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Abstract

The fracture behavior under near plane-strain deformation conditions of Zircaloy-4 sheet containing solid hydride

blisters of various depths has been examined at 25 and 300 �C. The study was based on material with either model

�blisters’ having diameters of 2 and 3 mm or a continuous layer of hydride; in all cases, the substrate material contained

discrete hydride precipitates. The fracture strains decrease rapidly with increasing hydride blister/layer depth to levels of

about 100 lm deep, and then remain roughly constant. For a given blister depth, the material is significantly more

ductile at 300 �C than at room temperature although measurable ductility is retained even at 25 �C and for large blister

depths. The material is somewhat more ductile if the hydride is in the form of a blister than in the form of a continuous

layer (rim). The hydride blisters/layers are brittle at all temperatures, and crack shortly after yielding of the ductile

substrate. Consequently, both experimental evidence and analytical modeling indicate that fracture of the sheet is

controlled by the crack growth resistance of the substrate at 25 �C. At elevated temperatures, the hydride particles

within the substrate are quite ductile, inhibit crack growth, and failure eventually occurs due to a shear instability.

� 2003 Elsevier B.V. All rights reserved.
1. Introduction

The mechanical behavior of Zircaloy fuel cladding

degrades during nuclear reactor operation due to a

combination of oxidation, hydriding, and radiation

damage [1]. As the cladding undergoes oxidation with

the associated hydrogen pickup, the total amount of

hydrogen increases, and hydride precipitates form pref-

erentially near the outer (cooler) surface of the cladding,

usually in the form of a continuous layer/rim containing

a high concentration of discrete hydrided particles.

Under conditions where oxide spallation occurs, hydride

blisters may form. The blisters are often lens shaped
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(typically a few mm in major dimension) and consist of a

very high hydride concentration or of a solid hydride [2].

The influence of a uniform distribution of hydrides on

the mechanical behavior of zirconium-based alloys has

been studied extensively, usually under uniaxial tensile

loading; see for example Refs. [2–15]. Recent studies

have also examined the failure behavior of Zircaloy-4

cladding tubes for the case when hydrides are present in

the form of a layer or rim [14]. These �hydride-rim’ re-
sults, based on unirradiated cladding, indicate a signifi-

cant loss of ductility with increasing hydrogen content

and/or increasing hydride rim thicknesses and suggest

that a ductile-to-brittle transition occurs with increasing

hydride rim thickness.

In addition to the presence of hydrides, a second

condition that affects cladding failure is the stress state

associated with in-service loading. For the case of re-

crystallized (RX) zirconium alloy sheet containing a

uniform distribution of hydrides, increasing the biaxi-

ality of the stress state increases the severity of the
ed.
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Table 1

Kearns factors for both CWSR and RX Zircaloy-4 sheet and

tubing

fN fL fT

CWSR sheet (this work) 0.59 0.05 0.31

RX sheet (this work) 0.60 0.06 0.34

CWSR tubing [17] 0.58 0.10 0.32
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hydrogen embrittlement [15]. Such an effect becomes an

issue for Zircaloy cladding subject to postulated reactor

accidents such as the reactivity-initiated accident [16]. In

this case, the interaction between fuel pellets and the

cladding tubes forces the cladding to deform under

multiaxial stress states. Predicting a criterion for clad-

ding failure thus requires a knowledge of the influence of

the effects of irradiation, the specific hydride micro-

structure, and the stress state of loading. This study

addresses the latter two issues.

The purpose of this study is to examine the influence

of hydride blisters on failure behavior of unirradiated

Zircaloy-4 under the multiaxial stress state associated

with near-plane strain deformation. To induce failure

under a multiaxial stress state, we have designed a

double-edge notched tensile specimen geometry that

results in biaxial tension and near plane-strain tension

deformation within the gauge section. In our case, the

blisters exist as a solid hydride of varying depths with

either a 2 or 3 mm diameter; as a benchmark, a few

results are also presented for the case of a continuous

layer of a solid hydride. Finally, in order to avoid the

difficulty of preparing, testing, and analyzing the be-

havior of very small ring-stretch specimens derived from

cladding tubes, we utilize flat Zircaloy-4 sheet with a

crystallographic texture (and plastic anisotropy) similar

to that of as-fabricated Zircaloy-4 cladding tubes. Both

cold worked and stress-relieved (CWSR) as well as RX

conditions of the sheet are examined.
Table 2

Tensile parameters of Zircaloy-4 sheet in either the RX or

CWSR conditions at 25 and 300 �C for uniaxial testing in the

transverse direction of the sheet

Condition r0:2%
Y

(MPa)

n-value R0 Elongation to

failure (%)

RX/25 �C 469 0.09 5.2 29

CWSR/25 �C 573 0.01 2.2 19

RX/300 �C 166 0.11 2.2 29

CWSR/300 �C 318 0.03 1.6 16
2. Experimental procedure

2.1. Materials used

Zircaloy-4 sheet with a thickness of 0.64 mm was

obtained from Teledyne Wah-Chang in the CWSR. RX

material was obtained after annealing the as-received

material at 650 �C for 30 min in a vacuum of 10�5 Torr.

The grain structure, determined using polarized light

microscopy, consisted of elongated grains, approxi-

mately 10 lm long and roughly 1–2 lm thick in the

CWSR condition and of equiaxed grains approximately

5 lm grain in diameter in the RX condition.

Both the CWSR and RX conditions exhibited a

strong crystallographic texture. The Kearns factors (re-

solved fraction of basal poles aligned with the three

macroscopic directions, N¼ normal, L¼ longitudinal

(rolling direction), T¼ transverse) [17], measured by

Teledyne Wah-Chang are shown in Table 1. The ma-

jority of the basal poles are aligned with the normal

direction. Importantly, these values are similar to those

reported for unirradiated CWSR Zircaloy-4 cladding

tubes [18] if the hoop direction of the tube corresponds

to the orientation transverse to the rolling direction of

the sheet. Therefore, the texture of the sheets of Zirca-
loy-4 used in this study is similar to the typical texture of

Zircaloy-4 cladding tubes, for which the basal planes

tend to align with their poles inclined approximately

±30� away from the normal of the tube surface and

oriented towards the transverse direction [19].

