with a stress exponent value of 7 was obtained. The authors
attributed the deformation due to recovery occurring
through dislocation annihilation by climb. Microstructural
observation in this regime through transmission electron
microscopy (TEM) revealed a well-developed subgrain
structure as is expected in climb creep regime. Generally,
high temperature climb is associated with stress exponents
of 4-7. However, it is also known that a stress exponent of
~7 may be a characteristic of a low temperature disloca-
tion-climb controlled mechanism (Table 2). It is known
that this kind of mechanism would require an activation
energy for dislocation core diffusion. But as already men-
tioned, the measured activation energy was consistent with
that of the lattice self-diffusion. Also, notable is that the
upper portion of these data is close to the PLB regime,
and the transition from the power law dependence to an
exponential dependence of stress occurs.

At lower normalized stresses, there appears a deforma-
tion regime with a stress exponent of ~3, which is
controlled by the viscous glide of dislocations. The possibil-
ity of the viscous glide regime was confirmed from the sub-
structure of the crept sample (tested at a normalized stress
of ~3 x 107 investigated by TEM. As expected, no sub-
grain formation was observed, and dislocations were ran-
domly arranged in the o-Zr grains, which is characteristic
of the viscous dislocation glide. Thus we note the operation
of glide and climb creep mechanisms taking place in series
as expected in Class-A type alloys.

3. Creep characteristics of Zr—1Nb alloy

In an earlier study by Thorpe and Smith [25], it was
reported that the creep curves in Zr—1Nb alloy almost
never reach the steady state. The material used in that
study was recrystallized with a mean linear intercept grain
size of 2.2 um. The test temperatures varied from 100—
500 °C. Dynamic strain aging was observed to influence
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the deformation behavior in the vicinity of 257 °C. 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 tran-
sient regime (at 5% creep strain) was 8.4 at 400 °C, and 8.0
at 500 °C. However, no microstructural evidence was
presented.

Alymov et al. [26] referred to a work by Voeikov et al.
[27] where stress exponents of ~5 and a creep activation
energy of 214 kJ/mol were obtained while investigating
steady-state creep of Zr—-INb tubes in the temperature
range of 347-397 °C and a stress range of 70-120 MPa
(1.4-2.6 x 107> E). Although from the initial study, it
may appear Zr—1Nb acts like a Class-M alloy, the stress
and temperature ranges investigated were too narrow to
reach any definitive conclusion.

Alymov and coworkers [26,28-30] 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—
597°C and a stress range of 10-150 MPa (2x 10~*-
4x 1073 E) [26]. The initial microstructure of the alloy
was completely recrystallized with a grain size of ~5 um.
An apparent activation energy of 240 4 10 kJ/mol was
obtained. By modulus compensation, a true activation
energy of 235+ 10 kJ/mol was derived. The activation
energy was not influenced by stress or temperature ranges.
However, the value of activation energy was found to be
below the activation energy of 272 kJ/mol found by Lya-
shenko et al. [23]. Although they did not present any micro-
structural evidence, they suggested that the stress exponent
of ~5 obtained above a stress level of 32 MPa is a direct
evidence of the operation of dislocation climb-controlled
mechanism. A stress exponent of 2.2 was obtained for tests
conducted below a stress level of 32 MPa, which implied
the operation of grain boundary sliding related mechanism.
They also constructed an approximate deformation mech-

Recrystallized Zr-1Nb
f (Alymov et al., 1987)
Grain Size 5 um

ekT/DEDb

10™ 10° 10°
clE

Fig. 3. The variation of strain rate as a function stress using proper
modulus and diffusivity compensation [26].

anism map considering that at very low stresses, Coble
creep would operate, but again no direct evidence was pre-
sented. Fig. 3 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 ¢/E values and the other with a stress exponent
value of ~3 at lower modulus-compensated stresses.
Hence, there appears to be a transition in deformation sim-
ilar to that of Zr-0.5Nb alloy discussed earlier. However, it
is not clear whether the PLB regime appears at higher stres-
ses because of the lack of enough data.

