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a b s t r a c t

The present article investigates the influence of hydrogen concentration on the creep performance of
cold-worked stress-relieved unirradiated Zircaloy-4 cladding tube using nanoindentation technique. The
as-received Zircaloy-4 tube is hydrided to the concentrations of 600 ppm and 900 ppm using gaseous
hydrogen charging method. Constant load indentation creep tests are performed for a dwell period of
600 s in the temperature range of 300�C-500 �C at 1000 mN, 2000 mN, and 3000 mN. The impact of
hydrogen is evaluated in terms of steady state power law creep exponent and activation energy. The
power law creep exponent decreases with increase in hydrogen concentration, however, it remains fairly
constant with increase in temperature up to 500 �C. Moreover, activation energy too decreases signifi-
cantly with increase in hydrogen concentration. The mean stress exponent and activation energy are
found to be 3.58 and 28.67 kJ/mol, respectively, for as-received sample.
© 2020 Korean Nuclear Society, Published by Elsevier Korea LLC. This is an open access article under the

CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Zircaloy-4 is extensively used as fuel cladding tubes in water
cooled nuclear power reactors. The cladding tubes encase radioactive
uraniumfuelpelletundergoingfissionand itsouter surface isexposed
to pressurised coolantwaterwhich takes away heat generated due to
fission for power generation [1,2]. Zircaloy claddings are usually
fabricated in two different conditions depending upon the final
annealing temperature, namely, fully recrystallised and cold-worked
stress-relieved [3]. During normal operation of the reactor, cladding
tube is exposed to temperatures in the range of 290e400 �C, and a
compressive stress of 40e80 MPa because of coolant overpressure.
Moreover, the cladding tube is internally pressurised with helium in
the order of 2MPa to improve thermal conductivity at the fuel pellet-
cladding interface, and to reduce the probability of mechanical
interactionbetweenpellet and claddingduring service [4]. This initial
internal pressure amplified by the release of fission gaseous products
causes outward creep in the cladding during storage where there is
absenceofoutside coolantoverpressure. Thus, notonlyduringreactor
operation but also during interim dry storage, cladding tubes expe-
rience a detrimental creep deformation owing to the high tempera-
ture and high pressure atmospheres.
by Elsevier Korea LLC. This is an
Zircaloy-4 fuel cladding tubes also undergo waterside corrosion
during service and hydrogen produced as a result of the corrosion
diffuses into it [5,6]. Zircaloys absorb hydrogen produced during
aqueous corrosion as well as generated from other sources such as
radiolytic decomposition of water, presence of moisture in the fuel
pellet etc., because it is an exothermic occluder of hydrogend
hydrogen is more stable as solution in the a-phase of Zircaloy
matrix than in gaseous form [7].

Zrþ2H2O/ZrO2 þ 4H (1a)

4Hþ 2Zr/2ZrH2 (1b)

