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Abstract

During operation of nuclear power reactors, irradiated Zircaloy™-4 cladding tubes
contain circumferentially oriented hydrides concentrated in a layer near the outer surface of the
cladding. This study has investigated the effect of such a hydride layer or “rim” located near the
outer surface of the cladding tube on the failure of unirradiated Zircaloy-4 cladding tubes.
Utilizing plane-strain ring-stretch tests with the maximum principal stress along the
circumferential or hoop direction, we examined the influence of a hydride rim on the failure of
Zircaloy-4 cladding at both room temperature and 300°C. Fracture is found to be sensitive to
hydride-rim thickness such that cladding tubes with a hydride-rim thickness >140 pum (=700
wtppm total hydrogen) exhibit brittle behavior, while cladding tubes with a rim thickness <90
um (=600 wtppm) remain ductile. The mechanism of failure is identified as strain-induced
sequence of microcrack initiation within the hydride rim, linkage of microcracks to form a long
(surface) crack, and subsequent failure of the cladding wall due to either a shear instability or
ductile crack growth.
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Introduction

The mechanical behavior of zirconium-based nuclear fuel cladding degrades during in-
reactor service due to a combination of oxidation, hydriding, and radiation damage. To decrease
the operating costs of these reactors through the use of longer fuel cycles, and to reduce the
volume of waste associated with core reloads, utilities have a strong incentive to extend the use
of fuel assemblies to higher burnup levels. Further increases in operating efficiency of power
reactors can also be achieved by increasing the coolant outlet temperature. Both of these
operating procedures enhance cladding degradation, increasing the likelihood of cladding failure
during design-basis accidents.

The reduction of cladding ductility at high levels of fuel burnup is believed to result from
a combination of radiation damage, oxidation, and hydriding [1-3]. Radiation damage from fast
neutrons increases the dislocation density in recrystallized material, causing hardening.
However, this increase in dislocation loop density is thought to saturate at relatively low
exposures [3]. During service, the cladding undergoes oxidation with associated hydrogen
pickup. The total amount of hydrogen increases steadily with fuel burnup [4], and once the
terminal solubility is exceeded, hydride precipitates form in a layer or “rim” near the outer
(cooler) surface of the cladding. Thus, during operation the cladding tube form a hydride rim
that resides above a substrate that is relatively free of hydrides. Given the texture in the
Zircaloy-4 cladding tubes used in light water reactors, the hydride layer consists of aligned,
circumferentially oriented hydride platelets [2,5-7]. A prediction of the ductility of such cladding
tubes must take into account: the density of the hydrides as a layer/rim and the rim thickness, the
ability of the hydrides to deform [6-9], their circumferential orientation within the layer, and the
presence of a relatively unhydrided substrate.

A second condition that affects the sensitivity of high-burnup cladding to hydrogen is the
stress state associated with in-service loading. It is well known that elevating the stress
triaxiality ratio decreases the fracture strain of recrystallized zirconium alloy sheet containing
uniform distributions of hydrides [8,10]. In the case of cold-worked and stress-relieved (CWSR)
zirconium alloy cladding tubes subject to postulated reactor accidents such as a reactivity-
initiated accident (RIA), the interaction between the fuel pellet and the cladding tube forces the
cladding to deform under multiaxial tensile stress states; these are generally believed to be in the
range 1 < (o4do;) < 2, where oy is the hoop stress component and o; is the axial stress
component. In other words, the cladding tube is forced to deform under stress states ranging
between equal-biaxial tension (o4 0; = 1) and transverse plane-strain tension (o4 o; = 2 for a
plastically isotropic tube). To address this stress-state issue, we have recently developed a
“transverse, plane-strain, ring-stretch tension test” [11,12]. That test utilizes a double-edge
notched ring specimen in which the notches impose a near plane-strain deformation path within
the specimen.