The tensile properties of the Zircaloy-4 sheet used in

this study are shown in Table 2 and are described in more

detail elsewhere [20]. The RX condition exhibits a much

higher strain hardening exponent (n ¼ d lnr=d ln e,
where r is the stress and e is the strain) but lower yield
stress values than the CWSR condition. Also yield stress

at 300 �C is much lower than that at 25 �C, as is the case
for Zircaloy-4 cladding tube [21]. In both conditions, the

texture observed above causes the Zircaloy-4 sheet to be

plastically anisotropic such that through-thickness de-

formation is difficult. Such behavior is apparent from

the values of the plastic anisotropy parameter R0 (R0 ¼
ewidth=ethickness, where ewidth and ethickness are the width and

thickness strains during uniform deformation in a tensile

test); for the conditions listed in Table 2, R is in the

range of 1.6–5.2.

It is instructive to compare the tensile behavior of our

CWSR sheet tested in the transverse direction with that

of CWSR Zircaloy-4 cladding tubing as tested in the

hoop direction of the tube. The yield strength of the

cladding is somewhat higher at room temperature (�120
MPa) and at 300 �C (�100 MPa) [21]. Both materials

have similar plastic anisotropy values, but the strain-

hardening exponent of the sheet used in this study

(n ¼ 0:01–0.03) is significantly smaller than that of

standard cladding ðn ffi 0:06Þ [22]. In fact, the strain

hardening behavior of this sheet material is similar to

that of irradiated cladding [23].
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2.2. Hydrogen charging

Hydrogen charging of the Zircaloy-4 was performed

by gas charging at 400 �C using a Ni �window’ whose
geometry controlled the dimensions of the hydride layer

(i.e., blister or continuous layer). Shown schematically in

Fig. 1(a), the Ni window consisted of a thin film of Ni

(�0.1 lm thick) that was vapor deposited onto the

specimen gauge section with the following geometries:

(a) a 2 mm circle, (b) a 3 mm circle (for most of this

study), and (c) a continuous layer. A short time period

prior to vapor deposition, the surface of Zircaloy was

cleaned using the ASTM procedure (G2-88) to remove

the small oxide layer that is normally present in Zr ex-

posed to atmosphere. Uncoated regions of the Zircaloy

quickly reformed the small oxide layer prior to exposure

to the hydrogen/argon gas at the 400 �C, inhibiting the

diffusion of hydrogen and restricting the hydride for-

mation to regions below/near to the Ni coating. As de-

scribed in detail elsewhere [24], hydrogen charging was

performed at 400 �C by exposing the coated specimen to

a gas mixture of 12.5%H2/Argon at one atmosphere

pressure and for charging times ranging from 30 s to

30 min. For a given material, it was observed that the

depth of the blister was a linear function of the charging

time. For the range of charging times used, cross-section

metallography showed that the blister diameter corre-

sponded to the Ni coating diameter. In addition, some

hydrogen diffused throughout the sheet thickness to

form discrete hydrides in the �substrate’ region beneath

the hydride blister. The hydrogen concentration within

the substrate was measured by hot vacuum fusion

analysis. The resulting hydride distribution is illustrated

schematically in Fig. 1(b) with l being the blister width

(2 or 3 mm) and d the blister depth.
(a)

(b)
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Fig. 1. A schematic of (a) a double edge notched tensile spec-

imen with a Ni coating/hydride blister in its center and (b)

hydride blister made by hydrogen charging through a Ni

coating with diameter l.
The hydride microstructure after charging was

examined using both light microscopy and scanning

electron microscopy (SEM). Specimens were prepared

for examination by mechanical grinding ranging from

240 to 1200 grit and polishing to a 6 lm finish using a

diamond solution. The specimens were then etched up to

5 s with a 10 part HNO3–10 part H2–1 part HF solution

to reveal the hydrides.

2.3. Mechanical testing

In-service loading of Zircaloy cladding tubes usually

occurs under multiaxial tension with the maximum

principal stress oriented in the hoop direction of the

tube. Based on earlier studies [22], we have simulated

such loading with a double edge notched tensile speci-

men, Fig. 1(a), designed to introduce a biaxial stress

state in the specimen center such that near plane-strain

tension is achieved (i.e., the minor strain component in

the plane of the sheet is near zero). After an experimental

design process, 25.4 mm wide specimens (�76 mm long)

with two 4.75 mm diameter notches, each of which was

6.35 mm deep, were selected. The resulting biaxial state

of stress in the center of the specimen limits strain in the

transverse direction of the specimen and induces the

material near its center to a near plane-strain deforma-

tion path. While sharper notches increase the biaxiality

of the stress state, the notch also acts as a strain con-

centrator. Thus, very sharp notches elevated the local

strain to a level that fracture initiated near the notch,

rather than in the specimen center where near plane-

strain deformation is occurring. For the specimen geo-

metry selected (with the 4.75 mm diameter notch) failure

occurred in the specimen center, where a near plane-

strain condition is met, and where the hydride blister

was located.

The mechanical testing was performed at an ap-

proximate strain rate of 10�3 s�1. Most of the tests were

performed at either room temperature or 300 �C, but
limited tests were also done at 400 �C. In addition, the

orientation of the tensile axis was chosen to be in

the long transverse direction of the sheet (normal to the

rolling direction) in order to obtain deformation be-

havior similar to that of unirradiated Zircaloy-4 clad-

ding when tested in the hoop direction.

As will be shown later, the hydride blisters fractured

at, or shortly after, yielding within the ductile substrate.

