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a b s t r a c t

Increased plasticity is reported in Ti alloys, stainless steels and Pd by the introduction of hydrogen. The
dissolved hydrogen in zirconium and its alloys which have similar properties as those of titanium and its
alloys, can modify the creep properties of the matrix. Hydrogen, formed during the corrosion reaction of
Zr–2.5%Nb pressure tube, in a CANDU design nuclear reactor, with the coolant can ingress into the metal
matrix. This absorbed hydrogen can lead to an unexpected increase in length and in diameter of the pres-
sure tube. In order to evaluate the effect of hydrogen on the creep behavior of the pressure tube material,
tensile specimens with longitudinal and transverse orientations were hydrided to 65 and 160 wt ppm
and creep tested at 723 K over a stress range. The combined influence of hydrogen and specimen orien-
tations on creep rate is evaluated, and an attempt is made to explain the results using the deformation
mechanisms reported in literature.

� 2009 Elsevier B.V. All rights reserved.
1. Introduction

Zirconium base alloys are the only materials which satisfy many
unique requirements for use in nuclear power reactors. Among the
various zirconium alloys developed over the years, the Zr–
2.5wt%Nb alloy was found to have many advantageous properties.
The latter alloy, besides having higher strength and better corro-
sion resistance over the earlier developed alloys, has lower hydro-
gen pick up. Hydrogen is known to influence the mechanical
properties of zirconium alloys [1] and has been reported to in-
crease the ductility in many materials. Though initial studies have
indicated an increase in the yield and the flow stresses in iron and
steels by the addition of hydrogen under uni-axial loading [2], a
reduction in the torsional yield in a medium carbon steel is also re-
ported [3]. Softening in pure Fe and some ferrous alloys were re-
ported to occur by the addition of hydrogen [4–7]. In palladium,
hydrogen was reported to increase the creep rate by six times in
the temperature range of 736–1200 K [8]. Softening is reported
to occur in Ti6Al4V, a group IV based alloy having properties sim-
ilar to zirconium alloys, by the addition of hydrogen [9,10]. The
creep strain, at room temperature, in another titanium alloy (Ti–
5Al–2.5Sn) was reported to have increased (at smaller strains) by
the additions of 100 wt ppm hydrogen [11]. In Zircaloy-4, an addi-
tion of 300 wt ppm hydrogen has been shown to slow down the
rate of recovery and re-crystallization [12] which indirectly can
influence the creep behavior. But the creep tests in annealed Zirca-
loy-2 at 300 �C containing hydrogen up to 1075 ppm did not show
any deterioration in creep strength [13]. In Zircaloy-4, the creep
behavior was reported to depend on the condition of the material
ll rights reserved.
– whether it is in cold-worked and stress relieved (CWSR) or in an-
nealed condition [14,15]. In Zircaloy-4 cladding tubes under CWSR
condition, a significant strengthening was reported with the addi-
tion of hydrogen. The creep strength of the same alloy under
annealed condition was reported to show a decrease when the
hydrogen was in solution and an increase when the part of the
hydrogen precipitated as hydrides [15]. A recent study in zirco-
nium and Zircaloy-4, using indentation technique, has indicated
an increase in the creep rate with the addition of hydrogen [16].
The above studies imply that hydrogen can influence the creep
behavior in zirconium alloys, which is a life limiting factor for nu-
clear components like pressure tube and fuel clad.

1.1. Pressure tube

A pressure tube under an operating coolant pressure of 10 MPa,
experiences an axial stress of �60 MPa and a hoops stress of
�120 MPa, assuming closed-end configuration. Thermal creep,
irradiation creep and irradiation growth contribute to axial and
transverse elongations and are well accepted life limiting phenom-
ena in the case of pressure tube during service. As a first approxi-
mation, the rate of overall strain is taken as the sum of the rates of
these three strains i.e. eT