While the influence of a uniform distribution of hydrides on the tensile ductility of
zirconium-based alloys has been studied extensively [8-10,13,14], failure behavior when
hydrides are non-uniformly distributed in the form of a layer or rim has not been thoroughly
addressed, such non-uniform hydride distributions affect cladding failures during RIA testing
[15] and under burst testing of irradiated Zircaloy-4 cladding tubes [16]. Recent experiments
based on unirradiated cladding tubes containing hydrides in the form of a rim indicate a
significant loss of ductility with (a) increasing hydrogen content [17] and/or (b) increasing
hydride rim thicknesses [18]. These results suggest that a ductile-to-brittle transition occurs with
increasing hydride rim thickness. Since the hydride rim initiates a crack early in the deformation
process [15,16,18,19], fracture mechanics has recently been used to predict failure on the basis of
crack propagation [19,20]. While this type of analysis can be applied to brittle cladding with
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thick hydride rims, failure of cladding with small-thickness hydride rims exhibits significant
ductility; importantly, this cladding does not appear to obey fracture mechanics, as the fracture
stress approaches the tensile strength of the cladding [20]. The physical process controlling the
failure of cladding containing thin hydride rims is not understood.

The purpose of this study is to examine the failure behavior of unirradiated Zircaloy-4
cladding tubes that contain hydrides concentrated in the form of a thin layer near the outer
surface, typical of high-burnup fuel cladding [16,21]. Using “ring-stretch” specimen geometries
that impose multiaxial stresses and near plane-strain tension in the hoop direction of the cladding
tube, we examine the influence of thin layers of hydrides on the ductility of Zircaloy-4 cladding
subject to stress states relevant to potential in-service accidents, such as the RIA.

Experimental Procedures
Material

CWSR Zircaloy-4 cladding tubes were obtained from Sandvik Metals and Westinghouse
Electric Corporation with outer diameter of approximately 9.5 mm and wall thickness of
approximately 0.56 mm. The grain structure consists of elongated grains with ~10:1 aspect ratio,
oriented parallel to the tube axis and having dimensions of ~10-15 um long and =1-2 um thick.
As-fabricated Zircaloy-4 possesses a crystallographic texture in which the basal planes tend to
align with their basal poles inclined approximately +40° to the normal of the tube surface and
oriented towards the tangential direction; the basal and prism pole intensities are up to ten times
their random value.

To simulate the hydride distribution in high-burnup cladding, the unirradiated cladding
tubes were artificially hydrided in an argon/hydrogen gas mixture at 327°C (600 K) by M.
Ozawa at Nuclear Development Corporation. The total hydrogen content was determined by an
inert gas fusion technique. The total oxygen content of hydrogen-charged cladding was found to
be approximately equal to that of as-fabricated cladding.

Figure 1 shows that the microstructures obtained after such a procedure consist of a
relatively high concentration of circumferential hydrides concentrated primarily within a layer
near the outer surface of the cladding tube, thus forming a “hydride rim.” The thicknesses of the
hydride rim varied from specimen to specimen and ranged from approximately 20 to 250 pm. In
addition, a few hydrides exist within the “substrate” layer of the cladding tube below the hydride
rim. It is significant that the hydride microstructure shown in Fig. 1 is similar to that observed in
high-burnup fuel cladding [15,17]. To isolate the effect of the substrate on hoop tensile ductility,
a few specimens that originally had hydride rims were machined to remove the layer.

Mechanical Testing

To impose a biaxial stress state such that hoop extension of the cladding occurs by
through-thickness slip, we used the double edge notched “transverse plane-strain ring-stretch”
specimen shown in Fig. 2 and described in detail elsewhere [11,12]. The specimen uses the
constraints of the two notches to force the central region of the gauge section to deform such that
little contraction occurs across the specimen width (i.e., along the tube axis). As a result, near
plane-strain deformation condition is achieved, as has been supported by finite element modeling
and by measurements of the local ratio of thickness to hoop strain [11].

