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Abstract

In the present study, the tensile creep behaviour of three various cladding tubes of the
Zr1%Nb alloy has been studied in the α-Zr region at 350◦C, which corresponds to the oper-
ational service conditions of the cladding tubes in nuclear light-water reactors. Tensile creep
tests under the high constant applied stress region from 150 to 260 MPa have been carried
out at the transition from the power-law (PL) to the power-law breakdown (PLB) regimes.
It was found that all dispersion strengthened Zr1%Nb cladding alloys under investigation
reach the PLB regime at values of the compensated applied stress σ/G above approximately
8 × 10−3, where the stress exponent n of the minimum creep rate ε̇m (n = (∂ ln ε̇m/∂ ln σ)T)
then dramatically increases from the value of ∼ 6 with increasing stress ratio σ/G. The fact
that all experimental results for both the PL and PLB obey the Monkman-Grant relationship
supports the idea that the creep mechanism in the PL and PLB does not change qualita-
tively and indicates a close link between the deformation and fracture processes in both creep
regimes under investigation. However, future experiments could be carried out at different
testing temperatures within the PLB regime to verify the controversial contemporary views.

K e y w o r d s: zirconium alloy, creep testing, power-law breakdown, creep mechanisms, frac-
ture

1. Introduction

Zirconium Zr1%Nb (E110) alloy and its modified
versions with optimized compositions are used as fuel
cladding tubes in nuclear light-water VVER-type re-
actors [1]. Since the tubes are exposed to high pressure
and temperature conditions, creep is a crucial concern
for their applications. Cumulative α-zirconium creep
data were analysed based on an extensive literature
review [2]. However, a complete understanding of the
creep deformation and fracture mechanisms operat-
ing in a Zr1%Nb alloy is still missing [3–5]. Despite
the important basic understanding of creep behaviour
in zirconium alloys, there appears to be insufficient
creep data in the literature describing the thermal
creep in the transition between the power-law (PL)
creep regime at moderate applied stresses controlled
by dislocation climb and the power-law breakdown
(PLB) regime at high stresses [2, 6, 7]. In fact, the
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mechanism of creep deformation in the PLB is poorly
understood due to a limited number of studies car-
ried out in this regime. However, further study of the
PLB in zirconium alloys is strongly needed for the
safe management of claddings. This was the reason
for undertaking the present study, to provide further
information on the transition between the PL and the
PLB regimes in creep of Zr1%Nb cladding alloys at a
temperature of 350◦C matching an operational tem-
perature of cladding materials in the reactor.

2. Experimental

While the zirconium E110 alloy was produced
based on electrolytic zirconium, the E110G and the
E110E alloys were produced on a sponge basis with
a reduced impurity level. The nominal chemical com-
positions of the tested alloys are shown in Table 1.
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Ta b l e 1. Chemical composition of zirconium alloys under investigation

Nb Fe H N C O Hf F Si Ca
Alloy

(wt.%) (ppm) (wt.%)

E110 1.07 ± 0.1 10 ± 5 25 ± 5 max 100 400 ± 100 500 – – –
E110G 1.1 550 10 30 100 1000 100 < 0.01 < 0.01
E110E 1.01 500 3 30 50 710 – < 1 – –

Specimens of cladding tubes in the as-received con-
ditions (80mm in length, 9.13mm in outer diameter,
and 0.7mm in wall thickness) were used. Creep speci-
mens with a gauge length of 50 mm were manufactured
from the original cladding tubes. Uniaxial constant
stress creep tests in tension were carried out in an ar-
gon atmosphere [3]. The creep testing was conducted
at 350◦C (a typical operating temperature in VVER-
-type reactors), with the testing temperature main-
tained to within ± 0.5◦C. The applied tensile stresses
σ ranged from 150 to 260MPa. The creep elonga-
tions were measured using a linear variable differential
transducer (LVDT) with a sensitivity of 5 × 10−6, and
they were continuously recorded digitally, and com-
puter processed. The minimum creep rates, ε̇m, were
determined using modified creep curves of strain rate
ε̇ vs time t [8]. The microstructural and fractographic
investigations were performed using a Tescan Lyra 3
scanning electron microscope (SEM). The EBSD data
were analysed using HKL Channel 5 software (Oxford
Instruments, UK). The dislocation substructure was
investigated using a transmission electron microscope
(TEM) Jeol 2100F operating at 200 kV. Details of the
microstructural and fractographic methods used can
be found in our earlier paper [8].