In a different study, Pirogov et al. [29] reported a com-
parative account of the creep characteristics involving a
fully recrystallized and a cold worked Zr—1Nb alloy. The
former material had an average equiaxed grain size of
8 um while the latter one had a ‘fibrous’ (presumably elon-
gated) microstructure with an average ‘fiber’ (presumably
grain) thickness of 3 um. It was noted that the creep resis-
tance of the cold worked alloy was significantly greater
than that of the recrystallized alloy, particularly for shorter
pre-test holding times. The cold worked microstructure
evolved throughout the creep test, and underwent in situ
recrystallization process. They noted that for these types
of alloys, two characteristic creep rates may be important,
a minimum creep rate, and a final creep rate that resembles
the steady state creep rate of the fully recrystallized
structure.

Fig. 4(a) and (b) shows the normalized creep rate versus
stress data for the recrystallized and cold worked alloy,
respectively. The normalization gives a poor correlation
factor between various data. Also, on these plots the signif-
icant strength enhancement of the cold worked structure
against the recrystallized one is not readily evident.
Although there is significant scatter in the data, they do
seem to indicate a stress exponent of 3 at lower stresses
(<2x107* E) while a larger value of 8 (cold worked) and
6 (recrystallized) at higher stresses, again indicating the
Class-A type behavior.

Pirogov et al. [30] also investigated the creep behavior
of Zr—INb in a temperature regime of 607-877 °C. The
of/o + B-phase boundary as per Zr-Nb phase diagram
occurs at ~600 °C, and thus, the microstructure would
transform into a two-phase microstructure with significant
B-Zr phase present across the temperature ranges. The o-Zr
phase gradually disappears with increasing temperature,
and new B-Zr phases appear. The grain size also increased
from <10 um to as high as 70 um. An equation resembling
the rule of mixture was introduced to take care of the con-
comitant presence of a-Zr and B-Zr phases. They proposed
constitutive equations at various stages of transformation.
However, more detailed study is needed to elucidate the
creep behavior in such a regime.

Very high temperature creep and tensile tests (897-
1097 °C) of Zr—1Nb alloy were also conducted by Alymov
and coworkers [28]. In this temperature range, Zr presum-
ably remains in the B-Zr form due to higher temperatures.
However, it has been found that oxygen elevates the
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Fig. 4. Plots of normalized strain rates vs. stresses comparing the creep
behavior of (a) a cold worked and (b) a recrystallized Zr—1Nb [29].

o+ B — B transus temperature at a rate of ~0.06 °C/wt
ppm. Further, Canay et al. [11] have measured the B tran-
sus temperature for Zr-1Nb alloy to be ~948 °C. Given
that the oxygen impurity was kept at a very small level
and no quantitative oxygen content was reported, the rele-
vant temperature of transformation then becomes a subject
of speculation. However, Alymov et al. [28] reported an
activation energy value of 110 kJ/mol, which is identical
to the activation energy (~110 kJ/mol) for lattice self-diffu-
sivity of Zr in Zr-1Nb alloy in the B-Zr phase regime [31].
Alymov et al. [28] reported an apparent stress exponent of
3.5. They argued that some deformation mechanism
between the viscous glide and dislocation climb may be
operating in this regime. However, with appropriate diffu-
sivity and modulus compensation (Fig. 5), the true stress
exponent was found to be 4 in our analysis. From that
knowledge, it is appropriate to suggest that the deforma-
tion regime is dislocation climb controlled.