Microhardness indentations were used to determine strains on a local basis along the
specimen gauge length. This method has an accuracy of £0.01 (£1%) for strain measurements.
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Two measures of cladding failure were used: (a) the “limit strain” (&imit) is defined as the
“uniform” deformation in the gauge section at material failure and is calculated by numerical
integration from the as-measured strain distribution and (b) the “fracture strain” (&yac) defined as
the local strain as determined over a 0.2-mm element containing the fracture surface.  The tests

(a) (b) | (©)

Figure 1: Light micrographs showing hydride microstructure and
distribution within Zircaloy-4 cladding tubes with hydride layer
thicknesses of (a) 80, (b) 100, and (c) 180 um.
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Figure 2: Plane-strain ring-stretch test specimen with
microhardness indentation arrays for determining local strains (all
dimensions are in mm and not-to-scale).
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were performed at an initial strain rate of ~10~/s, using loading fixtures consisting of two “D-
shaped” die inserts that transmit the displacement to the specimen. To promote uniform
deformation along the gauge section and limit frictional effects, a combination of Teflon™ tape
and vacuum grease was used to lubricate the interface between the die inserts and the inner
surface of the cladding specimen. Tests on unirradiated/unhydrided specimens using the above
procedure confirm relatively uniform deformation along a gauge section somewhat greater than 2
mm long along the circumferential direction shown in Fig. 2.

Results and Discussion
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On the Failure Process

For cladding that has a dense layer of hydrides in the form of a rim near its outer surface,
as shown in Fig. 1, our observations suggest the following failure process. With the exception of
one observation at 300°C, cracks initiate within the hydride rim upon yielding of the cladding
tube, as indicated in Fig. 3 (note that micro-cracks seldom initiate at microhardness indents).
Results from several specimens show that the crack density increases with decreasing hydride

Vickers
Microhardness
Indents

(@) (b)

Figure 3: Scanning electron micrographs at (a) low magnification
and (b) higher magnification showing surface cracks initiating
within a 148um thick hydride rim after testing at room
temperature.

rim thickness such that only a few deep micro-cracks form within the cladding with thick
hydride layers (> 140 um), while a high density of short (length < 0.5mm) microcracks form
within the thin hydride layers. This crack density effect appears to be related to the influence of
the free surface created by the crack flanks in inhibiting the initiation of neighboring cracks.

The fracture path also differs in the thick- and thin-hydride rim cladding. In thin hydride
samples that fail by plastic collapse, the linking of multiple microcracks creates a long surface
crack (> 2-3 mm) that, while not deep, is relatively planar. In this instance, strain accumulates
while the short microcracks, which are blunted in the relatively ductile substrate, link into a long
macrocrack that eventually propagates through the cladding thickness. As shown in Fig. 4,
eventual fracture of the uncracked ligament occurs as a result of either damage-induced fracture
(at room temperature; see Fig. 4a) or shear localization (at 300°C; see Fig. 4b). At room
temperature, damage-induced fracture occurs because the strain to nucleate, grow, and coalesce
voids (i.e., damage accumulation) is less than that required to develop a localized neck. The
damage-accumulation fracture will also be favored by an increased density of hydrides within
the uncracked ligaments, such as might occur if the hydride layer is thick. In contrast, localized
necking and shear failure of the uncracked ligament will likely be favored at 300°C (Fig. 4b),
where an increase in damage-induced fracture strain enables localization to develop [11].




(a) (b)
Figure 4: Transverse fracture profiles of cladding with a
hydride rim tested at (a) room temperature and (b) 300°C.
Based on the above interpretation, we suggest that fracture of cladding with a hydride

rim occurs by a multistage process: (1) initiation of short microcracks within the hydride rim, (2)
growth and linkage of microcracks into a long surface crack (along the tube axis), and (3)
cladding fracture due to the propagation of the long surface crack by either a damage
accumulation process (at room temperature) or failure of the relatively hydride-free ligament by
shear instability (at 300°C). This failure sequence is discussed below:

1. Initiation of microcracks. Our observations indicate that microcracks (< 0.5 mm surface
length) initiate at very small strains (essentially zero strain, as in previous research [18]).
Also, the density of these microcracks decreases with increasing hydride layer thickness,
as described above. Thus, thick hydride layers (> 150 um) initiate a single deep crack
which extends across the entire specimen (= 6 mm), resulting in near-brittle behavior, as
can be predicted by fracture mechanics analysis [19,20].

