
A

o
Z
p
p
s
T
©

K

1

r
u
f
m
c
(
[
s
n
(
t
i
c
I
d

0
d

Journal of Alloys and Compounds 446–447 (2007) 639–642

Nanoindentation studies of high-temperature
oxidized Zircaloy-4 with and without hydrogen

Masato Ito, Hiroaki Muta ∗, Daigo Setoyama,
Masayoshi Uno, Shinsuke Yamanaka

Division of Sustainable Energy and Environmental Engineering,
Graduate School of Engineering, Osaka University, 2-1 Yamada-oka, Suita, Osaka 565-0871, Japan

Received 25 September 2006; received in revised form 13 February 2007; accepted 14 February 2007
Available online 20 February 2007

bstract

The nanoindentation tests on high-temperature oxidized fuel claddings with/without hydrogenation were performed in order to verify the influence
f hydrogen on mechanical behavior of the cladding under a loss of coolant accident (LOCA) condition. Hydrogenated and non-hydrogenated
ircaloy-4 cladding tubes were oxidized in steam at the temperature of 1373–1393 K followed by quenching. The nanoindentation test was
erformed in the area of inhomogeneous structure called as the Widmann–Stätten structure, composed of the needle-like �-zirconium grains (�′
hase) and the matrix (� phase). The mechanical properties viz. hardness and elastic modulus were evaluated for �′ phase and matrix � phase,
eparately. The hardness and elastic modulus of �′ phase are much higher than those of the matrix � phase due to its higher oxygen concentration.
here was no significant difference of mechanical properties between the samples with and without hydrogen.
2007 Elsevier B.V. All rights reserved.
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. Introduction

Zirconium based fuel cladding tube becomes brittle due to
apid � to � transformation and high-temperature oxidation
nder loss of coolant accident (LOCA) conditions. As expected
rom the Zr–O phase diagram [1], the � to � rapid transfor-
ation by the LOCA creates the Widmann–Stätten structure,

omposed of the precipitated needle-like �-zirconium grains
�′ phase) and the matrix (� phase). Setoyama and Yamanaka
2] assessed the thermodynamic information of Zr–O–H ternary
ystem using Calculation of Phase Diagram (CALPHAD) tech-
ique [3] and showed that hydrogen addition leads to shift
� + �)/� phase boundaries towards high oxygen concentra-
ion in Zr(H)–O pseudo binary diagram. This calculation results
mply that the hydrogen addition leads to increase the oxygen

oncentration of the precipitated �′ phase in the prior-� phase.
t has been reported that the solute oxygen leads to decrease the
uctility of zirconium alloys [4–6]. Therefore, it would appear

∗ Corresponding author. Tel.: +81 6 6879 7905; fax: +81 6 6879 7889.
E-mail address: muta@see.eng.osaka-u.ac.jp (H. Muta).

n
o
t
n
s
I
l

925-8388/$ – see front matter © 2007 Elsevier B.V. All rights reserved.
oi:10.1016/j.jallcom.2007.02.070
n; Atomic force microscopy (AFM)

hat the hydrogen deteriorates the strength of cladding under
OCA condition by the increase in the oxygen concentration of
′ phase. In fact, there are several studies report that hydrogen
bsorption deteriorates the ductility of the cladding under LOCA
7–9]. Hence, it is important to study the influence of hydrogen
n the mechanical properties of the �′ phase and the matrix
eparately in the high-temperature oxidized cladding material.

In order to measure the mechanical properties of the � and �′
egions separately, the nanoindentation technique is used. The
anoindentation technique [10–14] has been developed in the
ast several decades, and the mechanical properties within a few
ub-micrometers have been widely discussed. The technique is
seful for measuring the mechanical properties of thin films or
ocal structure of various materials with inhomogeneous struc-
ures. However, there is limited previous work of applying the
anoindentation technique to evaluate the mechanical properties
f nuclear materials. The micro-scale mechanical properties of
he oxide film, �-Zr layer and prior-� phase in oxidized zirco-