The data of two lower temperatures (897 and 997 °C)
fall close to each other whereas the highest temperature
data (for 1097 °C) are radically different (shifted to the

10°
Zr-1Nb (Alymov et al., 1987)
O 897°C
0o 997°C
A 1097°C E
Ke)
w
Q10" 5
'_
10" : —_—
10™ 10°

clE

Fig. 5. Normalized strain rate vs. stress for a Zr—INb alloy in the
temperature range of 897-1097 °C [28].

right of the lower temperature data line) even though the
diffusivity-compensated creep rate range remained quite
similar. This leads one to believe that this difference arises
because of the microstructural transformation. It is
interesting to note that in the lower temperature range
the microstructure may quite possibly be in the two-phase
(o/B) region. Although they will have different volume frac-
tions of o and P phases at two temperatures (897 °C and
997 °C), the use of B-Zr self-diffusivity still gives good cor-
relation, which may not have much of a meaning. More-
over, the microstructure at the highest temperature level
(1097 °C) is fully in B-Zr form beyond reasonable doubt.
Then the use of B-Zr self-diffusivity for lower temperature
data may not have any real meaning even though they cor-
relate well. The reason for this behavior is not clear at this
point, and due to the lack of sufficient microstructural evi-
dence the above explanation remains more of a conjecture.

4. Creep mechanisms in Zirlo

Zirlo is basically a Nb-modified Zircaloy. Murty et al.
[32,33] made tensile creep tests in both rolling (RD) and
transverse (TD) directions of a Nb-modified Zircaloy
(Zr-1Sn-1.0Nb-0.2Fe, by wt%) sheet. The material had a
recrystallized microstructure with an average grain diame-
ter of 8§ um. Both the RD and TD specimens show similar
trends and the minor variation in strain rates was charac-
teristic of minute planar anisotropy of the sheet. According
to Canay et al. [11], the temperature of o — o + P transfor-
mation in Zr-1Nb-0.8Sn-0.2Fe alloy is 741 °C. Therefore,
it can be reasonably assumed that at the highest test tem-
perature (i.e. 650 °C), most a-Zr phases were retained with-
out the possibility of substantial B-Zr phase formation.
When steady-state strain rates were plotted as a function
of stresses, they exhibited three distinct deformation
regimes (n =1, n=3 and n =7, with incrementing stress
levels). In the lower stress regime, a mean activation energy
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of ~126 kJ/mol was obtained, and this value corresponded
to the activation energy for grain boundary diffusion in o-
Zr (143.8 kJ/mol) [12]. A comparison with standard models
revealed that the lower stress regime with n = 1 represents
Coble creep, and not Nabarro—Herring or Harper—Dorn
creep with similar stress dependencies consistent with the
relatively small grain size (8 pm) of the experimental alloy.

The second regime at the intermediate stresses shows a
stress exponent of 3, which is characteristic of viscous dis-
location glide. An activation energy of ~282 kJ/mol was
obtained. This value is close to the activation energy for
lattice self-diffusion in a-Zr (~272 kJ/mol) 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. 6 shows a composite curve in normalized strain

107 .

10°

10" 10° 10?
clE

Fig. 6. A normalized plot of the creep data for the Nb-modified Zircaloy
showing various deformation regimes [32].

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 tem-
peratures 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

é:4.4Dk—? (%)3 (5)
and
P=2x 10“%(%)7, (6)

respectively [30].

Fig. 7(a) shows a random distribution of dislocations in
the viscous glide regime (n=3). This microstructural
feature is consistent with the operation of viscous disloca-
tion glide. The sample taken in the n =7 regime shows
the presence of sub-boundaries (Fig. 7(b)) which lends sup-
port to the operation of dislocation climb controlled creep
processes.

Zhou et al. [34] studied a CWSR Zirlo alloy tubing using
closed end internal pressurization creep tests. However,
unlike most of the creep tests discussed so far, this pro-
duces a biaxial stress state (a stress ratio i.e. the ratio of
hoop stress to axial stress of ~2). The hoop strain rates
were found to be significant compared to the axial creep
rates. The normalized hoop strain rates against normalized
hoop stresses are plotted in Fig. 8. Here also the Nb-added
alloy acts like a Class-A alloy with a clear presence of a
n =3 regime.

5. Creep properties of M5 alloy

Recently, M5 (a Zr—Nb-O alloy, see Table 1) alloy has
been developed to serve as a high performance cladding

Fig. 7. Representative dislocation features observed in (a) n =3 and (b) n = 7 deformation regimes (SB — sub-boundaries) [11].



