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ABSTRACT

We have investigated the fracture behavior of unirradiated Zircaloy-4
sheet (0.64 mm thick) containing either model hydride blisters or a
continuous hydrided layer “rim” at both 25° and 300°C and subject to the
multi-axial stress state of near plane-strain tension. The blisters (either 2 or
3 mm in diameter) behave in a brittle manner, and the overall failure of the
Zircaloy is controlled by fracture of the remaining “substrate” material. As
a result, the fracture of the sheet is sensitive to the depth of the hydride
layer/blister such that there is a significant decrease in ductility as the
blister depth increases, up to a depth of about 100 pm. Beyond this value
the ductility remains approximately constant. Importantly, moderate
ductility is retained in the Zircaloy at 300°C for blisters of depths > 200
um, even though such blister depths severely limit room temperature
ductility. In general, the ductility of a material with a continuous hydride
rim is less than that of a material containing blisters of the same depth.
Experimental evidence as well as analytical modeling indicates that, while
substrate fracture is controlled by crack growth at 25°C, the inhibition of
crack growth at 300°C results in eventual failure due to an onset of a shear
instability process. As a result, the Zircaloy remains relatively “tolerant” of
isolated hydride blisters at 300°C.

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 preferentially 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 (typically a few mm in major dimension) and consist of a very high hydride
concentration and/or 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.[2-12]. 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 [13]. These “hydride-rim”
results, based on unirradiated cladding, indicate a significant loss of ductility with increasing
hydrogen content and/or increasing hydride rim thicknesses [13] 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 recrystallized zirconium alloy sheet
containing a uniform distribution of hydrides, increasing the biaxiality of the stress state increases
the severity of the hydrogen embrittlement [14]. Such an effect becomes an issue for Zircaloy
cladding subject to postulated reactor accidents such as the reactivity-initiated accident (RIA) [15].
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 cladding failure thus requires a
knowledge of the influence of the effects of irradiation, the specific hydride microstructure, 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. Our approach ius to create a model system in which the effects of blisters on ductility
can be studied separate from other parameters. Using a gas-charging procedure we introduced
blisters of controlled depths in double notch tensile specimens that were specially designed to create
biaxial tension and near plane-strain tension deformation within the gauge section . To study the
influence of blisters it is necessary to have a gauge section that is large compared to the blister
diameter (2-3 mm). Because of this 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 as well as recrystallized conditions of the sheet are examined.

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 cold-worked, stress-relieved state (CWSR). Recrystallized (RX) material was obtained after
annealing the as-received material at 650°C for 30 minutes in a vacuum of 10” Torr. The grain
structure of the CWSR material, determined using polarized light microscopy, consisted of
elongated grains, approximately 10 um long and roughly 1-2 um thick in the CWSR condition
while equiaxed grains approximately 5 pum grain in diameter in were observed the RX condition.

Both the CWSR and RX conditions exhibited a strong crystallographic texture. The Kearns
factors (resolved fraction of basal poles aligned with the three macroscopic directions, N=normal,
L=longitudinal (rolling direction), T=transverse) [16], and measured by Teledyne Wah-Chang are
shown in Table 1. The majority 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 [17] 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 Zircaloy-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 [18].




Table 1. Kearns factors for both CWSR and RX Zircaloy-4 sheet and tubing.

fn fi fr
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

The tensile properties of the Zircaloy-4 sheet used in this study are shown in Table 2 and are
described in more detail elsewhere [19]. In comparing the behavior of the two material conditions,
we see that the recrystallized (RX) condition exhibits a much higher strain hardening exponent (n =
dinc/dIng, where o is the stress and ¢ is the strain) but lower yield stress values. There is also a
significant decrease of the yield stress as the temperature increases from 25° C to 300°C, as is the
case for Zircaloy-4 cladding tube [20-22], In both conditions, the texture observed above causes the
Zircaloy-4 sheet to be plastically anisotropic such that through-thickness deformation is difficult.
Such behavior is apparent from the values of the plastic anisotropy parameter R’ (R’ =
Ewidth/ Ethickness, WHET€ Eywidth and Emickness 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 to 5.2.