Acoustic emission as well as interrupted testing was used

to detect the formation of the microcracks within the

hydride blisters. Failure strains of the substrate material

beneath the blister were determined by measuring the

local fracture strain ðefracÞlocal near, but not at, the frac-
ture surface. After measurement of the initial specimen

thickness, cross-section metallography of the fractured

specimen was used to determine the specimen thickness

at a location P0.5 mm displaced from the fracture



24 O.N. Pierron et al. / Journal of Nuclear Materials 322 (2003) 21–35
surface. For sheet of 0.6 mm thickness containing small

cracks, distances of 0.5 mm or greater from the frac-

ture surface avoided a localized thickness reduction due

to the plasticity associated with either crack growth

(room temperature failure) or a localized shear insta-

bility (300 �C failure); thus, as is common in studies of

the failure of sheet metal [24,25], the strain values de-

termined in this manner indicate the strain level at the

onset of failure. Using this procedure, we calculated a

local thickness strain, e3, that indicates the strain level at
the onset of failure. This thickness strain value was then

converted into a local failure strain ðefracÞlocal value using
the ratio of minor ðe2Þblister and major ðe1Þblister strains
within the substrate beneath the blister (measured from

the deformation of the circular Ni coating which sub-

sequently deforms into an ellipse during testing) and

using conservation of the volume. Thus,

ðefracÞlocal ¼
�e3

1þ ðe2Þblister
ðe1Þblister

: ð1Þ

No spallation of the Ni coating was ever detected even at

large strains indicating adherence to the substrate. For

the case in which specimens were hydrided across the

entire gauge length (a hydride rim), a microhardness

indentation gridding procedure was used to determine

the ratio e2=e1 on a local basis as done previously [22].
3. Results and discussion

3.1. Hydride microstructure

As a result of the hydrogen charging procedure, the

blisters were defined by the formation of a solid hydride

to a near-uniform depth beneath the Ni coating, as is

shown in Fig. 2. In the present study, blisters with pri-

marily a 3 mm diameter were formed with depths

ranging from 5 to 250 lm.
In addition to the formation of a solid hydride blis-

ter, some of the hydrogen also forms individual hydride

precipitates in the substrate below the hydride blister. As
Fig. 2. Light micrographs of a transverse section of Zircaloy-4 sheet

the substrate beneath the blister in (a) CWSR specimen and (b) RX
shown in Fig. 2(a), these hydride precipitates typically

have a major dimension on the scale of 100 lm in the

CWSR condition and, except for a thin layer immedi-

ately below the blister, the hydrides tend to be aligned in

the plane of the sheet, similar to the circumferential

hydride microstructures in Zircaloy cladding tube. In

contrast, the hydrides within the substrate in the RX

material appear somewhat smaller (�25 lm maximum

dimension) and tend to be more random in orientation,

especially close to the hydride blister (see Fig. 2(b)).

After removing by mechanical grinding the hydride

blister, the hydrogen concentrations in the ligament

below the blister were measured as a function of blister

thickness for both RX and CWSR conditions. Results

from six different conditions (hydride depths ranging

from 50 to 175 lm) show that the H content within the

ligament increases from approximately 300 wt. ppm for

the 50 lm blister depth to approximately 400 wt. ppm

within the substrate below blisters with depths >100 lm.
Thus, while the general characteristics of the hydride

microstructure within the substrate differed between the

CWSR and RX materials, both hydrogen analyses and

metallography indicate that blister depth had only a

minor effect on the substrate microstructure for a given

condition.

In summary, the resulting microstructure consists of

a combination of a hydrided substrate residing beneath

a solid hydride blister whose width corresponds to the

Ni coating dimension (typically 3 mm diameter) and

whose depth is controlled by the charging time at 400

�C. To some extent, the hydride microstructure would

be affected by the time at the 300 �C test temperature; to

minimize this effect, we uniformly limited the test time at

300 �C to roughly 10 min followed by air cooling. It is

useful to compare the microstructure shown in Fig. 2(a)

(the CWSR case) to that formed during in-reactor op-

eration of Zircaloy-4 cladding. Fig. 3, taken from a

Zircaloy-4 cladding tube irradiated to 67 GWd/t, shows

a solid hydride layer with a depth 	50 lm as well as the

presence of a concentration of discrete, circumferential

hydride precipitates. A comparison of Figs. 2 and 3

shows that the morphology (shape, aspect ratio, orien-
showing hydride blister and discrete hydride precipitates within

specimen.



Fig. 3. A light micrograph showing a hydride layer and associated hydrides in the substrate beneath the layer in irradiated Zircaloy-4

cladding tube (average fuel burnup of 67 GWd/t and fast fluence of 1.3· 1022 n/cm2). (Courtesy of R. Daum, Argonne National

Laboratory.)
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tation) of the hydrides in the substrate under the model

blisters in this study is similar to that observed in the

material hydrided in service.

3.2. Effect of blister depth on sheet failure

Previous research has shown that the thickness of a

continuous hydride rim has a strong influence on the

failure of Zircaloy-4 cladding; specifically, increasing

the thickness of the hydride rim decreases the ductility of

the cladding [14,27]. A similar effect is observed for the

case of hydride blisters. The presence of the brittle blister

causes the initiation of a crack that propagates to the

depth of the blister, as described in more detail in the
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Fig. 4. Local fracture strain versus hydride blister thickness for both C
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sections below. Failure of the sheet is then controlled by

fracture of the ductile substrate beneath the blister,

which fails at various strain levels, depending on the

depth of the blister.

Fig. 4 shows that the local fracture strain of the

Zircaloy-4 sheet containing 3 mm blisters initially de-

creases rapidly with increasing hydride blister depth for

both material conditions and at 300 �C as well as 25 �C.
The rapid decrease in failure strain with increasing

blister depth persists to about 100 lm depth. Moderate

ductility (7–10% fracture strain for the cold worked

material and 10–15% for RX condition) is retained at

300 �C, even for blisters of depths > 200 lm. In contrast,
at 25 �C the retained ductility is only 3–5%. Fig. 4 also
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WSR and RX Zircaloy-4 sheet tested at either 25 or 300 �C. All
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shows that, for a given blister depth, the material is

significantly more ductile at 300 �C than at 25 �C. Al-
though both the CWSR and the RX conditions show

similar behavior at 25 �C, the RX condition shows sig-

nificantly more ductility at a given blister depth at 300

�C. This result is somewhat surprising since the RX

condition contains a higher fraction of radial hydrides

(known to promote fracture) within the substrate.

Fig. 5 compares the variation of the local fracture

strain at 25 �C with blister depth for two blister sizes (2

or 3 mm). It is clear that the two curves match and thus

at least at 25 �C, the ductility of specimens with hydride

blisters depends mainly on the depth of the blister rather

than on its diameter.