3. Results and discussion

A detailed microstructural investigation of the
Zr1%Nb alloy before and after creep exposure has
been reported in our previous study [8]. At 350◦C,
two kinds of precipitates of secondary phases (the
β-(Zr,Nb) precipitates and the minor Laves phase
Zr(Nb,Fe)2 were identified, which were homogeneously
located intragranularly and intergranularly in the α-
Zr matrix. Accordingly, the solid solution strengthen-
ing effect of niobium is increased by the synergistic
action of the precipitation strengthening effect of the
secondary phases in the creep of the studied alloys.

3.1. Stress dependence of the minimum creep
rate ε̇m

The minimum creep rate, ε̇m, is a function of tem-
perature T and applied stress σ:

ε̇m = ε̇m (T, σ) . (1)

In the interval of moderate stresses and at a con-
stant temperature corresponding to the power-law
(dislocation) regime [2, 3, 6, 8], the semi-empirical re-
lationship

ε̇m = Aσn (2)

is frequently applied to describe the stress dependence
of the minimum creep rate ε̇m. In Eq. (2), A is a dimen-
sionless and material-dependent constant at a given
temperature. The stress exponent of the minimum
creep rate, n, is then defined as

n = (∂ ln ε̇m/∂ lnσ)T . (3)

At very high stresses corresponding to the power-
law breakdown and/or exponential creep regime [2, 3,
6, 8, 9], the stress dependence of the minimum creep,
ε̇m, is described by an empirical relationship:

ε̇m = A′ exp (Bσ) , (4)

where A′ and B are constants. As proposed by Garo-
falo [10], both the power-law and exponential stress
regimes relationships can be put together into a single
relationship

ε̇m = A′′ (sinhB′σ)n . (5)

This relationship reduces to Eq. (2), in which A =
(B′)nA′′ at low stresses, and to Eq. (4), in which A′ =
A′′ and B = nB′ at high stresses.
The stress dependences of the minimum creep rate,

ε̇m, for the cladding alloys under investigation are
shown in Fig. 1a in double logarithmic plots. Based
on our preliminary results [8], the values of the ap-
plied stress, σ, were chosen in such a way that the
minimum creep rates within the range of 10−8 s−1 to
10−2 s−1 had been expected to cover the desired tran-
sition from the power-law to power-law breakdown
regimes. Figure 1a shows that the stress dependences
are not given by straight lines, which implies that
the stress dependences of the minimum creep rates
cannot be described by a simple power function with
a constant value of the stress exponent n. Actually,
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Fig. 1. Dependence of the minimum creep rate ε̇m on the
applied stress σ: (a) ε̇m vs σ, (b) diffusion coefficient-com-
pensated minimum creep rate vs. modulus-compensated
applied stress (data for diffusion coefficient D and modulus

G were taken from the literature [2, 4]).

the values of the stress exponent n (which are slopes
in Fig. 1a), increase with increasing σ from a value
of approximately ∼ 6 at moderate stresses, which is
next to the range of the power-law regime [2–6, 8], to
very high values of ∼ 65 at the highest stresses, im-
plying the power-law breakdown regime. Although in
this work, creep tests have only been carried out at
a constant temperature, for mutual comparison with
previously reported results [2, 6], a plot of the diffu-

sion coefficient-compensatedminimum creep rate, ε̇m,
vs the modulus-compensated applied stress σ/G is
shown in Fig. 1b. It is apparent from Fig. 1b that
the Zr1%Nb alloys under investigation reach the bor-
derline between the power-law and power-law break-
down regimes at the values of compensated stress σ/G
above approximately 8 × 10−3, where the stress expo-
nent of the minimum creep rate n′ then dramatically
increases with increasing stress ratio σ/G. Similar σ
values of > 2 × 10−3G and > 10−4G for pure zirco-
nium and Zircaloy alloys, respectively, were reported
by Hayes et al. [2] and Kassner et al. [9]. Values of
σ > 3 × 10−3G were published by Murty et al. [6].
Such high values of the stress exponent of the