Table 2. Tensile Parameters of Zircaloy-4 sheet in either the recrystallized (RX) or cold worked
and stress-relieved (CWSR) conditions at 25° and 300°C for uniaxial testing in the transverse
direction of the sheet [19].

0.2% .
Condition Y n-value R’ Elopgatlon to
(MPa) 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

2.2 Hydrogen charging

Hydrogen charging of the Zircaloy-4 sheet was performed by gas charging at 400°C using a
Ni “window” whose geometry controlled the geometric shape of the hydride (i.e., blister or
continuous layer). The Ni window consisted of a thin film of Ni (=0.1um 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 over the whole gauge section. 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 always present in Zr exposed 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 formation to regions below/near to the Ni coating. As described in detail
elsewhere [23], hydrogen charging was performed at 400°C by exposing the coated specimen to a
gas mixture of 12.5%H,/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 corresponded 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 resulting hydride distribution is illustrated schematically in Figure 1b with |
being the blister width (2 or 3 mm) and d the blister depth.

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
[21], we have simulated such loading with a double edge notched tensile specimen, Figure 1a,
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). In the present
study, 25.4 mm wide specimens (about 76mm long) with two 4.75 mm diameter notches, each of
which was 6.35 mm deep, were tested. 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 deformation path. 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 approximate strain rate of 10~ s™'. 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 behavior similar to that of
unirradiated Zircaloy-4 cladding when tested in the hoop direction.

As will be shown later, the hydride blisters fractured at or shortly after yielding within the
ductile substrate. In order to determine failure strains of the substrate material beneath the blister,
we measured the local fracture strain (€gac)i0cal NEAr, but not at, the fracture 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 approx. 0.5 mm displaced
from the fracture surface (to avoid a localized thickness reduction due to crack growth). Using this
procedure, we calculated a local thickness strain that we interpret as that strain level at the onset of
crack growth. This thickness strain value was then converted into a local failure strain (€gac)iocal
value by knowing the ratio of minor (€;)plister and major (€;)piister Strains within the substrate beneath
the blister (measured from the deformation of the circular Ni coating as in the first procedure) and
using conservation of the volume. Thus,

— &,

1 + (‘92 )blister

(‘91 )blister
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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 €;/g, on a local basis
as done previously [21] .

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 Figure 2. In the
present study, blisters with primarily a 3 mm diameter were formed with depths ranging from 5 to
250 pm. Based on previous studies [24, 25], we believe that the hydride that forms during charging
is the d-phase with a composition range from ZrH; ¢4 to ZrH| 96, but no direct confirmation was
made. In our case, the kinetics of the blister formation suggest that once a very thin layer of 6-
phase forms just below the Ni coating, subsequent hydrogen ingress tends primarily to cause further
growth of the 6-phase.

In addition to the formation of a solid hydride blister, some of the hydrogen also forms
individual hydride precipitates in the substrate below the hydride blister. As shown in Figure 2a,
these hydride precipitates typically have a major dimension on the scale of 100 pm in the CWSR
condition and 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 pm maximum dimension) but tend to have a stronger radial
component to their orientation. The hydrogen contents 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 form 50 to 175 pm) show that the H content within the
ligament increases from approximately 300 wt. ppm for the 50 pm blister depth to approximately
400 wt. ppm within the ligament below blisters with depth >100 um.

In summary, the resulting microstructure, shown in Figure 2, 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 (and, to some extent, by the time at the 300°C test temperature). It is useful to compare the
microstructure shown in Figure 2a (the CWSR case) to that formed during service operation in
irradiated Zircaloy-4 cladding. For example, Figure 3, which is based on high burn-up Zircaloy
cladding, shows a solid hydride layer with a depth ~50 pm as well as the presence of a
concentration of discrete, circumferential hydride precipitates. A comparison of Figures 2 and 3
shows that the morphology (shape, aspect ratio, orientation) of the hydrides in the substrate under
the model blisters in this study is similar to that observed in the material hydrided in service; this
irradiated cladding appears to have a higher density of hydride particles in the substrate beneath the
hydride layer.

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 [13, 26]. 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 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.