ium, prepared near the �/� transformation temperature, were
tudied using nanoindentation technique in our recent study [15].
n the present study, the nanoindentation tests on LOCA simu-
ated Zircaloy-4 with/without hydrogen were performed in the
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The obtained hardness values are divided into two groups;
one indicates higher values and the other indicates lower val-
ues. The average hardness of �′ phase and matrix � phase were
evaluated from the former group and the latter group, respec-
40 M. Ito et al. / Journal of Alloys and

rea of the Widmann–Stätten structure and the hardness and
lastic modulus were evaluated for �′ phase and � matrix phase
eparately. The influence of hydrogen on the mechanical prop-
rties of each phase was discussed.

. Experimental procedure

Pressurized Water Reactor (PWR) 17 × 17 type Zircaloy-4 tubes were used
s precursor. The tubes had an internal diameter of 8.22 mm and an external
iameter of 9.50 mm. Two types of samples were tested in the present study, one
as the as-received alloy and the other was with 500 wt ppm hydrogen added

o it. Hydrogenation was carried out using a modified Sieverts’ UHV apparatus
nder a highly pure (7N) hydrogen gas atmosphere. The apparatus is described
n detail elsewhere [16]. The samples were oxidized in steam at 1373–1393 K.
he cladding specimens were ballooned and ruptured during oxidation, and then
uenched. The above-mentioned experimental condition simulates the LOCA
ondition. The equivalent cladding reacted (ECR) was 20% in both samples. The
CR is defined as the ratio of the converted metal thickness to initial cladding

hickness assuming that all the absorbed oxygen converted to stoichiometric
irconia. After the oxidation process, the hydrogen concentration of the samples
ith and without hydrogen were 25 and 378 wt ppm, respectively.

Afterwards, the broken sections of the claddings were cut, molded in epoxy
esin, and the cross sections were polished. The surfaces for all of the sam-
les were treated by a mechano-chemical polishing (CMP) i.e., a mechanical
olishing with a chemical treatment using colloidal silica nano-particles. There-
ore, neither residual stress nor dislocations remained on the specimen surface.
he microstructural data of the sample was obtained by an optical microscope

OLYMPUS BX51M) and the surface roughness was evaluated by an atomic
orce microscope (AFM, JEOL JSPM-4200).

The nanoindentation was performed for these samples at room temperature in
ir using the atomic force microscope (JEOL JSPM-4200) with a nano-indenter
TriboScope, Hysitron Inc.). A Berkovich type diamond indenter was used in the
resent study. The indentation loads were ranging between 500 and 1000 �N,
hile both the loading and unloading times were chosen to be 5 s.

According to the method of Oliver and Pharr [10], the tip shape of the
ndenter was calibrated using a reference specimen of fused quartz, and then the
ndentation load-displacement (P–h) curve was analyzed to calculate the nano-

echanical properties, such as the hardness (H) and reduced modulus (Er). The
ardness [17] and reduced Young’s modulus were estimated from the following
quations:

= Pmax

AC
(1)

r = 1

2

√
π

AC

dP

dh

∣∣∣
h=hmax

(2)

here AC stands for the projected contact area at peak load (Pmax) of the
erkovich tip, while hmax is the maximum depth.

. Results and discussion

Fig. 1 shows an optical micrograph of the polished surface of
he high-temperature oxidized sample. The figure shows three
egions: the oxide film, stabilized � phase, and prior-� phase
n the order from outsides to inside. The indentation tests were
erformed at the center of the prior-� phase. The widths of the
eedle-like �′ phase particles in the prior-� phase were to be a
ew tens of micrometers. The roughness was found to be less
han 10 nm from AFM observation. On the contrary, the maxi-

um nanoindentaion size i.e., indentation depth and area at the

aximum load, was less than 1 �m. Therefore, the impression

cale of the nanoindentation, in the present study, was considered
o be more than the surface roughness and was remarkably less
han the size of the �′ phase in the Widmann–Stätten structure.

F
a

Fig. 1. Metallographic image of the cross section of the oxidized sample.