L Charit, K. L. Murty | Journal of Nuclear Materials 374 (2008) 354-363 361

10° e

CWSR Zirlo
Stress Ratio 2:1

o

107

I=)
9]
T

A

ekT/DEb
=)

107

-8 1
10 Y

10
clE

Fig. 8. A plot of normalized hoop strain rates against hoop stresses for
CWSR Zirlo tubing [34].

material. Although the composition is similar to those of
some Russian alloys, the processing is the key. Very little
is known about the creep properties of this alloy. However,
recently Brenner et al. [35] have presented a limited amount
of data on the creep characteristics of M5 tubing. M5 tub-
ing under two different conditions (one referred to as ‘A’
experienced thermal cycle only below the monotectoid tem-
perature, and the other one, ‘B,” alternatively above and
below that temperature during the fabrication) were inves-
tigated. Fig. 9 shows a comparison between the creep
curves of alloy-A and alloy-B. Alloy-B is much stronger
than the alloy-A. However, these two alloys have the
similar texture, composition, grain size and shape. Even
the stress exponent value was identical (~4). However, they
found a difference in the precipitate microstructure. Alloy-
A had a more homogeneous B-Nb precipitate structure
whereas alloy-B showed heterogeneous distribution of the
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Fig. 9. Creep curves for alloy-A and alloy-B tested at 400 °C and an axial
stress of 113 MPa [35].

precipitates. However, through careful TEM study they
concluded that there was no greater dislocation density
near the precipitates in alloy-B than alloy-A, and thus
hardening due to precipitates during creep is not a viable
explanation. They found through X-ray spectrometric
investigation that the alloy-B contained more Nb (by
0.1 wt%) in o-Zr phase than that of alloy-A. Therefore,
the solid solution strengthening may have caused the differ-
ence in creep rates between the two alloys. More detailed
evaluation of creep data is called for in elucidating the
underlying micromechanisms.

6. Creep properties of Zr-Sn—Mo-Nb alloy

Pahutova et al. [36] studied the creep properties of a Zr—
3Sn—1Mo-1Nb (by wt%) alloy in a temperature range of
350-550 °C. The prior B-Zr grain size of the alloy was
220 um. The alloy with dislocated martensitic structure
was aged so that a very small volume fraction of B-Zr
remained in the microstructure. All the creep data (steady
state strain rate and stress) pertaining to this material
was normalized with appropriate diffusivity and modulus,
as shown in Fig. 10. Unlike the previous data, all data were
obtained at high stresses (>10~° E) only. Hence, only two
deformation regimes were observed. At lower normalized
stress, a stress exponent of 3 was obtained and a stress
exponent of 6 at intermediate stress levels implying that
the alloy behaves as a Class-A type with viscous glide of
dislocations dominating at lower stresses below around
3x 10 E while breakaway from solute locking leading
to dislocation-climb controlled creep. At very high stresses
(>1072E), it exhibited power law breakdown. It would
have been interesting to study creep at lower stress regimes
and/or higher temperatures to examine the possibility of
grain boundary sliding and Newtonian viscous creep
regimes as has previously been observed in Zr-1Nb alloys.

10 T T 3
Zr-3Sn-1Mo-1Nb 5 ]
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Fig. 10. Normalized steady-state creep rate vs. normalized stress data for
a Zr-3Sn-1Mo-1Nb alloy [36].
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It is clear that Nb and perhaps Mo form solute atmo-
spheres locking the gliding dislocations.

7. Discussion

In the preceding sections, we have discussed deforma-
tion mechanisms in several Nb-containing Zr-based alloys.
In Fig. 11, we have shown most data in the form of data
trace only from the actual experimental data presented ear-
lier for a clear interpretation. In addition, actual creep data
of a recrystallized Zircaloy-4 [37], and a data trend for
commercially pure (CP) Zr as compiled by Hayes et al.
[5] are also included. Furthermore, only data correspond-
ing to dislocation-based creep mechanisms (grain size inde-
pendent) are used to construct the figure. Here data from
recrystallized alloys under uniaxial creep conditions have
only been considered. From this figure, following interest-
ing points can be noted:

(a) The creep strengths of all alloys are more than the
commercially pure Zr (which shows typical Class-M
creep behavior i.e. dislocation climb controlled
behavior).