Fig. 5 also compares the influence of blisters on

fracture with that of a continuous hydride rim. Al-

though both the blister and rim cases, the ductility de-

creases rapidly with increasing hydride layer depth up to

depths of 	100 lm, the decrease in fracture strain is

more severe when the hydride layer is present in the

form of a rim, especially at small blister/rim depths. For

example, the fracture strain for a specimen with a 3-mm

diameter and a 20 lm thick blister is �0.24, while it is
only �0.12 for a specimen with a 20 lm continuous

hydride rim. Similar results, although not as complete as

those in Fig. 5, have been obtained for specimens tested

at 300 �C; in that case all three tests performed on

specimens with hydride rims depths of less than 60 lm
showed the Zircaloy with a rim to have less ductility

than the Zircaloy with blisters [26]. Thus, the ductility of

a material containing a continuous hydride rim is less

than that of a material containing blisters of the same

depth.

Comparing to previous studies performed on tubing

[14,27], the fracture strains obtained in this study with

sheet material containing a hydride rim are very similar

to those obtained previously on tubing with hydride rim.
The similarity in fracture strain values lends support to

our contention that the behavior of sheet material is a

good model for that of tubing material with similar

texture and hydride microstructure.

Finally, we call attention to the fact that, along with

increased fracture strain at small blister depths, there is

also a change in strain path. For thick blisters, the lat-

eral constraint from the blister and the presence of

cracks forces the Zircaloy substrate to a condition close

to plane-strain deformation (i.e., referring to Fig. 1,

eyy � 0). Alternatively, the lack of transverse constraint

from thin blisters as well as the high R-value of the

substrate sheet metal results in a significantly larger

minor strain in specimens with thin blisters. This change

in strain path likely contributes to the observed increase

fracture strain (Figs. 4 and 5). We offer this speculation

on the basis that fracture of sheet metal usually depends

on a critical thickness strain criterion [28]. Thus, any

change in strain path in which the minor strain increases

requires a compensating increase in major strain to

achieve the critical thickness strain. In short, sheet metal

ductility usually increases as the strain path deviates

from plane-strain tension.

3.3. Mode of failure: fracture profiles

While failure of the Zircaloy sheet initiates with

cracking of the blisters at both 25 and 300 �C, the mode
of fracture of the substrate material (which determines

the ductility of the hydrided sheet) depends on temper-

ature. Fig. 6 shows that the fracture profiles differ sig-

nificantly between specimens tested at 25 and 300 �C.
Independent of blister depth, the fracture profiles at

25 �C are characterized by crack growth along a path

roughly normal to specimen surface and therefore also

normal to the maximum principal stress. Given the

presence of 300–400 wt. ppm hydrogen in the substrate



Fig. 6. Fracture profiles of (a) CWSR sheet with a 100 lm blister, (b) RX with 40 lm blister, (c) CWSR with 35 lm blister, and (d) RX

with 80 lm blister. Test temperatures are indicated.
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which results in hydride precipitates, crack growth ap-

pears to result from damage accumulation within the

substrate in the form of voids initiated by cracked hy-

drides, as shown in Fig. 7. Thus, at 25 �C, failure of the
Zircaloy substrate occurs as a result of a crack growth

process on a plane normal to the maximum principal

stress and involving the growth and coalescence of voids

formed by the cracked hydride precipitates.

In contrast to behavior at room temperature, fracture

of the substrate at 300 �C substrate failure occurs on a

macroscopic plane inclined at �45� through the thick-

ness, as also shown in Fig. 6(c) and (d). Such behavior

suggests an alternate failure mode to crack growth.

Specifically, the through-thickness shear failure evident

in Fig. 6(c) and (d) strongly suggests a deformation lo-
Fig. 7. A light micrograph showing fractured hydrides and void nucle

Zircaloy-4 deformed at room temperature.
calization process in which deformation localizes on a

plane of high shear stress, as in the manner of localized

necking of sheet metal [28,29]. The pronounced crack

blunting at 300 �C indicates that cracks initiating within

the blister are arrested by a very ductile, crack-resistant

substrate. The cracks appear to be significantly more

blunted in the RX condition than in the CWSR condi-

tion. This behavior is consistent with the increased

ductility of the RX condition (see Fig. 4).

3.4. Fracture of hydride blisters

The failure behavior of Zircaloy sheet with hydride

blisters (and, we believe, Zircaloy cladding tubes with

hydride blisters) can be understood as a sequential
ation near the tip of a crack beneath a 200 lm blister in CWSR
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process of crack initiation within the hydride blister and

the subsequent failure of the substrate material beneath

the blister. Consistent with previous observations of

hydride blister fracture at room temperature and 200 �C
[30], interrupted testing shows that the blisters crack at

small plastic strains ðe1 6 0:02Þ within the substrate be-

neath the blister. This is supported by acoustic emission

measurements. Fig. 8 shows the results of acoustic

emission measurements performed at room temperature

in material containing a 3 mm diameter, 30 lm deep

model blister. The experiment recorded 28 intense

acoustic emission �hits’ (shown inside the oval) occurring
at/or shortly after yielding; these hits correspond to the

28 cracks present. Nearly all cracks propagated to the

full blister depth and width. Furthermore, measure-

ments of the blister geometry and crack opening dis-

placements also indicate that e1 < 0:02 beneath

uncracked segments of the blister. Similarly, tests in-

terrupted at small strains ðe1 6 0:02Þ also show a popu-

lation of cracks within the blisters at 300 �C and even at

400 �C.
Fig. 8. The occurrence of acoustic emission events (represented

by their energy counts) during a mechanical test at 25 �C of a

CWSR specimen containing a blister 30 lm deep.

Fig. 9. Macrographs of cracked blisters in CWSR material failed at (a

lm deep blister.
Similar to room temperature observations, measure-

ments of strains within the blisters themselves indicate

e1 6 0:015. In all cases, cross-section metallography

shows the cracks are oriented normal to the blister

surface and extend through its depth, consistent with

their brittle behavior; the cracks arrest at the ductile

substrate. Thus, we conclude that the hydride blisters

are brittle at temperatures 6400 �C.
Because the blisters are not only brittle but also re-

side on a ductile substrate, multiple cracks (all of which

extend the width of the blister) form during deformation

of the sheet, as illustrated in Fig. 9. An examination of

cracked blisters, such as those in Fig. 9, suggests that the

cracks within the blister have a fairly regular spacing,

and that the crack spacing increases with blister depth.