Fig. 2 shows the hardness profile of the sample with and with-
ut hydrogen. Nanoindentation hardness of the prior-� phase in
he sample has wave-like character. The wavelength of the hard-
ess modulation in Fig. 2 compares well with the width of the
eedle-like �′ phases in Fig. 1 and it is considered that this modu-
ation reflects the Widmann–Stätten structure. Komatsu et al. [5]
evealed that the micro-Vickers hardness increased with increas-
ng oxygen concentration in the prior-� phase. Therefore, since
he needle-like precipitated �′ phase has higher oxygen con-
ent, it is considered that the higher-hardness area corresponds
o the �′ phase and the lower-hardness area corresponds to the �
atrix phase in Fig. 2. Fig. 3 shows the reduced modulus profile

f the sample with and without hydrogen. The modulation is also
ound in the reduced modulus reflecting the Widmann–Stätten
tructure and its behavior almost consists with that of the hard-
ess.
ig. 2. Profile of the hardness in the Widmann–Stätten structure in samples with
nd without hydrogen.
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ig. 3. Profile of the reduced moduli in the Widmann–Stätten structure in sam-
les with and without hydrogen.

ively. Fig. 4 shows the mean hardness of the �′ and the matrix
phases with/without hydrogen. Kuroda et al. [18] reported

hat the Berkovich hardness of pure zirconium with 1000 �N
eak load has value of 3.3 GPa. Therefore, the hardness of the
atrix � phase is almost equal to the reported value of pure zir-

onium, which may indicate that the oxygen in the matrix phase
s scarce. Additionally, the hardness of �′ phase is remarkably
igher than that of pure zirconium because of its higher oxygen
oncentration.

Fig. 5 shows the mean reduced modulus of the �′ and the
atrix � phases with/without hydrogen. Kuroda et al. [19] and
u and Shi [20] reported the reduced modulus of pure zirconium

s 107 ± 2 and 93.34 ± 5.29 GPa, respectively. Therefore, as in
he case of hardness, the elastic modulus of the matrix � phase
s nearly the same as the reported values of pure zirconium. The
educed modulus of �′ phase is also remarkably higher than that
f pure zirconium.

It is found from Figs. 4 and 5 that the variation with hydro-
en of mechanical properties for both �′ and matrix � phases
s within the statistical error. Contrary to the above-mentioned

hermodynamic hypothesis that hydrogen addition increases the
xygen concentration of the �′ phase in the prior-� phase, influ-
nce of hydrogen could not be detected in the present study. It

ig. 4. Mean hardness for the �′ and the matrix � phases of samples with and
ithout hydrogen.
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ig. 5. Mean reduced moduli for the �′ and the matrix � phases of samples with
nd without hydrogen.

ay be assumed that the influence of hydrogen is small for the
etallic phase and then the degradation of the cladding under
OCA due to hydrogen [7–9] increases with the amount of pre-
ipitation of brittle zirconium hydride [21–23]. In the present
tudy, we could not estimate the hardness of hydride precipitate
ecause it is difficult to correlate the morphology of hydride and
he nanoindentation hardness in the sample with complex phase.
he nanoindentation study for hydrogenated zirconium alloy
ith simpler phase is under investigation in order to evaluate

he properties of hydride precipitate.

. Conclusion

In the present study, the influence of hydrogen on mechanical
ehavior of the fuel cladding under a LOCA condition was inves-
igated using nanoindentation technique. The high-temperature
xidized Zircaloy-4 cladding tubes with or without hydrogen
ere prepared. The nanoindentation test was performed in the

enter of the Widmann–Stätten structure in the samples, and
he mechainical properties viz. hardness and elastic modulus
ould be evaluated for the needle-like �-zirconium grains (�′
hase) and the matrix (� phase), separately. The mechanical
roperties of the matrix � phase are almost equal to the pure zir-
onium, which may indicate that the oxygen in the matrix phase
s scarce. The hardness and elastic modulus of �′ phase are

uch higher than those of the matrix � phase due to its higher
xygen concentration. There was no significant difference in
echanical properties between the samples with and without

ydrogen.
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