Hydrogen remains in solid solution up to terminal solid solu-
bility and it precipitates as brittle hydride phase in the Zircaloy-4
metal matrix beyond this limiting concentration (about
80 ppm at 300 �C and about 200 ppm at 400 �C while heating) [8].
Hydrogen either in solid solution or as precipitated hydride alters
the creep behaviour of Zircaloys [9e15]. Bouffioux and Rupa [9]
performed uniaxial creep rupture tests on cold-worked stress-
relieved Zircaloy-4 cladding tubes having hydrogen content of
215 ppm and 360 ppm at 400 �C and 350 MPa. It was concluded
that hydrogen induces significant creep strengthening in the
Zircaloy-4, the influence is more pronounced for higher hydrogen
concentration. However, they also stated that their experimental
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data are too limited to construct a conclusive argument regarding
the mechanisms governing the creep of hydrided Zircaloy-4 clad-
ding tubes. In order to identify the mechanisms governing the
creep deformation in hydrided Zircaloy-4, Rupa et al. [10] con-
ducted creep tests on recrystallised Zircaloy-4 sheets having the
hydrogen in the range of 60 ppme600 ppm. The temperature and
the stress were varied between 300 �C and 400 �C and
120 MPae350 MPa, respectively. Using transmission electron mi-
croscopy to capture the creep dislocation substructure, they
observed two contrasting effects of hydrogen on creep of Zircaloy-4
depending on whether the hydrogen is completely dissolved in
matrix or is partially precipitated as hydride. Hydrogen in dissolved
form causes a softening effect, that is, a significant decrease of the
creep resistance, while in precipitated form it induces a hardening
leading to creep strengthening as observed in their study on cold-
worked stress-relieved tubes. Jung et al. [13] investigated the role of
combined absorbed hydrogen and oxide layer on creep perfor-
mance of both the stress-relieved and the recrystallised Zircaloy-4
tubes at 400 �C and 120 MPa. Since the samples had the layer of
oxide as well as absorbed hydrogen, it is quite uncertain about the
effects of hydrogen exclusively on the creep performance. Never-
theless, their observations were similar to the findings of Rupa et al.
[10]. Kombaiah et al. [15] conducted biaxial creep tests under close-
end conditions on hydrogenated HANA-4 cladding tubes through
internal pressurisation. Samples were hydrogenated to 387 ppm
and 715 ppm using the electrolytic method. The creep tests were
performed at 400 �C and 500 �C for the hoop stress in the range
27e156 MPa. The experimental results suggested that hydrogen in
solid solution form increases the creep rate whereas hydrogen
present as mixture of both dissolved hydrogen and precipitated
hydride phase decreases the creep rate irrespective of the applied
stress. In all these investigations, no change in deformation
mechanism was identified for the change, either decrease or in-
crease, of the creep rate. However, Setoyama and Yamanaka [11]
attributed the change in Young's modulus of hydrogenated pure
zirconium samples as the possible cause for the increased creep
rate in the presence of solute hydrogen during their indentation
creep investigation. Later, Kishore [12] indicated a change in
deformation mechanism while investigating role of hydrogen on
creep property of Zr-2.5%Nb at 723 K.

Although nuclear fuel cladding is put in service at stresses well
below its yield stress, creepdtime dependent inelastic response or
plastic deformation of any materials operating at high tempera-
tures below the yield stressdbecomes one of the most likely
degradation mechanism for cladding during reactor operating and
repository conditions. That is why understanding the impact of
hydrogen concentration on creep performance of fuel claddings is
crucial for not only present power reactors but also for the devel-
opment of advanced cladding material for burnup extensiond
claddings experience higher pressure andmore hydrogen pickup in
extended burnup reactors. Given the significance of effects of
hydrogen on creep behaviour, there are limited studies [9e13,15]
made to investigate the role of hydrogen on creep property of Zir-
caloys. Moreover, different Zircaloys were used in these studies and
the testing conditions were also limited to low hydrogen contents,
making it implausible to develop a holistic understanding of creep
mechanisms. Besides, the Zircaloy samples in all these mentioned
creep studies were heated inside the furnace inwhich sample takes
few hours to attain the test temperature and may undergo certain
changes during that period, and thus the real influence of hydride
on creep behaviour may not be investigated. The objective of the
present investigation is to understand the effects of hydrogen on
creep behaviour of Zircaloy-4 cladding tubesdin terms of steady
state creep parameters like stress exponent and activation ener-
gyd by means of indentation creep technique. Higher level of
hydrogen concentration is investigated and in-situ heating of
samples made it possible to attain the elevated test temperatures in
few minutes.