minimum creep rate, n, at high applied stresses, σ,
are frequently observed in precipitation or dispersion
strengthened materials and discontinuously reinforced
composites [11]. In this case, one explanation of such
extremely high values of n is their rationalization by
considering the existence of the effective stress, σe, and
the threshold stress, σ0 [11–17], based on the idea that
at the highest applied stresses, σ, the creep behaviour
is controlled by precipitation strengthening resulting
from the mobile dislocations-precipitates interaction,
and therefore, the creep behaviour is not driven by
the applied stress, σ, but effective stress, σe [3, 13–
17]. This approach has been widely applied to the
creep of precipitation-strengthened alloys. Two differ-
ent experimental techniques (stress transient dip test
technique [18] and strain transient dip test technique
[19]) have been proposed for the direct measurement
of the effective stress, σe [18, 19]. Both techniques rest
in determining the reduction of the applied stress σ
by Δσ = Δσe. Both these techniques provide very
similar results [16]. The relationship between the ef-
fective stress, σe, and the applied stress, σ, in creep of
precipitation strengthened Zr2.5%Nb alloy and pure
zirconium based on measuring the effective stress, σe,
by the modified strain transient dip test technique was
reported by Pahutová et al. [3, 20]. However, it should
be emphasized that the determination of the effec-
tive stress by this method needs a very stress-sensitive
technique.
The true stress exponent of the creep rate, n∗, such

as the parameter of sensitivity of the minimum creep
rate, ε̇m, to the effective stress, σe, can be expressed
as

n∗ = (∂ ln ε̇m/∂ lnσe) (6)

and

σe = σ − σ0, (7)

where σ0 is the threshold stress. If the threshold stress
exists, Eq. (2) could be extended for a constant se-
lected testing temperature in such a way that the ef-
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Fig. 2. Estimation of the threshold stress, σ0, for the stress
exponent n = 5.

fective stress, σe, replaces the applied stress, σ, leading
to the relationship

ε̇ = A1 (σ − σ0)
n∗

(8)

or

ε̇1/n
∗
= A2 (σ − σ0) . (9)

3.2. The threshold stress σ0 and effective
stress σe

Different methods have been proposed to assess the
magnitude of the threshold stress, σ0, in high tempera-
ture creep of precipitate and/or dispersion strength-
ened alloys [11, 21–26]. In this work, the threshold
stress was estimated by applying a commonly used lin-
ear extrapolation technique [23]. The threshold stress,
σ0, is evaluated graphically for prior selected values
of the stress exponent n by plotting (ε̇m)

1/n vs σ on
linear axes, and in the absence of any significant cur-
vature, the plots are extrapolated linearly to inter-
sect the stress axis at zero strain rate. The values of
σ0 of an individual Zr1%Nb alloy were estimated as
∼ 160, ∼ 141, and ∼ 124MPa for the E110, E110G,
and E110E alloys, respectively (Fig. 2). These val-
ues of σ0 are not essentially different from each other.
Presupposing that the controlling creep deformation
mechanism is dislocation climb and glide, the prior
selected value n = 5 was used. The estimated values
of the threshold stress, σ0, were used for determining
the effective stress, σe (Eq. (7)).

Fig. 3. Relationship between the effective stress, σe, and
applied stress, σ.

The relationship between the effective stress, σe,
and applied stress, σ, is shown in Fig. 3. From Fig. 3, it
can be seen that the effective stress represents a signif-
icant fraction of the applied stress, and the σe/σ ratio
increases with applied stress. For the E110 alloy, the
values of the σe/σ ratio are ∼ 0.25 and ∼ 0.4 for 200
and 250MPa, respectively. Slightly higher values of
the σe/σ ratio were found for the E110E alloy: ∼ 0.38
(200MPa) and ∼ 0.5 (250MPa). It will be interesting
to compare these findings with previously reported re-
sults. The measurement of the mean effective stress
in creep of pure α-Zr [20] by the strain transient dip
test technique led to the conclusion that the effective
stress, σe, does not depend on the temperature and
increases linearly with applied stress, σ. By contrast,
the same authors reported [3] that in the case of pre-
cipitation strengthened Zr-Nb alloys with different Nb
content, the temperature dependence of the effective
stress, σe, increases with increasing Nb concentration.
The values of the σe/σ ratio reached as high as 0.5 at
high testing temperatures (up to 550◦C) and applied
stresses [3].
A question naturally arises about the nature of

the threshold stress, σ0. In principle, the threshold
stress is attributed to the presence of the second
phase precipitates, which act as obstacles to dislo-
cation motion. The different interpretations of the
threshold stress and obstacle strength parameters for
particle-strengthened metals have been reviewed by
Gibeling [13]. Unfortunately, although the threshold
stress phenomenon has been studied in a large num-
ber of precipitate-strengthened metallic materials over
the past three decades, our present understanding of
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Fig. 4. Nb rich β-Zr precipitates after creep of the Zr1%Nb
alloy in the PLB regime: (a), (b) distribution view and (c)
EDS spectrum and average composition (creep at 350◦C

and 215 MPa).