Based on the local fracture strain values, Figure 4 shows that ductility of the Zircaloy-4
sheet containing 3 mm blisters initially decreases rapidly with increasing hydride blister depth for
both material conditions and at 300°C as well as 25°C. For all testing conditions, the rapid decrease
in failure strain with increasing blister depth persists to about 100 um depth. While there is little
ductility (2-5%) beyond this value at 25°C, moderate ductility (7 to 10% fracture strain for the cold
worked material and 10 to 15% for recrystallized condition) is retained at 300°C, even for blisters of
depths > 200 microns. It is significant that our far-field ductility-values, (&frac)far, s measured over
the scale of the 3 mm blister behave in a nearly identical manner to the local fracture strain values
shown in Figure 4. Both the dependence of fracture strain on blister depth and the absolute
magnitude of the fracture strain values are roughly identical between the two fracture strain
procedures.

In addition to the depth of the blister, fracture of the sheet is also sensitive to temperature.
Figure 4 also shows that, for a given blister depth, the material is significantly more ductile at
300°C than at 25°C. Although both the CWSR and the RX conditions show similar behavior at
25°C, the recrystallized condition shows significantly more ductility than the CWSR material at
300°C. This result is somewhat surprising since the RX condition contains a higher level of radial
hydrides (known to promote fracture) within the substrate, as shown in Figure 2.

The influence of blister size, as opposed to blister depth, is illustrated in Figure 5, which
shows that specimens with 2 mm diameter blisters exhibit approximately the same ductility as do 3
mm diameter blisters. Although no blister with a 2 mm diameter was tested at 300°C, we believe
that the behavior at 300°C is similar to room temperature regarding the blister size. Therefore,
these results indicate that the ductility of specimens with hydride blisters depends mainly on the
depth of the blister and not on its diameter (either 2 or 3mm).

Figure 5 also compares the influence of blisters with that of a continuous hydride rim on
fracture. In both the blister and rim cases, the ductility decreases rapidly with increasing hydride
layer depth up to depths of ~ 100 um. However, 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 um thick blister is about 0.24,
while it is only about 0.12 for a specimen with a 20 pm continuous layer of hydride. Similar
results, although not as complete as those in Figure 5, have been obtained for specimens tested at
300°C. Thus, the ductility of a material containing a continuous hydride rim is less than that of a
material containing blisters of the same depth; this effect is most pronounced at small blister/rim
depths.

Comparing to previous studies performed on tubing [13, 26], 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. This supports our contention that the behavior of sheet material is a
good model for that of tubing material with similar texture.



Finally, we note that, along with increased fracture strain at small blister depths, there is also
a change in strain path. For thick blisters, the lateral 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
Figure 1, g,y = 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 in fracture
strain at thicknesses below 50 microns (Figures 4 and 5). We offer this speculation on the basis that
fracture of sheet metal usually depends on a critical thickness strain criterion [27]. 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 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 both at 25° C and at
300°C, the mode of fracture of the substrate material (which determines the ductility of the hydrided
sheet) depends on temperature. Figure 6 shows that the fracture profiles differ significantly
between specimens tested at 25°C and 300°C. Independent of blister depth, the fracture profiles at
25°C are characterized by crack growth in the substrate along a path roughly normal to the
specimen surface and therefore also normal to the maximum principal stress. Given the presence of
300-400 wt ppm hydrogen and the resulting hydride precipitates in the substrate, crack growth
appears to result from damage accumulation within the substrate in the form of voids initiated by
cracked hydrides, as shown in Figure 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 room temperature behavior, fracture of the substrate at 300°C substrate occurs
on a macroscopic plane inclined at = 45° through the thickness, as also shown in Figure 6¢ and 6d.
Such behavior suggests an alternate failure mode to crack growth. Specifically, we believe that the
through-thickness shear failure evident in Figure 6¢ and 6d is a result of a deformation localization
process on a plane of high shear stress, in the manner of localized necking of sheet metal [27, 28].
The pronounced crack blunting at 300°C indicates that cracks initiating within the blister are
arrested by a very ductile, crack-resistant substrate. Significantly, the cracks appear to be more
blunted in the RX condition than in the CWSR condition. This behavior is consistent with the
increased ductility of the RX condition (see Figure 4), despite the presence of some radial hydrides
in the RX material.