As depicted in Fig. 10, detailed measurements of the

spacing between adjacent cracks in fact show that the

spacing between cracks that form at room temperature

in thick blisters (P50 lm) is roughly equal to the blister

depth (solid line in Fig. 10). At 300 �C, the data suggest
somewhat larger crack spacing (between 1 and 1.5 t

(small dashed line)), see Fig. 10. In contrast, for thin

blisters (<50 lm) Fig. 10 indicates they follow an ap-

proximate relationship of y ¼ 1:4 t (large dashed line).

As a result, only a few, comparatively deep, cracks form

within thick blisters, while a high density of short cracks

form within thinner blisters. In contrast, for thin blisters

(6 50 lm), Fig. 10 suggests significantly larger spacing

between cracks for specimens tested at room tempera-

ture. Finally, we note that at 300 �C, the data suggest

somewhat larger crack spacing than at room tempera-

ture for the thick blister case. In all cases, the crack that

eventually propagates and causes failure is usually

spaced a distance about 2–3 crack depths from its

neighboring crack.

The cracking behavior shown in Figs. 9 and 10 can be

readily understood using a straightforward shear lag

analysis, such as is employed in predicting the frag-

mentation of embedded fibers in a ductile matrix com-

posite [31,32]. As the Zircaloy substrate deforms, it
) 25 �C and with a 50 lm deep blister and (b) 300 �C with a 105
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Fig. 10. Crack spacing within the hydride blisters versus blister depth for the four test conditions.
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transfers load to the blister on a scale dictated by the

shear stress, s, at the blister–substrate interface. For a

blister of width, W , the force balance dictates a stress on

the blister, ðrBÞ, that is related to the force exerted by the
substrate with a shear strength s by the following rela-

tionship:

skW ¼ ðrBÞtW ; ð2Þ

where k is the spacing between cracks, t is the hydride
thickness.

In addition to the stress, rB, applied to the blister by

the deforming substrate, the hydride blister will likely

contain residual compressive stresses, rres, owing to (a)

the �14% volume expansion accompanying the forma-

tion of the hydride and (b) the difference in thermal

expansion coefficients between the hydride blister and

Zircaloy substrate (also causing compressive stresses in

the blister on cooling from 400 �C to the test tempera-

ture). Thus, the hydride blister fracture stress, ðrBÞf , is
simply the sum of the applied and residual stress as given

by

ðrBÞf ¼ sðk=tÞ þ rres: ð3Þ

Fig. 10 indicates that the average crack spacing k and
hydride blister thickness t are related, and those data

suggest specific dependences of crack spacing on blister

thickness that are a function of blister depth and tem-
Table 3

The predicted values for the fracture stresses of hydride blisters for t

Condition k–t relatio

Thin blister (650 lm) at 25 �C RX substrate k � 4:0t
Thick blisters (P50 lm) at 25 �C k � ð1:0–1
RX and CWSR substrates

Thick blisters at 300 �C k � ð1:4–2
perature; these k–t relationships are listed in Table 3. To
predict the fracture stress of the blister, we need to know

the shear strength of the substrate and an estimate of the

residual stress in the hydride. For our plane-stress con-

dition, the shear strength is s ¼ ð1=2Þr1, where r1 is the

maximum principal stress. Given the yield stress of the

Zircaloy-4 sheet in Table 2, assuming the hydride pre-

cipitates in the matrix do not significantly affect the yield

stress, and taking into account the plastic anisotropy

(Table 2), we can calculate the s-value for the substrate-
blister shear stress. In doing so, we assume plane-strain

deformation of the substrate for thick blisters (where

their presence constrains the minor strain, e2, to a near

zero value, e2=e1 ffi 0), but a strain-path between plane-

strain tension and uniaxial tension for the case of thin

blisters. In the thin-blister case, for RX sheet at 25 �C,
e2=e1 ffi �0:5, while for CWSR sheet, e2=e1 ffi �0:4; given
the yield stresses and plastic anisotropies, we obtain

r1 ffi 685 MPa for both cases, using the early Hill anal-

ysis [33].

In order to estimate the magnitude of the residual

stresses, rres, in Eq. (3), we assume that the residual

stress caused by the transformation to the hydride phase

is limited by the flow stress of the matrix at 400 �C.
Based on the 300 �C flow stresses in Table 1, we estimate

the compressive component of rres to be �)150 MPa

and �)280 MPa for the RX and CWSR materials, re-

spectively. An additional residual compressive stress
hree different conditions

nship Blister fracture stress ðrBÞf (MPa)

�1050
:2Þt 6 100

:1Þt 6 70
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develops in the blister on cooling from the 400 �C
charging temperature to the test temperature, and we

estimate this component as EZrHðaZrH � aZrÞð400� T Þ.
This component creates an additional compressive re-

sidual stress of �)160 MPa at room temperature and

)40 MPa at 300 �C. For example, combining these two

residual stress components for the case of the RX ma-

terial, we estimate a residual compressive stress of )310
MPa.

Based on the behavior shown in Fig. 10 and the

analysis above, Eq. (3) may be used to estimate the

hydride blister fracture stress. As shown in Table 3, thin

hydride blisters (650 lm) appear to have a significantly

higher fracture stress (	1050 MPa, based on Eq. (3))

than the thick blisters (6100 MPa), most likely due to

the decreased probability of the presence of a flaw.

Using bend testing, Leger et. al. also observe that the

thicker blisters crack at lower applied stresses; for air-

jet-grown blisters on Zircaloy-2 pressure tubes, hydride

blisters of depths �35 lm failed at stresses of �700 MPa

[30], which is somewhat lower than the 1050 MPa value

estimated in Table 3 for our blisters in the range of 20–

50 lm. Leger et al. also predict a negligible fracture

stress for blisters greater than 100 lm [30], which is

consistent with the small fracture stresses estimated for

our thick blisters, most of which are greater than 100 lm
thick (see Fig. 10). That larger hydrides are more likely

to fracture is evident from the data of Kuroda et al. [10],

who report a very low fracture stress of 18 MPa for bulk

tensile specimens of ZrH1:73. Such a value is more than

an order of magnitude lower than the fracture stress

deduced from our data.