Fig. 5. Bright field TEM micrographs showing the inter-
actions of dislocations with β-Zr precipitates in the PLB
regime (creep at 350◦C and 215 MPa): (a) in grain interior

and (b) close to grain boundary.

the physical origin of the threshold stress remains
incomplete. Zr1%Nb cladding alloys are significantly
strengthened by the formation of the incoherent Nb
rich β-Zr precipitates [5, 8], which represent effective
obstacles to dislocation movement and, therefore, are
the main contributor to the origin of the threshold
stress during creep (Fig. 4). The precipitates are round
with a mean size of ∼ 50 nm, and their volume den-
sity was estimated to be ∼ 1×1020m−3. Consequently,
it is important to consider, hereafter, the interactions
between dislocations and β-Zr secondary phase precip-
itations (Fig. 5). However, it should be noted that the
interactions of dislocations with fine β-Zr precipitates
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could be studied only to a minimal extent, not only
because of the small interparticle spacing but also due
to the extreme difficulty in observing both dislocations
and the particles simultaneously. The coarse minor
Laves phase Zr(Nb,Fe)2 with a mean size of ∼ 200 nm,
frequently creating the coalescence of a few individual
Laves phase particles, could not significantly affect the
precipitation strengthening.
Several mechanisms have been proposed for the

origin of the threshold stress, σ0. Lund and Nix [27]
introduced the idea that the threshold stress could
be equated with the Orowan stress, σOr [13, 16, 17,
27–32]. There are two main mechanisms susceptible
for dislocations to escape from the pinning particles:
(i) particle cutting and (ii) Orowan bowing between
particles [16, 17, 26]. The former mechanism involves
coherent particles. Because the Nb rich β-Zr precipi-
tates are incoherent [8, 26] in a Zr1%Nb alloy [8], the
Orowan loop mechanism seems to be more acceptable
in the present study.
Come back to the question of whether the enor-

mous values of the stress exponent, n, in the re-
gion of the highest stresses in Fig. 1a (PLB regime)
can be explained by precipitation strengthening from
dislocations-precipitation interactions and in this case,
creep is driven by effective stress, σe, but not by ap-
plied stress, σ. The alternative of such extremely high
values of n is the inherent characteristic of the creep
behaviour in the PLB regime. Figure 6 shows the de-
pendence of the minimum creep rate, ε̇m, on the effec-
tive stress, σe. Mutual comparison of Figs. 1a, 6 indi-
cates no significant change in the values of the stress
exponent, n, (Eq. (2)) and the true stress exponent,
n∗ (Eq. (6)).

3.3. Link between creep deformation and
fracture

In several studies, it was observed that zirco-
nium alloys appear to obey the Monkman-Grant re-
lationship [8, 16, 33, 34]. Using the Monkman-Grant
phenomenological relationship [35–37], the minimum
creep rate, ε̇m, can be inversely linked to the time to
fracture, tf :

(ε̇m)
α
tf = CMG. (10)

In various metallic materials and under broad
creep loading conditions, the exponent α ranges from
about 0.8 to 1.0 [16]. Figure 7 depicts in a double
logarithmic plot the Monkman-Grant empirical rela-
tionship applied to the creep data of a Zr1%Nb alloy
exposed to 350◦C. From Fig. 7, it can be seen that
nearly all the experimental data can be fitted with
very good confidence by a single line over the whole in-
terval of the applied stress representing the transition
from the power-law to power-law breakdown regimes,

Fig. 6. Dependence of the minimum creep rate, ε̇m, on the
effective stress, σe.

Fig. 7. Dependence of the time to fracture, tf , on
the minimum creep rate, ε̇m (Monkman-Grant relationship

[35]).

and the minimum creep rate, ε̇m, is inversely linked to
the creep life, tf . The fact that the experimental re-
sults obey the Monkman-Grant relationship supports
two ideas: (i) the mechanisms of creep deformation in
both PL and PLB regimes do not change qualitatively,
and (ii) the experimental results indicate a close rela-
tionship between creep deformation and fracture pro-
cesses.
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Fig. 8. SEM fractographs of a creep fracture surface of the
specimen fractured in the PLB regime (350◦C, 210 MPa,
tf = 1.8 h): (a) ductile transgranular mode with creep cav-
itation and (b) detail of a creep fracture surface.