2. Experimental procedures

2.1. Specimen preparation

The cold-worked stress-relieved unirradiated Zircaloy-4 clad-
ding tube having outer diameter of 13.08 mm and thickness of
0.41 mm is used in the present work. The chemical composition of
the Zircaloy-4 cladding is presented in Table 1. The tin content
conforms the lower limit of 1.2 wt% as specified by ASTM B 353
standards. The hydrogen concentration is less than the maximum
limit of 25 ppm in accordance with the guidelines given by ASTM B
353 standards. The as-received material is hydrided to the con-
centrations of 600 ppm and 900 ppm using gaseous hydrogen
charging method. Hydrogen concentration in the cladding speci-
mens is determined by an inert gas fusion technique using a LECO
RH IE hydrogen determinator. The clad tubesdas-received, hydri-
ded with 600 ppm and 900 ppmdare cut into 4 mm long samples
for nanoindentation creep tests. The cross sectional surface of the
samples is mechanically ground with SiC papers down to 1200 grit,
cloth polished up to 0.25 mm diamond paste and then finally jet
polished using perchloric acid andmethanol in the ratio of 20:80 by
volume at 20 V DC to prepare their surface fit for nanoindentation
creep tests [16]. Fig. 1 is the optical micrograph of the cross-
sectional or indenting face confirming the presence of circumfer-
ential hydrides in the sample with 600 ppm hydrogen
concentration.

2.2. Nanoindentation creep test

Creep is time dependent plastic deformation occurring as a
constant volume process, commonly at stresses below the yield
stress [17]. Since nuclear structural materials are designed to
operate at stresses well below their yield stress at normal operating
conditions, only significant deformation in Zircaloy fuel claddings is
time-dependent inelastic deformation or creep [14]. Nano-
indentation creep is gaining acceptance rapidly and is being
increasingly used to obtain creep parameters for a range of mate-
rials [18e24]. There are several methods of performing nano-
indentation to evaluate creep parameters, however, by far the most
popular method is the constant load method [24,25] which was
first reported by Mayo et al. [26]. This methoddalso used in the
present experimental investigationd allows a dwell period (at least
of 50 s [24,26]) to be set at peak indentation load and monitors
progressive strain that occurs under constant peak load in the
sample. Creep behaviour is studied using nanoindentation creep
technique on Hysitron TI 950 Triboindenter equipped with in-situ
scanning probe microscopy. Creep tests are performed with the
diamond Berkovich indenter having a tip radius of 150 nm and tip
total angle of 142.35�. Indentation loads of 1000 mN, 2000 mN, and
3000 mN are applied for 600 s on the specimen for each test tem-
perature 300 �C, 400 �C, and 500 �C. The loading time from zero to
the peak load and the unloading time from the peak load to zero
were 10 s for each while dwell period at the peak load was 600 s,
that is each test lasted for 620 s. Fig. 2a shows the variations of
indentation load and corresponding indentation depth with
indentation time for as-received sample at 3000 mN and 500 �C; it
also represents the typical trend of variations in indentation load
and corresponding depth with time during all other tests. Fig. 2b is
the in-situ scanning probe microscopy imaging of the impression
made by nanoindentation. The displacement of the indenter for the
given load and the temperature is measured with time by using a



Table 1
Composition of zircaloy-4 fuel cladding.

Name of alloy Alloy composition

tin iron chromium carbon oxygen hydrogen

Zircaloy-4 1.25 wt% 0.24 wt% 0.09 wt% 225 ppm 1100 ppm 12 ppm
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capacitive transducer with a resolution less than 0.02 nm. All these
experiments are executed in argon environment to eliminate the
possibility of samples undergoing oxidation.

The most important creep design parameter for structures like
nuclear fuel cladding which are expected to be in service for long is
steady-state or secondary stage creep parameters. Like the present
investigation, most of the creep studies are primarily aimed at
evaluating steady-state creep parameters [11,12,18e21]. The
constitutive law, called power law, for steady-state creep rate ε_ is
given as [11,23,24,27]:

_ε¼Csn exp
�
�Q
RT

�
(2)
Fig. 1. Optical micrograph of Zircaloy-4 cladding tube hydrided at 600 ppm.

Fig. 2. a) Variations of indentation load and corresponding indentation depth with inden
microscopy imaging of the impression made by nanoindentation.
where C is the material constant, s is the applied stress, n is the
stress or power law creep exponent, Q is the activation energy for
creep, R is the universal gas constant, and T is the absolute
temperature.