3.5. Fracture of hydride precipitate particles

Previous studies have observed that finite plastic

strains within the matrix are required to fracture hydride

precipitate particles and to form voids in Zr–2.5Nb and

Zircaloy [5–9,13]. This behavior is consistent with

detailed experimental observations that indicate that

hydride particles can undergo significant plastic defor-

mation before cracking [7,13]. In the present study, the

smallest strain to fracture hydrides (�hydride fracture

strain’) was obtained by examining the cross-sections of

fracture specimens using SEM at 1000· to locate

cracked hydrides and the associated void at positions

farthest from the fracture surface (i.e., at the smallest

strain). Care was taken in etching the specimen not only

to remove any smeared metal that might cover a cracked

hydride but also to maintain edge retention at voids and

minimize chemical attack of the hydrides; Fig. 7 is an

example of the image quality.

In order to determine the hydride fracture strain, the

thickness of the specimen at the location of a cracked

hydride particle was measured and the associated

thickness strain was then transformed into an equivalent
plastic strain assuming Hill’s original yield function

under plane-strain conditions [33]:

�ee ¼
ffiffiffi
2

3

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ð2þ R0Þð1þ R0Þ

1þ 2R0

r ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
e21 þ

2R0

1þ R0 e1e2 þ e22

r
; ð4Þ

where e1 and e2 are calculated knowing the thickness

strain and their ratio e2=e1 (determined by blister di-

mensions at fracture). Our hydride fracture strain thus

corresponds to an equivalent strain necessary to nucle-

ate a void density of 80 voids/mm2, which corresponds

to one cracked hydride in an area 120 · 100 lm2, as

viewed in the SEM at 1000·. It should be recognized

that at this location, many uncracked hydrides were

present and that the so-called hydride fracture strain is a

minimum value of the matrix strain to fracture hydride

precipitate particles.

As shown in Fig. 11, there is a finite hydride fracture/

void nucleation strain, evoid, associated with cracked

hydride particles. Specifically, evoid ffi 0:10 for both

CWSR and RX materials at 25 �C. While significant in

magnitude, this evoid-value is somewhat less than that

(	0.20) reported in earlier studies examining hydride

fracture in Zircaloy-4 [14]. As in previous studies [7,13],

there is a marked effect of temperature on evoid such that

in this study at 300 �C the hydrides do not crack until

evoid ffi 0:16 for the cold-worked condition and a much

greater value, evoid ffi 0:28, in the RX state. Thus, the

hydride precipitates require more strain to fracture at

300 �C than at 25 �C, especially in RX Zircaloy-4. The

increased ductility of hydride precipitates at elevated

temperatures was used to explain the decreased sensi-

tivity of Zircaloy-4 to hydrogen embrittlement at 350 �C
by Bai et. al. [7], and our results may also be interpreted

to indicate an increased ductility within the hydrides at

300 �C.
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4. Fracture mechanics analysis for room temperature

failure

The results described above indicate that the fracture

behavior is sensitive to blister depth as well as temper-

ature. In all cases, the hydride blisters crack at small

strains and fracture of the sheet is controlled by failure

of the ductile substrate beneath the blister. While sub-

strate failure at 300 �C appears to result from a shear

instability, room temperature fracture has the charac-

teristics of crack growth (i.e., fracture along a plane

normal to r1 accompanied by comparatively little local

necking). In this section we present an elastic–plastic

analysis to predict fracture strains for fracture at room

temperature. A previous fracture mechanics analysis

addressed crack growth from a hydride rim in Zircaloy

on the basis of a fracture stress [34,35]. Unfortunately, in

most of our experiments failure occurs near the tensile

strength and the previous analysis does not capture the

strong sensitivity of fracture strain to blister depth. We

develop here a fracture mechanics approach to predict

the fracture strain necessary to propagate the crack

within blister of given depth.

As an initial basis for the analysis, we assume that the

hydride blister/rim of depth a is equivalent to a single

crack of the same initial depth (the important issue of

parallel cracks and shielding is discussed below). The

geometries for both hydride rim and blister configura-

tions correspond to a semi-infinite surface crack or a

semi-elliptical surface crack, respectively. In both cases,

the cracks reside in a sheet of finite thickness, and we

assume plane-stress conditions through the thickness.

Because of the large amount of plastic yielding that

occurs during crack growth, elastic–plastic fracture

mechanics based on the J -integral approach is used. The
J -integral approach is particularly suitable for treating

crack growth in a thin sheet since it allows large-scale

plasticity at the crack tip. Nakamura and Parks have

shown that the J -integral remains a valid parameter for

characterizing the crack diving force in a fully plastic

thin sheet even when the crack-tip plastic zone exceeds

the thickness of the sheet [36]. For the notched thin sheet

problem considered here, the principal stress in the

thickness direction ðr3Þ is zero; thus, the plane stress

condition is satisfied. In addition, the presence of the

notch in the thin sheet creates a biaxial stress state with

r1 > r2 > 0 such that the plastic strain ðep2Þ in the width

direction is almost zero. When the elastic strains are

small compared to the plastic strains and can be ignored,

a plane-strain condition exists in the plane since

ep1 ¼ �ep3 with ep2 ¼ 0. In applying the J -integral ap-

proach to this problem, the elastic–plastic crack in this

thin sheet is considered to be driven primarily by the

maximum principal stress, r1 (the lateral stress ðr2Þ is
ignored since it is aligned parallel to the crack). An

isotropic elastic–plastic fracture theory is used here as an
approximation because the corresponding J -integral
theory for anisotropic materials has yet to be developed.

It is also uncertain that an anisotropic theory would give

significantly better results. Details of the J -integral
fracture analysis is described below.