:
¼ eir

:
þ egr

:
þ eth

:
where, eir

:
, egr

:
, eth

:
are the

strain rates due to irradiation, growth and thermal creep, respec-
tively. Thermal creep predominates at either ends of the pressure
tube where the neutron flux is low and irradiation creep dominates
in the middle. Provisions are made in the PHWR (Pressurized Hea-
vy Water Reactor) design to allow the increase in the length of the
pressure tube. Increase in the diameter of the pressure tube causes
inadequate cooling of the fuel bundles leading to attaining a pre-
mature thermal hydraulic limit. The important parameters that af-
fect the creep of in-reactor pressure tubes are the crystallographic
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Fig. 1. Schematic of the creep test procedure followed in this investigation.
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texture, the chemical composition, the microstructure (involving
the grain size, the volume fraction and distribution of second phase
which varies from end-to-end of the 6 m long tube), the density
and Burgers’ vector of dislocations, the stress, the temperature
and the neutron flux.

1.2. Fuel clad

In dry depository or during transport to reprocessing plants, the
clad temperature can reach well over 400 �C in 10 days of removal
from the reactor [12]. This is all the more important for high burn-
up fuel rods. The cladding is subjected to high internal pressure
due to fission gases and helium. Though high performance Zr based
HANA (High performance Alloy for Nuclear Application) alloys [17]
are being developed with better creep resistance than Zircaloy-4,
an evaluation of the creep properties of these alloys as a function
of various material variables is necessary.

The pressure tube and clad material pick up hydrogen during
service. An important problem in zirconium alloys which has re-
ceived only a limited attention is the effect of hydrogen on the
creep behavior of this material. In the case of pressure tube, the
hydrogen pick up rate can vary from channel to channel. The var-
iation in pick up rate arises from, besides the prevailing corrosion
conditions, the variations in the composition of the alloy, in the
texture of the pressure tube, in the distribution and volume frac-
tion of the second phase (b) etc. This can lead to a difference in
the creep rate (axial) between adjacent channels, assuming that
the creep deformation in out-of-pile and in-reactor conditions
are affected by the various parameters listed above in the same
way. This differential elongation can lead to a reduction in the dis-
tance between their feeder pipes to dangerous values.

In this paper, preliminary results of the studies on the effect of
hydrogen on the creep behavior in Zr–2.5%Nb pressure tube mate-
rial are presented. Tensile specimens were machined from the cold
pilgered and stress relieved pressure tube in longitudinal and
transverse orientations. These specimens were hydrided to 65
and 160 wt ppm level and creep strain measurements at 723 K
over a stress range of 25–150 MPa are presented. The results are
explained on the basis of existing models.
2. Experimental details

2.1. Material

The Zr–2.5%Nb alloy was received in the form of cold pilgered
and stress relieved (final) condition. The nominal composition of
the Zr–2.5%Nb material used in this investigation is shown in Table
1. The concentration of hydrogen is kept at lowest level in order to
reduce its embrittling effects on the material [18]. The fabrication
procedure of the pressure tube [19] and the method of hydriding
the experimental specimens are covered elsewhere [20]. The tube
has a strong basal pole texture in the transverse direction, with a
basal pole fraction of 0.683 in the hoops direction and 0.098 in
the axial direction. Tensile specimens with a gage length of
25 mm were machined from the tube such that the tensile axis
for one set of specimens is parallel to the longitudinal direction
and for a second set it is parallel to the transverse direction of
Table 1
Nominal composition (%wt) of the Zr–2.5%Nb pressure tube alloy.

Nb O
(wt ppm)

H
(wt ppm)

N
(wt ppm)

Sn Cr Fe Ni Zr

2.53 1200 5 5 0.018 0.020 0.13 <0.007 Bal
the tube. The tube sections were cold flattened before transverse
specimens were machined. The longitudinal and transverse speci-
mens were machined from the pressure tube from locations as
close as possible to keep the scatter in mechanical properties
low. The oxide layer was removed by grinding and polishing. Care
was taken to remove the grease or oil stains from the specimen
surface. The samples were hydrided in a gaseous charging system
at 623 K to two hydrogen levels of about 80 and 185 wt ppm. All
the specimens (as received and hydrided) were subsequently stress
relieved (annealed) at 673 K for 72 h under 100 mm helium pres-
sure. The final hydrogen content was estimated by vacuum fusion
technique. The analyses are shown in Table 1 and the estimated
values were taken to represent the true hydrogen content.