The stress developed under an indenter varies from high value
in the near tip region to vanishingly small value in remote regions.
However, an effective or characteristics stress in an indentation
tests is defined as [21,24]:

s¼ F
Ap

(3)

where F is the indentation load and Ap is the projected contact area.
For a Berkovich pyramidal indenter tip, the projected contact

area Ap (the cross-sectional area of the indenter at the depth to
which it is indented, rather than real surface contact area) and the
strain rate ε_ is given as [21,22,24]:

Ap ¼24:56h2 (4)

_ε¼1
h
dh
dt

(5)

where h is the indentation depth and t is indentation creep time.
There are different approaches to evaluate creep parameters and

readers may refer a well described study by Goodall and Clyne [24].
In the present investigation, the stress or power law creep expo-
nent n is obtained using the slope of plot between log(h) and
log(t)d it returns a value equal to 1/2n [11]. If creep data is available
at several temperaturesdlike 300 �C, 400 �C, and 500 �C in the
present studyd and a common creep mechanism operates for the
tested temperature, the activation energy of the creep process may
be calculated using the gradient of ln (ε_) versus 1/T plot, which is
equal to eQ/R [18,24].
tation time for as-received sample at 3000 mN and 500 �C, b) In-situ scanning probe



Fig. 4. Logarithm plot of creep displacement versus creep time.
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3. Results and discussion

3.1. Characterisation of indentation response

Initial creep tests were performed on as-received samples to
three different peak loads of 1000 mN, 2000 mN, and 3000 mN for the
dwell period of 600 s at each test temperature. Six indentations
were performed at each condition and the median value of those
tests were used for analysis. Least drifting was observed for the
peak indentation load of 2000 mN and the rest of the creep tests
were conducted at this load. The results from these tests, plotted as
variation in the indentation depth with indentation time at the load
of 2000 mN is shown in Fig. 3. An increase in the initial indent
depths can be seen with increase in the temperature which in-
dicates softening of the Zircaloy-4 samples at higher temperatures.
However, the difference between the initial depths reduces for
hydrided tubes. Further at any instant for a given test temperature,
the indentation depth is significantly low for hydrided samples,
which indicates loss of ductility in Zircaloy-4 with increase in
hydrogen concentration. Also the creep displacements are nearly
linearly for as-received samples whereas the degree of non-
linearity increases with hydrogen concentration. The presence of
hydrides in themetal matrix may be attributed towards this shift in
creep behaviour.

3.2. Determination of stress exponent n

Fig. 4 is the log-log plot of the creep displacement and creep
time (10 se610 s). The steady-state power law creep exponents are
calculated from the gradients as 1/2n [11]. Since all of the curves in
this plot are straight lines, the stress exponent n does not change
during the creep for any test and it implicates that a single creep
mechanism is operating. Generally, the value of stress exponent ~1
implies diffusion creep, 2 for grain boundary sliding, 4e6 for
dislocation creep and higher values of n are thought to be due to
power law breakdown mechanism [21]. The calculated values of
stress exponent for each sample is shown in Fig. 5. Their values
remain reasonably constant with increase in temperature for each
concentration and median value is presented in the plot with a
straight line. The average value of stress exponent for as-received
sample is 3.58 and it is fairly consistent with previous creep
Fig. 3. The indenter displacementeindentation time curves at 2000 mN for different
temperatures.
studies performed on Zircaloy-4 cladding [28e30]. However, the
stress exponent is found to decrease with hydrogen content. When
hydrides are formed, these increase the internal stress and cause a
hardening of the matrix. Precipitated hydrides induce a hardening
of cold-work stress-relieved Zircaloy-4 and causes a significant
increase of the creep resistance [9,10], similar conclusions are also
reflected in decrease of the stress exponents with increase in
hydrogen concentration in the present investigation. Although this
mechanism can very well explain the present results qualitatively,
the mechanism propounded by Setoyama and Yamanaka [11] is
worth mentioning here primarily for two reasons: a) no other
indentation creep study on hydrided zirconium is found during the
literature survey b) in contrast to the present finding, they found
value of stress exponents independent of hydrogen concentration.
The slight increase in creep rates of zirconium sheet and Zircaloy-4
tubewith hydrogen addition up to 200 ppm at a test temperature of
693 K and 150 MPa is attributed to the decrease in the elastic
modulus value. The modulus is reported to decrease with addition
Fig. 5. Influence of hydrogen content on the stress exponent.
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of hydrogen causing increase in creep rate, may be interpreted from
equation (2). However, it should be kept in mind that the hydrogen
concentrations were low in this study and at the test temperature
hydrogen was in solid solution. Like the present investigation, Jung
et al. [13] and Kishore [12] also reported creep strengthening and
decrease in stress exponents due to presence of hydrides. Though, it
is not possible to arrive at a mathematical relation between
decrease in stress exponent and hydrogen concentration with only
two concentration values, present results positively indicate that
hydrides alter the kinematic hardening by increasing the internal
stress compared to as-received samples and this creep strength-
ening can be certainly correlated with the hydrogen concentration.