Fracture surface examination by SEM of the creep
fractured specimens from both the PL and PLB
regimes did not prove any significant difference. The
corresponding SEM fractographs of the creep fracture
surfaces taken in the PLB regime are characterized
by ductile dimple mode with the presence of exten-
sive creep cavitation coalescence, as shown in Fig. 8.
However, a detailed fractographic investigation of the
metallographic longitudinal sections of the fractured
specimens revealed a different distribution homogene-
ity of creep cavities along the gauge length and at
the cross-section of the fracture specimens tested in
the PL and PLB regimes. Whereas creep cavitation
at moderate creep stresses was more or less homoge-
neously distributed in the deformed part of the frac-
tured specimens, at the highest stresses (in the PLB
regime), a limited extent of the creep cavities was ob-
served in close proximity to the fracture surface. Sup-
posing the link between deformation and damage pro-
cesses, this finding may indicate different homogeneity

Fig. 9. Plot of the creep damage tolerance factor λ vs the
time to fracture tf .

of acting deformation processes in the PL and PLB
regimes. Nevertheless, in both creep regimes, the final
creep fracture is due to a local loss of stability of plas-
tic deformation (necking) and exhibits a mixture of
the ductile transgranular mode with an inferior syn-
ergistic effect of creep intergranular cavitation.
A further basis for comparing the creep damage

and fracture in the PL and PLB regimes can be ob-
tained using an approach based on a continuum dam-
age mechanics, namely by using the creep damage tol-
erance factor λ [36, 38–43]. The creep damage toler-
ance factor, λ, has been defined as the ratio of strain
to fracture, εf , to the product of the minimum creep
rate, ε̇m, and the time to fracture, tf [39]:

λ = εf/ε̇mtf . (11)

The creep damage tolerance factor, λ, will be used
to assess the creep damage and fracture in the tran-
sition between the PL and PLB regimes. From the
definition (Eq. (11)), the factor λ can be directly cal-
culated using the experimental creep data. The double
logarithmic plot of the calculated values of λ vs time
to fracture tf is shown in Fig. 9, demonstrating the
values of λ in the PL and PLB regimes. The calcu-
lated values of λ cover the range from ∼ 1.7 to ∼ 8,
demonstrating the dependence of λ on loading condi-
tions (tf = tf(σ, T )). At a constant testing tempera-
ture, there is a clear tendency towards a decrease of λ
with increasing time to fracture, tf , and, logically, with
increasing applied stress, σ. It is interesting to corre-
late the determined values λ with the fractographic
analysis (compare Fig. 8) and the theoretical interpre-
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tation of the values λ according to Ashby and Dyson
[39]. From their analysis, it follows that for λ = 1,
metals and alloys exhibit low creep fracture strain and
brittle fracture mode without any local deformation.
For λ in the range of 1.5–2.5, they suggested that creep
damage is due to the combined effect of power-law and
diffusion creep. Larger values of λ indicate microstruc-
tural instability, the ductile fracture mode, and the
dominant fracture process is necking. Thus, we can
conclude that the experimentally evaluated values λ
(Fig. 9) based on the creep data reasonably predict
the observed creep fracture mode (Fig. 8).

3.4. Rate controlling mechanisms

Considerable attention has been given to the de-
formation mechanisms operating in power-law creep
[16, 17, 44]. The general consensus is that the power-
law creep regime is assumed to be diffusion-controlled,
and the acting controlling creep deformation mecha-
nism is associated with dislocation climb. This is ev-
ident from the equivalence between the experimen-
tally determined activation energy for creep and that
for self-diffusion [16]. In the case of zirconium, dislo-
cation climb may be an easier process than disloca-
tion glide because high diffusivity and a low value of
the elastic modulus lead to a high climb rate. Fur-
thermore, most models suppose that creep in poly-
crystalline metals and alloys occurs mainly by homo-
geneous intragranular deformation. This premise was
criticized by Nabarro [44] as irrelevant. However, reli-
able evidence of whether the mechanisms operating in
power-law and power-law breakdown regimes are the
same or different is still missing.
Nevertheless, as mentioned earlier, a view on the

rate controlling creep mechanism(s) in the PLB regime
has not yet been successfully answered. A variety of
theories has been reported over the past five decades
but has not been sufficiently verified [44–51]. Very re-
cently, Kassner and Ermagan [50] published a new
analysis that provides contemporary insight into fre-
quently considered mechanisms of power-law break-
down in the creep of metals. Kassner and Ermagan
[50] anticipated that a dramatic supersaturation of
vacancies leading to very high diffusion rates and en-
hanced dislocation climb is associated with the rate-
-controlling process for creep in the PLB regime. It
should be noted that in an earlier work by Sherby and
Burke [45], an idea was already propounded that ex-
cess lattice vacancies by dislocation intersection pro-
cesses in creep at high stresses will enhance dislocation
climb and, therefore, make creep easier. Mecking and
Estrin [52] did not accept the possibility of vacancy su-
persaturation in the power-law regime but suggested
that such a case may occur within the power-law
breakdown regime. Recently, some experiments [53-
57], mostly on materials processed by severe plastic de-