(b) It appears from the 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 state-
ment made previously may not be true for them.

(c) As evident from Fig. 11, the creep data of a recrystal-
lized Zircaloy-4 alloy (average grain size of 15 pum)
almost superimpose on the Zr—1Nb or Zr-0.5Nb
data. The atomic radius of Sn is only 3% larger than
that of Zr whereas the Nb atom is about 9% larger
[36]. However, the modulus mismatch will be sub-

10 T T T
0O CPZr[5]
LA zr-o.5NDb[24]
107 e Zr-1Nb [26] A i
A Zircaloy-4 [37] A

10° % Zr-1Sn-1Nb-0.2Fe [32] ” 1
< @ Zr-3Sn-1Mo-1Nb [36] E =
(m] -5 m]
— 107 ok 7
- o adl : EE
-
I 107 n=6 V OZA*A ** 22

0 % & B
A »* m
10.9 | oA * & ]
N 3
a
10'11 PR | PP | M |
10° 10* 10° 10*
clE

Fig. 11. Comparison of normalized strain rate-stress data for various Zr-
based materials.

stantial for Nb compared to Sn with respect to Zr.
Therefore, the reason for having similar creep
strength in Zircaloy-4 is not readily discernible.

(d) For the alloy Zr-1Sn—-1Nb-0.2Fe, the creep strength
is much higher than Zr, Zircaloy-4 or Zr—Nb alloys.
Hence, the presence of both Sn and Nb is instrumen-
tal in augmenting the creep strength through solid
solution strengthening and/or particle strengthening.

(e) The strongest alloy is found to be Zr-3Sn—-1Mo-1Nb
alloy. A higher amount of Sn and the concomitant
presence of Nb and Mo (the size mismatch of Mo
and Zr atoms is ~13% as well as large modulus mis-
match [36]) increased the creep strength of the alloy.

(f) It has been shown that the Nb containing Zr alloys
behave as a Class-A solid solution, involving the
operation of the viscous dislocation glide mechanism
(through the viscous drag exerted by the Nb solute
atmospheres formed around the mobile dislocations)
yielding a stress exponent of 3. It is likely that mod-
erate atomic size mismatch and large modulus mis-
match of Nb in Zr lattice cause a strong interaction
between the Nb atoms and dislocations, thus result-
ing in the creation of solute atmospheres around
mobile dislocations in the viscous dislocation glide
regime. This deformation regime is not present in
Zr or Zircaloys. However, the precise effect of Nb
on the viscous glide needs to be further examined.

(g) It is interesting to note that in Zr-based alloys PLB
occurs at relatively higher modulus-compensated
stresses than usually noted in many metallic systems.

It is important to remember that Zr alloys have charac-
teristic textures (often dependent on the specific fabrication
details [6]), which may lead to anisotropic creep behavior.
Thus, textures may influence the creep properties discussed
above. As all the reports wherefrom the creep data were
collected did not elaborate on the textural characteristics,
one should be cautious while making definitive conclusions
from Fig. 11. Further, modulus and diffusivity data should
be carefully chosen, and the effect of impurities present in
the alloys need to be carefully examined.

From the previous discussion on various deformation
mechanisms and the possibility of their transitions depend-
ing on the test conditions, it is clear that this knowledge is
very important in evaluating and predicting the creep per-
formance 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.

8. Conclusions

Creep along with high temperature deformation data
are analyzed from different studies on Nb-modified Zr
alloys. Only the creep data of Zr alloys containing less than
1.2 wt% ND are analyzed in detail. The data were also com-
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pared with the creep data of Zr and Zircaloy-4. It is found
that higher Nb addition may not necessarily enhance the
creep resistance. But under certain conditions of tempera-
tures and stresses, the Nb-containing alloys may behave
as a Class-A type alloy due to the 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
characteristics.
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