3.3. Determination of activation energy Q

As evident from the fairly constant value of stress exponents for
each test sample at all the temperatures experimented, it can be
attested that a common creepmechanism is operating. If a common
creep mechanism operates across the test temperatures, the
gradient of ln (ε_) versus 1/T plot for a given stress returns the value
of eQ/R. Best accuracy is obtained when a single indentation stress
is selected which allows the maximum number of strain rate values
at different temperatures [18]. The values of strain rate at any
particular stress is chosen for all the three temperatures and
plotted, as shown in Fig. 6. Using the slope of linear fit curves,
activation energies are calculated. The activation energy for as-
received Zircaloy-4 sample is found to be 28.67 kJ/mol and it
rapidly decreases for higher hydrogen content. No other indenta-
tion creep study in the literature could be found for comparison
where activation energy is reported for Zircaloy-4. However, acti-
vation energy from macroscopic testsduniaxial tensile test [29,31]
and biaxial creep test [32]d are reported in the range of
190e320 kJ/mol. Since dependency of creep parameters including
activation energy on the applied stress is found during one such
test [29], the values of activation energy obtained in this study
should be cautiously compared with them as the stress applied in
those macroscopic tests was of the order of 106 Pa whereas in the
present nanoindentation creep test average stress under the
indenter is of the order of 1012 Pa. Such high value of localised stress
at the contact of the indenter tip with the material may induce a
cascade of vacancies, phase transformations, nucleation of micro-
cracks and many other complicated processes as compared to
Fig. 6. Influence of hydrogen content on the creep activation energy.
dislocation motion, which is the main deformation mechanism of
bulk Zircaloy-4 under the conventional creep at the studied tem-
perature interval. Nevertheless, nanoindentation creep studies on
different materials have also reported considerably lower value of
activation energy compared to value obtained from conventional
creep tests [18,21] and the activation energy values from the pre-
sent study are in trend with them.

4. Conclusions

This paper experimentally investigated the effects of hydrogen
on the creep behaviour of cold-worked stress-relieved Zircaloy-4
cladding tube using nanoindentation creep technique. The role of
precipitated circumferential hydride up to a concentration of
900 ppm is evaluated quantitatively in terms of steady state creep
parameters, namely, stress exponent and activation energy. Anal-
ysis of the results leads to the following conclusions:

❖ The power law creep exponent decreases with increase in
hydrogen concentration, however, it remains fairly constant
with increase in temperature up to 500 �C.

❖ The decrease in stress exponent with increase in hydrogen
content implicates a significant increase of creep resistance due
to a hardening induced by the presence of brittle hydrides. This
behaviour is supported by the argument that hydrides change
the kinematic hardening by increasing the internal stress
compared to as-received sample.

❖ The activation energy is found to decrease considerably with
increase in hydrogen concentration. No clear understanding
about the cause is drawn from the present study as well as no
such study is reported in the open literature for Zircaloy-4.
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