In order to account for isotropic plasticity, the ma-

terial is assumed to follow the Ramberg–Osgood equa-

tion:

e
e0

¼ r
r0

þ a
r
r0

� �n0

; ð5Þ

where r0 is the yield stress, e0 ¼ r0=E, n0 is the inverse of
the strain-hardening exponent ðn0 ¼ 1=nÞ, and

a ¼ rn0�1
0 E=kn

0
with k defined by the relationship r ¼ k�n.

Therefore, the plastic strain at the crack tip is equal to

epn ¼ a
r0

E
rn

r0

� �n0

; ð6Þ

where rn is the net-section stress, rn ¼ r=ð1� ða=tÞÞ.
Fracture occurs when the driving force for the crack

propagation, Jðae; rÞ, reaches the critical value Jc; and
so the condition for crack propagation can be expressed

as

Jðae; rÞ ¼ Jc ¼
K2
c

E
; ð7Þ

where Kc is the plane-stress fracture toughness of the

sheet. The J -integral may be separated into elastic

Jeðae; rÞ and plastic Jpðae; rÞ components:

Jðae; rÞ ¼ Jeðae; rÞ þ Jpðae; rÞ

¼ Jeðae; rÞ 1

"
þ a

rn

r0

� �n0�1
#
; ð8Þ

where Jeðae; rÞ ¼ K2
e =E for plane-stress conditions.

Substituting (6) into Eq. (5) leads to the following re-

lationship for the fracture plastic strain:

epn ¼ a
r0

E
1

a
K2
c

K2
e

��
� 1

��n0=ðn0�1Þ

: ð9Þ

Eq. (9) permits us to predict the fracture strain provided

that we know the stress-intensity factor Ke for the crack

geometries. In all cases, we apply the �plastic zone cor-
rection’ procedure by considering a hypothetical crack

of length ae ¼ aþ r0r, where r0r is half of the plastic

zone size in plane-stress conditions or

r0r ¼ 1

2p
Ke

r0

� �2

: ð10Þ

The plastic zone 2r0r is obtained by first calculating Ke

with ae ¼ a; then Ke is recalculated using ae ¼ aþ r0r.
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In order to determine the stress intensity parameter

for the case of the cracked hydride blisters, the crack

geometry correction factor for a semi-elliptical crack in a

strip of finite thickness was employed [37]. For the case

of the continuous hydride rim, the correction factor was

that for a semi-infinite surface crack in a strip of finite

thickness. These correction factors are based on the

presence of a single crack in the material. However, the

experimental results, Figs. 6 and 9, show the presence of

multiple parallel cracks along the blister or the rim.

Based on the results of Isida et al. for a parallel array of

equally spaced equal semi-elliptical surface cracks, con-

siderable crack-tip shielding is expected if the cracks are

of equal depth [38]. Incorporating the shielding analy-

sis by Isida et al. into the fracture model, however, re-

sulted in an over-prediction of the fracture strains,

unless an unrealistically low Kc-value was used for the

Zircaloy-4.

To resolve the above discrepancy, the microcrack

shielding formulation by Rose [39] was used to compute

the interactions between a pair of symmetrically dis-

posed microcracks and a main crack. The analysis is

based on the presence of microcracks with lengths 2s
that are located at a radial distance R and an angular

position, h, measured from the tip of the main crack to

the center of the microcracks. The configuration of the

microcracks and the main crack is shown in Fig. 12(a),

which also presents the result of the shielding ratio,

Ktip=K, where Ktip is the local stress intensity factor at the

tip of the main crack, and K is the far-field stress in-

tensity factor of the applied load. A shielding ratio

greater than unity indicates microcrack anti-shielding,

while Ktip=K < 1 indicates microcrack shielding. The

computed values of Ktip=K, shown in Fig. 12(a), indicate
microcrack shielding exists only when 150� > h > 70�,
which was also reported by Rose [39]. The location

where the maximum shielding effect occurs is at

h ffi 100–110�. In our fracture mechanics analysis, the

crack tip is located at the plastic zone. As a result, the
Fig. 12. (a) Crack tip stress intensity factor for the main crack as a

location is determined by the angle h and (b) the geometry of neighb
microcracks are located at an angle, h � 150� measured
from the tip of the main crack, Fig. 12(b). For this crack

configuration, the microcracks exert little shielding on

the main crack. If the main crack and the microcracks

start out at equal depths, the main crack would experi-

ence some shielding effect from the microcracks. How-

ever, the effect would diminish as the main crack

extended and propagated away from the microcracks.

Eventually the shielding effect would be completely gone

when the tip of the main crack reached the plastic zone

boundary shown in Fig. 12(b). In either case, the

shielding effect should be negligible, and our analysis is

based on the development of a single dominant crack.

In order to apply the crack-growth analysis de-

scribed, the fracture toughness, Kc, must be known. For

Zircaloy-4 cladding tubes, previous studies show Kc-

values depend on H content and temperature. Kc-values

in the range of 120–150 MPam1=2 are common for un-

hydrided Zircaloy-4 at both room temperature and

300 �C. At room temperature, Grigoriev et al. [40]

found Kc-values about 104 MPam1=2 for H contents

400–600 wt. ppm (assuming the following relationship:

Kc ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
JmaxE

p
, with Jmax the JI-integral for the maximum

load point, and E the elastic modulus). Based on data

from Huang [41], Kuroda et al. assumed KIC-values of

73 MPam1=2 in their fracture mechanics analysis of

hydrided Zircaloy-4 cladding at room temperature [34].

At 300 �C, the H content does not appear to influence

the fracture toughness [40], in which case Kc ffi 120–150

MPam1=2 [1]; Grigoriev et al. report a Jmax-value that

indicates Kc ffi 117 MPm1=2 at 300 �C for 400 wt. ppm H

[40]. The nominal stress r was calculated using Hill’s

original yield function for plane-strain condition and the

constitutive stress–strain relation expressed in Eq. (5)

with the equivalent strain being given by Eq. (4). An

iterative calculation was then made to obtain the frac-

ture strain epn . The material properties used in the anal-

ysis for both temperatures and materials (CWSR and

RX) are given in Table 4.
function of the location of two parallel cracks whose angular

oring cracks in the present study.



