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Abstract

In order to examine the influence of precipitated zirconium hydride on the failure behavior and fracture strength of light water reactor
(LWR) cladding tubes, tensile tests were performed at room temperature for non-hydrided and hydrided Zircaloy sheet-type specimens
with gauge section of 10.035.0 mm and thicknesses of 0.5, 1.0, 1.5, 2.0, 2.5, and 3.0 mm. For specimens with thickness more than 2.5
mm, the ultimate tensile strength of the specimens appeared to be independent of thickness, which implied that plane strain condition was
attained. For the specimen with 2.5 mm thickness, the ultimate tensile strength increased slightly with increasing average hydrogen
concentration. Through microscopic observation of the hydrided specimen surface by scanning electron microscopy (SEM), it was found
that matrix /hydride debonding was not generated but that micro-cracks perpendicular to the axial direction were produced at the hydride
layer.  2002 Elsevier Science B.V. All rights reserved.
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1. Introduction pears that burst tests are unsuitable for a systematic study
of the fracture strength and the fracture mechanism be-

In order to maintain structural integrity of the high burn cause of complicated stress states in the cladding and
up fuel rods, the fracture behavior during reactivity difficulties in the observation of the fracture behavior.
initiated accidents (RIAs) as well as normal operating Therefore, tensile tests for simple models such as sheet-
conditions has to be studied. In the Nuclear Safety type specimens will be effective. There have been several
Research Reactor (NSRR) of the Japan Atomic Energy reports of tensile tests for hydrided zirconium alloys [6–
Research Institute (JAERI), a series of experiments using 11]. Choubey et al. [8] have noted that the fracture mode
pulse irradiation facilities has been performed to study the of the specimen depends on the specimen thickness, which
high burn up fuel behavior under RIA conditions [1]. The is due to stress states in the specimen. In general, plane
results of the NSRR showed that the cladding failures were strain condition exists in thick bodies, while plane stress in
strongly influenced by the pre-existing hydride. The failure thin ones [12]. Mechanical properties under plane strain,
originated from pellet-clad mechanical interaction (PCMI) for example, plane strain fracture toughness (K ), areIC

accompanied by hydrogen embrittlement. In order to essential parameter for failure assessment because of
simulate the PCMI which occurs during the pulse irradia- independent of specimen thickness. In the present study,
tion in the NSRR, high-pressurization-rate burst tests have tensile tests were carried out for Zircaloy sheet-type
been performed in the JAERI by applying pressure from specimens with different thickness to estimate the fracture
the inside of the cladding tubes with hydraulic power [2,3]. strength under plane strain condition. The hydrided speci-
The fracture behavior and the burst pressure of the men surface was observed through scanning electron
hydrided cladding in the burst test have already been well microscopy (SEM), and fracture mechanisms of the speci-
analyzed by the present authors [4,5] using finite element mens were studied.
method (FEM) and fracture mechanics. However, it ap-

2. Experimental
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10.035.0 mm and thicknesses of 0.5, 1.0, 1.5, 2.0, 2.5, and
3.0 mm were cut from the plate such that the tensile axis
was in the transverse direction of the plate as shown in Fig.
1. Some of the specimens were hydrogenated at 4008C to
the nominal levels of 300–900 ppm H, which was esti-
mated by weight gain. The hydrided specimen had the
d-phase of zirconium hydride platelets distributed uniform-
ly and oriented parallel to the tensile axis. Tensile tests
were carried out for the non-hydrided and hydrided sheet-
type specimen at room temperature at a strain rate of

24 213.3310 s to monitor the stress–stroke relation by PC.
Fig. 1. Diagram showing the orientation of the tensile specimen cut out
from Zircaloy-4 plate.

3. Results and discussion
The plate was cold-rolled in the longitudinal direction to
approximately 1531003160 mm (H3W3L), and then in 3.1. Tensile properties
the transverse direction to approximately 1031303160
mm (H3W3L). After vacuum-annealing at 4808C for 2 h, Fig. 2 shows the ultimate tensile strength of the non-
sheet-type tensile specimens with having gauge section of hydrided and hydrided specimens as a function of the

specimen thickness. For the specimens with the thickness
of more than 2.5 mm, the ultimate tensile strength of both
the non-hydrided and hydrided specimens appears to be
independent of specimen thickness. Figs. 3 and 4 indicate
the fracture morphology of the non-hydrided and hydrided
specimens, respectively. As shown in these photographs,
significant change was observed in the fracture modes
from slant fracture to fully flat fracture with increasing
specimen thickness. The flat fractures as shown in Fig. 3b
and Fig. 4b tend to occur at the plates where plane strain
condition of deformation exists [13]. Consequently, plane
strain condition was assumed for the specimen with more
than 2.5 mm thickness.

The stress–stroke diagram of the non-hydrided and
hydrided specimens with 2.5 mm thickness is shown in
Fig. 5. This diagram indicates that significant degradationFig. 2. Effect of specimen thickness on the ultimate tensile strength for

the non-hydrided and hydrided specimens. of the ductility and increase in the ultimate tensile strength

Fig. 3. Tensile fractures of the non-hydrided specimens with thicknesses of (a) 0.5 mm and (b) 2.5 mm.
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Fig. 4. Tensile fractures of the hydrided specimens: (a) 1.0 mm thickness specimen with hydrogen concentration of 722 ppm, and (b) 2.5 mm thickness
specimen with hydrogen concentration of 543 ppm.

average hydrogen concentration on the ultimate tensile
strength for the 2.5-mm thick specimen where plane strain
fracture occurred. It is found that the ultimate tensile
strength exhibits a slight linear increase with hydrogen
concentration, which is in good agreement with the
experimental results of the low-pressurization-rate burst
test at JAERI for the hydrided claddings with zirconium
hydride distributed uniformly and with their platelet planes
oriented in the circumferential direction of the claddings
(see Fig. 7) [2,3]. This implies that the burst test can be
modeled as tensile tests for the fully thick specimen that
satisfies plane strain fracture.

Fig. 5. The stress–stroke diagram for the specimens with 2.5 mm
thickness. 3.2. Microscopic observation

The occurrence of interfacial debonding, which means
were not observed, although hydride existed. Therefore, that the interface is weak, plays an important role in the
the hydrided specimen with the hydride platelets oriented fracture behavior and the fracture strength. However, there
to the axial direction is considered to be less sensitive to
hydrogen embrittlement. Fig. 6 reveals the effect of the

Fig. 6. Influence of average hydrogen concentration on the ultimate Fig. 7. Burst pressure as a function of average hydrogen concentration
21tensile strength for the 2.5 mm thickness specimens. with the pressurization-rate of 0.002 MPa ms [2,3].
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Fig. 8. (a) Typical scanning electron micrograph showing the micro-cracks perpendicular to the axial direction (A.D.) for the hydrided specimen interrupted
before ultimate tensile strength. (b) Zoom-up view of the same micrograph.

observation of the hydrided specimen surface by SEM, itexists limited information on the matrix /hydride debond-
was found that matrix /hydride debonding was not gener-ing. In the present study, fracture mechanism of the
ated but that micro-cracks perpendicular to the axialhydrides was examined in detail through microscopic
direction were produced at the hydride layer.observation of scanning electron microscopy (SEM). Fig. 8

shows the hydrided specimen surface of 1.0 mm thickness
with hydrogen concentration of 301 ppm interrupted before
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