2. Micro-crack linkage. When the hydride rim is thin (< 90 um thick), the growth and
linkage of microcracks into a long (surface) crack results in cladding ductility. This
second stage appears to depend on both the density of cracks and their depth. A high
density of very shallow (= 20 um thick) microcracks will link rather quickly with strain,
forming a long (> 2 to 3 mm) but shallow surface crack. In contrast, a lower density of
more widely spaced and non-coplanar surface cracks of intermediate depth (i.e., = 75
um) will link with difficulty. In this case, cladding ductility also occurs during this
strain-induced linking of moderately deep cracks into a tortuous, long surface crack.

3. Failure of the substrate. Failure of the cladding substrate below the hydride rim depends
in a sensitive manner on rim depth, with strain to failure increasing as hydride-rim depth
decreases. The through-thickness growth of shallow cracks in cladding with a thin
hydride layer is difficult, and significant crack opening displacement (and material
ductility) occurs before substrate fracture occurs due to damage accumulation at room
temperature or shear instability at 300°C at stresses significantly greater than the yield
stress. Cladding with a hydride-rim of medium depth (= 75 um) has a tendency to link
microcracks that are not co-planar and to form a tortuous fracture path through the
substrate; ductility results as the failure stress exceeds the yield stress. Finally, cladding
with thick hydride layers initiates a long (> 3 mm) surface crack that propagates easily as
a “deep”, planar crack through the substrate, near-brittle behavior of the cladding results,
likely obeying a criterion based on hydride rim thickness/crack “depth” [19,20].

Effect of Hydride Layers on Ductility

Failure of the hydrided Zircaloy cladding was determined on the basis of strain
distributions of failed specimens, as shown in Fig. 5a (where &gy is the true major strain and Yz is
the total gauge length in the hoop direction). It should be noted that our strain values are based
on elements initially 0.2 mm long. Thus, Fig. 5b indicates finite strain levels adjacent to a crack
over the 0.2 mm length, even though we expect near zero strains immediately adjacent to the
crack.

After cracks initiate within the hydrided rim, cladding hoop extension occurs before
deformation localization/fracture develops within the uncracked ligament. Therefore, the value
of &imr, the far-field strain at the failure, includes the sum of the displacements accumulating
during macrocrack formation and subsequent deformation in the uncracked ligaments but not
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those crack opening displacements associated with arrested microcracks and the macrocrack.
Figure 5b indicates gimit = 0.06 as the level of strain present along the cladding tube at locations
between cracks. The gimit value may be viewed as a lower limit of the cladding failure strain for
unirradiated, hydrided cladding.
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Figure 5 — (a) Schematic of the influence of microcracks on the
strain distribution along Indent Row #2 (dimensions in millimeters
and not-to-scale) and (b) the measured strain distribution at
cladding fracture for a plane-strain ring-stretch specimen with
hydride layer thickness of 42 um tested at 300°C.

The cladding fracture strain, &, is the measure of the local strain required for cladding
fracture. We present in Fig. 6 the dependence of both the limit strain (Fig. 6a) and the fracture
strain (Fig. 6b) on thickness of the hydride layers in Zircaloy-4 cladding tubes deformed in near
plane-strain tension to failure at room temperature and 300°C. The most important trend in Fig.
6 is the obvious dependence of cladding ductility on hydride-layer thickness. At both room
temperature and 300°C, thegimit values (Fig. 6a) indicate a gradual ductile-to-brittle transition
with increasing hydride layer thickness. Specifically, cladding with hydride rims of thicknesses
>140 pm show little or no plastic deformation to failure. In view of the fact that the
experimental accuracy of our measurements of local strain is +0.01 (+1%), these cladding tubes
are essentially brittle. At the 100 um hydride thickness level, there may be a small level of
plastic deformation to the cladding prior to failure. However, cladding samples with hydride-rim
thicknesses <90 pm are distinctly ductile, with hoop limit strains of roughly 0.04 or greater.