2.2. Creep tests

The specimens were tested in a constant load lever arm creep
machine and the furnace temperature was controlled so as to give
a temperature of 723 ± 1 K on the sample. The specimens were
soaked at this temperature for 1800 s before the commencement
of the test. To start with, dead weights were placed on the lever
pan such that a stress of 150 MPa was felt at the gage cross section
of the specimen and the extension, as a function of time, was re-
corded. Once the steady creep state was achieved, the load was re-
duced and the specimen was allowed to attain a steady state at this
load level. Such load decrements were followed till a stress level of
25 MPa was reached. A schematic load-time plot of the test sche-
dule is shown in Fig. 1. Single specimen was used in the load dec-
rement test so that the chemical composition and texture remain
unaltered. All the tests were done in air. Such load decrement tests
were performed on both the longitudinal and the transverse orien-
tations of the specimens in as received and in the hydrided condi-
tions. It must be mentioned here that such single specimen tests
may not be able to reflect the variation in the creep behavior from
end-to-end of the tube. The extension, measured using a LVDT hav-
ing a resolution of 2 lm, was continuously recorded as a function
of time throughout the course of the test.
3. Results and discussion

The hydrogen levels in the specimens are indicated in Table 2.
Though the longitudinal and transverse specimens could not be
hydrided exactly to the same concentration, the average values
of 65 and 160 wt ppm are taken to represent the two hydrogen lev-
els in the specimens (Table 2). The true stress and true strain were
estimated from the applied load and the measured extension. The
creep rate was calculated from the creep strain - time plot for all
the all stress levels.

The creep rate (e
:
) can be related to the applied stress (r) by a

power law relation:

e
:
¼ Aðr=EÞnexpð�Q=RTÞ ð1Þ



Table 2
The hydrogen levels in tensile specimens: (i) gaseous charged and (ii) estimated by
vacuum fusion technique.

Sample Charged level,
wt ppm

Estimated (±2) wt ppm

Longitudinal Transverse Average (longitudinal or
transverse)

1 As received 5 5 5
2 80 68 62 65
3 185 166 154 160

Table 3
The variation in n values for longitudinal and transverse orientation as a function of
hydrogen content.

Hydrogen level, wt ppm Longitudinal Transverse

5 2.81 1.86
65 2.43 1.78
160 2.41 1.59
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where n the stress exponent, A is a constant, Q the activation energy
for creep and E the Young’s modulus. The variation in creep rate
with stress for the unhydride and hydrided specimens for both
the orientations (longitudinal and transverse) is shown in Fig. 2
and the slopes of the regression lines give the stress exponents. It
may be seen that the creep rate is higher for the hydrided sample
and increases with the hydrogen content for both the orientations.
The following points are clear from Fig. 2:

(a) Transverse creep rate, in general, are higher than axial creep
rate – both in the unhydrided and in the hydrided condi-
tions. This difference is due to the strong anisotropy in this
material.

(b) Increase in hydrogen concentration causes the creep rate to
increase, albeit by different magnitudes, in both the orienta-
tions (transverse and longitudinal).

(c) The stress exponent decreases with hydrogen content for
both the orientations and this decrease is higher (i) for axial
orientations at lower hydrogen levels and (ii) for transverse
orientation at higher hydrogen levels (Table 3).