formation – SPD (e.g., equal-channel angular pressing
[58]), verified excess of vacancies by intensive deforma-
tion. Small-angle X-ray scattering on SPD processed
aluminium and its alloy carried out by Betekhtin et
al. [55] provided insights into the effect of SPD on
free volume (an excess of nonequilibrium vacancies),
which was interpreted in terms of nanoporosity. Fur-
thermore, it can be expected that due to an increase
in dislocations density in the power-law creep regime,
the effect of vacancy supersaturation will be synergis-
tically intensified by dislocation short circuit paths.
In such a way, profuse vacancy generation during in-
tense plastic deformation may promote nanoporosity
and/or creep cavitation [55, 59–64].
From Eq. (1), it follows that the minimum creep

rate, ε̇m, is a function not only of stress, σ, but also
of the testing temperature T . Therefore, creep mecha-
nisms under consideration should also respect the de-
pendence of creep rate on the temperature, which is
generally described by the Arrhenius law:

ε̇ = ε̇0 exp (−Qc/kT ) , (12)

where ε̇0 is the frequency factor, Qc is the activa-
tion energy of creep, and k is the Boltzmann‘s con-
stant. The most frequently used experimental method
of determining the activation energy of creep consists
of evaluating the minimum creep rate, ε̇m, for vari-
ous applied stresses, σ, using isothermal creep tests.
Thus, with respect to Eq. (12), the activation energy
of creep, Qc, can be defined as

Qc = [∂ ln ε̇m/∂ (−1/kT)]σ (13)

and Qc can be obtained as a k-multiple of the slope of
a ε̇m vs 1/T plot. There is a general view that Qc cor-
responds to that of lattice self-diffusion, Qsd, in the
PL regime [16, 17]. Hayes and Kassner [2] reported
that the activation energy for creep, Qc, for zirconium
and its alloys is reasonably consistent with Qsd below
approximately 650◦C, which may be associated with
dislocation climb. This limitation may be caused by a
transformation from the α-Zr to the (α+ β)-Zr phase
regions [8]. Generally, the reason that the activation
energy for creep and operating creep mechanism(s)
in the PLB regime remains poorly understood is due
to the inconsistent existing theories and very limited
number of experimental studies that have been carried
out in this regime [2, 6, 7, 16, 17]. However, recently
published works [6, 7] suggest the creep deformation
mechanism, which could be dislocation climb but en-
hanced by short circuit diffusion of vacancies through
the large dislocation cores generated at high applied
stresses. Finally, it cannot be excluded that the power-
-law and the power-law breakdown regimes must be
treated separately. Concerning the fact that our creep
tests were carried out at only one testing temperature
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in accordance with the aim of the study, no determi-
nation of Qc was performed. Nevertheless, our future
experiments will be carried out within the PLB regime
at a broader range of testing temperatures.

4. Conclusions

Tensile creep tests under high constant applied
stresses ranging from 150 to 260MPa at a testing
temperature of 350◦C have been carried out on three
different cladding tubes of the Zr1%Nb alloy having
slightly different chemical compositions. The above
experimental conditions represent the transition be-
tween the power-law (PL) and the power-law break-
down (PLB) regimes. The following conclusions can
be drawn from the present investigation:
(i) All Zr1%Nb alloys under investigation reach the

PLB regime at values of compensated applied stress
σ/G above approximately 8 × 10−3, where the stress
exponent of the minimum creep rate, n, then dramat-
ically increases with increasing stress ratio σ/G from
the value of ∼ 6 up to ∼ 65.
(ii) The value n ∼ 6 determined at the medium

applied stresses is usually considered to be associated
with the power-law creep in zirconium and its alloys,
and the anticipated controlling mechanism is disloca-
tion climb.
(iii) All experimental creep data obtained from the

PL and PLB regimes obey the Monkman-Grant re-
lationship, supporting the idea that the creep defor-
mation mechanism in the PL and PLB regimes does
not change qualitatively and indicating a close link
between deformation and fracture processes in both
creep regimes.
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