The ductile-to-brittle transition is further defined by considering values of &rac, as shown
in Fig. 6b. Consistent with limit strain behavior, specimens with hydride rim thicknesses <85
um show fracture strains greater than 0.1 (10%), while thicknesses >100 pm show &rac < 0.05. It
is not straightforward to relate these failure strain values to cladding fracture under an RIA
transient. If localization of strain is induced by friction resulting from pellet-cladding
interactions, &rac could be an important parameter in characterizing cladding failure
susceptibility. On the other hand, if fuel pellet-cladding friction is minimal, gimit could be the
more appropriate failure criterion.

It is tempting to consider results such as those in Fig. 6 on the basis of hydrogen content,
as has been done in many previous studies [8,10,13,14]. Typically, these studies have associated
a significant loss of ductility with increasing hydrogen content, such that the factor controlling
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the ductile-to-brittle transition is assumed to be the overall hydrogen level. In the present study,
the brittle Zircaloy-4 cladding with thick hydride rims had total hydrogen contents >500 wtppm.
However, significant ductility was also observed in specimens with thin hydride layers, where
the cladding had a total hydrogen content >700 wtppm. Furthermore, our present data indicate
that cladding specimens with hydrogen content in the 500-800 wtppm range but different hydride
layer thicknesses fail at widely varying values of ductility. Thus, for the case of a hydride rim,
we conclude that the total hydrogen content is not the best measure of cladding ductility, but that
the ductile-to-brittle transition is better defined by hydride rim thickness. Such a result contrasts
with the case for uniformly distributed hydrides across the entire cladding thickness, in which the
factor controlling the ductile-to-brittle transition is the overall hydrogen level.

Finally, to confirm that the ductility losses presented above in Fig. 6 are indeed caused by
the presence of the hydride rim, we present Fig. 7. This figure is based on the behavior of sibling
specimens with the hydride rim intact and mechanically removed. These results indicate that the
previously brittle cladding is ductile once the hydride layer is removed. Removing the hydride
rim restores the gimitand &xac values to levels close to those determined for unhydrided cladding.
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Figure 7: (a) Limit strain (gimit) and (b) fracture strain (&rac) at
300°C as a function of original hydride layer thickness for cladding
with intact and removed layer.

Summary

We have examined the fracture behavior of Zircaloy-4 cladding tubes containing

hydrides precipitated in the form of a hydride rim near the outer surface. Utilizing a ring-stretch
test that imposes a multiaxial stress state such that near plane-strain tension is achieved in the
cladding hoop direction, we conclude the following:

1.

Cladding ductility is very sensitive to hydride-rim thickness at both room temperature and
300°C. This sensitivity is manifested in a loss of ductility with increasing hydride rim
thicknesses, such that the cladding is ductile when the hydride rim thickness is less than 90
um, but it is brittle at hydride rim thicknesses of approximately 140 um and greater. Our
results also indicate that cladding containing <500 wtppm total hydrogen remains ductile
regardless of whether hydrides are present in the form of a hydride rim or uniformly
distributed hydrides. Moreover, the hydride rim thickness appears to be a more suitable
parameter than hydrogen content for determining a ductile-to-brittle transition in cladding
with a hydride rim.

The failure mechanism of hydrided cladding involves three stages: (1) microcrack initiation
with crack depth equal to hydride rim thickness, (2) growth and linkage of microcracks into a
long surface crack, and (3) failure of the relatively hydride-free ligament by either crack
growth due to damage accumulation (room temperature) or the formation of a shear
instability beneath a blunted crack (300°C). Since microcracks initiate at roughly zero strain,
the cladding ductility at small hydride rim thicknesses appears to be a result of the plastic
strain necessary to link microcracks into a long surface crack, as well as the strain needed to
propagate the cracks through the cladding thickness by either damage accumulation or shear
instability.
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