In the literature, hydrogen induced plasticity is attributed to
different mechanisms. Matsui et al. [5–7] interpreted their results
of decreased flow stress in hydrogenated iron to be due to decrease
in energy to nucleate kinks on screw dislocations. Accordingly,
Fig. 2. Plot of creep rate against applied stress for longitudinally and transversely
oriented specimens with different hydrogen contents. The scatter bars shown are
the standard deviation values obtained when the creep rates are estimated from the
strain-time plot. The inset is a typical re-plot for transverse orientation (160 wt
ppm) and shows negligible threshold stress (on extrapolation).
hydrogen decreased the Peierls Nabarro force and increased the
dislocation mobility. Oriani [21] proposed a threshold fugacity
above which the stress relaxation and creep rate increased. This
mechanism leads to formation of micro-voids at internal surfaces
of the matrix. Another interpretation of hydrides contributing to
the ductility was given by Paton and Thompson [11]. They attrib-
uted the increase in the creep rate to the punching of dislocation
loops by newly formed hydrides which are associated with an in-
crease in volume. The dissolved hydrogen in nickel and its alloys
is reported to decrease the activation enthalpy in the system which
aids to increase dislocation velocity [22]. With increased density
and mobility of dislocations due to hydrogen addition, the material
is rendered more ductile [22]. A decrease in activation volume has
also been shown to induce softening at low strain levels [10]. The
hydrogen atmosphere at the dislocation is expected to shield the
core and reduces the interaction of dislocation with other disloca-
tions or with other obstacles [23]. Under such conditions the dislo-
cation interaction is reduced and dislocations are rendered mobile,
resulting in higher creep rate.

Among the models cited above, the control of deformation by
screw dislocation and hydrides punching glissile loops is not appli-
cable to the present context as the deformation is at not occurring
at low temperatures. The 160 wt ppm of hydrogen is below the sol-
ubility limit of hydrogen in zirconium at the test temperature
(723 K) [24] and no hydrides are expected to form. It may be ex-
pected that the hydrogen atoms diffuse to dislocations to form a
cloud and this local concentration is proportional to the nominal
concentration in the matrix. As the nominal concentration of
hydrogen in the matrix increases the interaction between disloca-
tions gets reduced because of the shielding effect and the creep
rate increases. Ab initio calculation by Rupa et al. [15] indicates
that the hydrogen that segregates to the core of screw dislocation,
modify the core and reduce the stacking fault energy. This results
in the increased mobility of the partials which causes an increase
in the creep rate. On the other hand, when the hydrides form they
increased the internal stress and caused a hardening of the matrix
[15]. Though this mechanism can explain the present results qual-
itatively, the following mechanism proposed by Daigo Setoyama et
al. [16] is also relevant. The marginal increase in creep rate of zir-
conium and Zircaloy-4 at a test temperature of 693 K and a stress
of 150 MPa with an addition of 200 wt ppm hydrogen is attributed
to the decrease in the modulus value [16]. The modulus is reported
to decrease with the addition of hydrogen and this can cause a
reduction in the creep rate in accordance with Eq. (1). In this study,
it may be noted from Fig. 2 that for a typical stress value of
100 MPa the creep rate increases from 9.5 � 10�8 s�1 (undydrided
specimens) to 2.2 � 10�7 s�1 and from 3.6 � 10�7 s�1 (unhydrided
specimen) to 7.0 � 10�7 s�1 for longitudinal and transverse speci-
mens respectively for a hydrogen concentration of 160 wt ppm.
This works out to an increase in the creep rate by �2.3 and �1.9
times for longitudinal and transverse specimens, respectively. If
we use the modulus value and assume the same linear dependence
of the modulus with hydrogen concentration as reported in Ref.
[16] and estimate the ratio of the creep rate between the as re-
ceived specimens (with 5 wt ppm) and the one with 160 wt ppm
hydrogen, the increase is about 1.1 which is lower than those ob-
tained from this experiments. This may be explained as follows.
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The present alloy is two phase mixture of a (HCP) and b (BCC) at
the test temperature and the former phase is harder than the latter.
The b phase has higher solubility for hydrogen and the dissolved
hydrogen gets redistributed between the two phases. The overall
effect of hydrogen on the creep rate is the combined contribution
from the two individual phases (a and b) with varying levels of
hydrogen in them. In the absence of any data on the variation in
the modulus value of the two phases with the addition of hydro-
gen, it is not possible to comment on the extent to which each of
the phases contribute to the creep rate.