Table 4

Material properties used in the fracture mechanics analysis

Property CWSR RX

25 �C 300 �C 25 �C 300 �C

n 0.01 0.025 0.087 0.112

n0 100 40 11.5 8.9

E (GPa) 100 75 100 75

r0 (MPa) 573 318 469 166

O.N. Pierron et al. / Journal of Nuclear Materials 322 (2003) 21–35 33
Fig. 13 shows the comparison between the fracture

mechanics predictions and the observed dependences of

fracture strain on blister/rim depth. As shown in Fig.

13(a), at room temperature the agreement between ex-

perimental results and crack growth predictions are

quite good assuming Kc ¼ 70 MPam1=2, which is close

to the value of 73 MPam1=2 assumed by Kuroda et al.

[34]. Bearing in mind that our substrate material con-

tains 300–400 wt. ppm hydrogen, the 70 MPa-value is

similar but somewhat less than that (90 MPam1=2) ob-

served by Grigoriev et al. [40]. Close inspection of Fig.

13(a) shows that both the predictions and the observed

fracture strains for the two blister diameters (2 and 3

mm) are superimposed on each other. This behavior

supports our earlier conclusion that the blister diameter

(2 or 3 mm) has no significant effect on the failure of

Zircaloy-4.

Agreement similar to that shown in Fig. 13(a) is also

obtained between prediction of our crack growth anal-

ysis and the observed influence of the continuous hy-

dride rim on fracture, also on the basis of Kc ffi 70

MPam1=2. The predicted fracture mechanics results also

confirm the earlier experimental observation that, com-

pared to a hydride blister, a continuous hydride rim is

somewhat more deleterious to ductility at a given hy-

dride depth.
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Fig. 13. The dependence of observed and predicted fracture strains for

�C.
For the case of the RX materials, at 25 �C the crack

growth analysis fits experimental observations, using a

Kc-value between 100 and 150 MPam1=2. While some-

what surprising, the increased Kc-value of the RX ma-

terial is consistent with its lower flow stress and

increased tensile ductility. For example, an unhydrided

plane strain specimen was tested as well as a sister

sample hydrided in the form of discrete hydride pre-

cipitates through the whole thickness below the Ni

coating (no solid hydride blister was present) at a H

concentration similar to that of the hydrided substrates,

both at room temperature and in the RX condition.

Very similar average strains were found. Those results

show that the tensile ductility of the hydrided substrate

is similar to that of the unhydrided material and, im-

portantly, significantly higher in the RX compared to

the CWSR condition. Thus, it is reasonable the RX

material exhibits more crack growth resistance than the

CWSR material.
5. On predicting failure at 300 8C

At 300 �C, Fig. 13(b) shows that fracture mechanics
no longer predicts the observed dependence of fracture

strain on hydride blister depth. This lack of agreement is

consistent with our earlier experimental observations,

Fig. 6, that indicate a transition in failure mode occurs

from crack growth at room temperature to shear insta-

bility at 300 �C. Such transition is likely a result of the

fact that the strains to nucleate voids at cracked hydride

particles increase markedly with increasing temperature

(Fig. 11). It is also consistent with the observation of a

much reduced level of hydrogen embrittlement in Zir-

caloy-4 at 350 �C [7]. Thus, we expect a significant in-

crease in fracture strain within the crack-tip process zone

and therefore higher fracture toughness at 300 �C,
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consistent with experimental observations [39]. At

300 �C; application of the analysis in Section 4, results in
a significant over-prediction of the experimentally ob-

served fracture strains as a consequence of the elevated

values of the fracture toughness. Thus, upon testing of

Zircaloy-4 at high temperatures we see that Zircaloy-4

containing hydride blisters does not fail by crack growth,

but rather by a competing mechanism, i.e. a deformation

localization process in which failure occurs by shear

localization. Thus, an alternate failure model should be

used to predict the experimental data at 300 �C.
6. Conclusions

Both CWSR and RX Zircaloy-4 sheet specimens

were hydrided to form either 2 or 3 mm solid hydride

blisters of controlled depths residing on a substrate that

contain 	300–400 wt. ppm hydrogen in the form of

discrete hydride particles. Limited tests were also per-

formed on material with a continuous hydride layer. The

fracture behavior of these materials were studied (pri-

marily at 25 and 300 �C) using double edge notched

tensile specimens designed to induce near plane-strain

deformation. The main conclusions are as follows:

1. The hydride blisters are brittle in all test temperatures

examined, from 25 to 400 �C. A population of cracks

forms and propagates through the blisters soon after

the yielding of the plastic substrate beneath the hy-

dride blister. A straight-forward analysis of the crack

spacing within the blisters indicates a blister fracture

stress that depends on blister depth with thin blisters

(650 lm) having a significantly higher fracture

stress.

2. Fracture of the sheet was controlled by the crack

growth resistance of the substrate: the fracture strains

decreased with increasing hydride blister/layer depth

to levels of about 100 lm deep, above which the duc-

tility remained constant. At 300 �C, both the CWSR

and RX Zircaloy-4 retained moderate ductility (7–

10% fracture strain for CWSR and 10–15% for the

RX condition), even for blister depths >200 lm,
which is close to one-third of the sheet thickness.

3. For a given blister depth, the material is significantly

more ductile at 300 �C than at room temperature.

Also, the sheet is somewhat more ductile if the hy-

dride is present as a blister rather than as a continu-

ous layer. Blisters with 2 or 3 mm diameter have the

same effect on sheet ductility.

4. An examination of the fracture profiles indicates a

transition in failure mode within the substrate from

crack growth on a plane normal to the maximum

principal stress at 25 �C to a shear instability process

on an inclined plane at 300 and 400 �C. At room tem-

perature, the cracks that initiate within the hydride
blisters (as well as in the continuous layers) propagate

in a manner that can be predicted using elastic-plastic

fracture mechanics. The observed fracture strains and

their dependence on hydride blister depth can be pre-

dicted using a reasonable value of the fracture tough-

ness.

5. The hydride precipitate particles within the substrate

are ductile, and exhibit a fracture strain that increases

with increasing temperature. The resulting increase in

void nucleation strain contributes to an elevation of

the fracture toughness at high temperatures to a level

that causes the observed transition to failure due to a

shear instability process within the substrate (as op-

posed to crack growth).
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