The n value: the stress exponent (n) for the unhydrided longitu-
dinal sample was found to be 2.81, reduced to 2.43 for a hydrogen
addition of 65 wt ppm and appeared to saturate around this value
for further addition of hydrogen to 160 wt ppm (Table 3). The n va-
lue, in the case of transverse specimen, was noted to be 1.86 in the
unhydrided condition which reduced with the addition of hydrogen
and reached a value closer to 1.59 for a hydrogen level of 160 wt
ppm. The n value obtained in this work is about 1/3 of that reported
by Shewfelt [25] and closer to that reported by Chirstodolu et al.
[26] for a similar alloy in the longitudinal orientation. The value
of 2.81 obtained in this study, in the case of longitudinal specimen,
indicates that dislocation glide is the possible deformation mecha-
nism and the mechanism tends towards grain boundary sliding
(2.41) with the addition of hydrogen. In the case of transverse spec-
imens the mechanism tends to shift from grain boundary sliding to
diffusional creep (from an n value of 1.86 to 1.59) with the addition
of hydrogen. Though hydrogen is a b stabilizer, it is not possible to
expect the volume fraction of b to increase considerably for the low
levels of hydrogen discussed in this work and modify the deforma-
tion behavior. The creep mechanism in a-zirconium at low stresses
is still not fully resolved as to diffusion controlled [27,28] or grain
boundary sliding [29]. At higher stress, typical range used in this
investigation, the reported creep mechanism is dislocation con-
trolled for the longitudinal specimen [26]. It should be pointed
out here that the n value was reported to be invariant with the addi-
tion of hydrogen for zirconium and Zircaloy-4 [16] whereas in the
present case the n is found to decrease (Table 3). These n values
get modified if threshold stresses (a stress value below which no
measurable creep strain is noted) are present.

In order to verify the absence of a threshold stress, the slope
from the e

:
� r , was measured (the stress exponent in Eq. (1))

and a re-plot of e
:
� rn was made on linear scale [27–29]. The inset

in Fig. 2 shows such a typical plot for the transverse specimen with
160 wt ppm hydrogen. The absence of any measurable threshold
values indicates that the n values measured from Fig. 2 remain
unaltered.

A mention on the creep rate with respect to specimen orienta-
tion is necessary. It was reported [25] that the transverse orienta-
tion becomes softer over the longitudinal orientation at
temperature above 823 K and the mechanism is attributed to grain
boundary sliding. The present data also confirm the reverse trend
(i.e. transverse orientation exhibiting higher creep rate than the
longitudinal one) but at a lower temperature (723 K). This reduc-
tion in the temperature for the reversal possibly is due to the lower
stress relieving treatment employed for the samples in this study
(673 K/72 h) as compared to a higher temperature used in Ref.
[25] (873 K) where the a grains are reported to have got equiaxed.

Though, it is not possible to arrive at a definite relation between
the creep rate and hydrogen concentration with only two concen-
tration values, this results indicate that the increase in creep rate
can be positively correlated with the hydrogen content.
4. Conclusions

In Zr–2.5%Nb alloy containing 65 and 160 wt ppm hydrogen,
the creep tests in the longitudinal and transverse direction of the
pressure tube at 723 K reveal that

(1) The creep rates in the transverse and in the longitudinal
directions increase by about 2–2.5 times with 160 wt ppm
addition of hydrogen. The creep rate increases with the
hydrogen concentration, within the range examined here.

(2) In unhydrided condition, a value of 2.8 for stress exponent in
longitudinal direction indicates that the creep mechanism is
dislocation controlled and a value of 1.86 in transverse spec-
imen indicates that the mechanism is closer to grain bound-
ary sliding. These values fall to 2.41 and 1.59 for longitudinal
and transverse orientations, respectively with an addition of
160 wt ppm hydrogen, indicating a change in the deforma-
tion mechanism.
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