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 process of crack initiation
within the hydride blister and the subsequent failure of the substrate material beneath the blister. In
the present study, both acoustic emission results at room temperature and tests performed at
temperatures up to 400°C and interrupted at small strains (¢ < 0.02) show the blister cracks at small



plastic strains (¢ < 0.02) within the substrate beneath the blister. 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; i.e. the cracks arrest at the ductile substrate. Thus, we
conclude that the hydride blisters are brittle at temperatures < 400° C. Because the blisters are not
only brittle but also reside on a ductile substrate, multiple cracks (all of which extend the width of
the blister) form during deformation of the sheet, as illustrated in Figure 9. The crack spacing
decreases roughly linearly with blister depth. A detailed analysis of the fracture behavior of hydride
blisters is described elsewhere [28].

4. FRACTURE MECHANICS ANALYSIS

The results described above indicate that the fracture behavior is sensitive to blister depth as
well as temperature. 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 substrate failure at 300°C
appears to result from a shear instability, room temperature fracture has the characteristics of crack
growth (i.e., fracture along a plane normal to o; accompanied by comparatively little local necking).
As described elsewhere [23,28], it is possible to use an elastic-plastic analysis to predict fracture
strains necessary to propagate the crack within a blister of a given depth and to cause sheet fracture.

We assume that the hydride blister/rim of depth a is equivalent to a crack of the same initial
depth a (a consideration of the presence of parallel cracks and crack-tip shielding indicates that the
single crack assumption is reasonable [23,28]) and that the geometries for both hydride rim and
blister configurations 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 occur
during crack growth, the J-integral procedure is used, as is described below.

In order to account for plasticity, the material is assumed to follow the Ramberg-Osgood

equation:
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where oy is the yield stress, €, = EO , E is the elastic modulus, n' is the inverse of the strain-
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where o is the equivalent stress and &y is the void nucleation strain.

Therefore, the plastic strain at the crack tip will be equal to:
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where t is the thickness. Fracture occurs when the driving force for the crack propagation,
J(a., 0), reaches the critical value J¢; and so the condition for crack propagation can be expressed as
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where G, is the net-section stress, ¢, =

where K is the plane-stress fracture toughness of the sheet. The J-integral may be separated into
elastic J,(a,,oc) and plastic J (a,,c) components and then is equal to:
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for plane-stress conditions. Substituting (4) into Equation (2) leads to the

following relationship for the fracture plastic strain:
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Equation 12 permits us to predict the fracture strain provided that we know the stress-intensity
factor K. for the crack geometries. In all cases, we apply the “plastic zone correction” procedure by
considering a hypothetical crack of length a, =a +r,_, where 1y is half of the plastic zone size in

2
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The plastic zone 2r,. is obtained by first calculating K. with a;=a; then K. is recalculated using
a,=a+r1,,.

plane-stress conditions or

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 [36]. 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.

In order to apply the crack-growth analysis described, the fracture toughness, K., must be
known. For Zircaloy-4 cladding tubes, previous studies show K.-values to depend on H content and
temperature. K.-values in the range of 120-150 MPa.m"? are common for unhydrided Zircaloy-4 at



both room temperature and 300°C. At room temperature, Grigoriev et. al. [29] found K,-values
about 104 MPa.m"? for H contents 400-600 wt. ppm (assuming the following relationship:

K, =J,.E, with J the Ji-integral for the maximum load point, and E the elastic modulus).

Based on data from Huang [30], Kuroda et. al. assumed K;c-values of 73 MPa.m'"? in their fracture
mechanics analysis of hydrided Zircaloy-4 cladding at room temperature[31]. At 300°C, the H
content does not appear to influence the fracture toughness [29], in which case K, = 120-150
MPa.m'? [32]; Grigoriev et. al. report a Jy.-value that indicates K, = 117 MP.m'"? at 300°C for 400
wt. ppm H [29] . In addition, the nominal stress ¢ was calculated using Hill’s original yield
function for plane-strain condition and the constitutive stress-strain relation expressed in Equation 6
with the equivalent strain being given by Equation 4. An iterative calculation was then made to
obtain the fracture straing” . The material properties used in the analysis for both temperatures and
materials (CWSR and RX) are given in Table 3.

Table 3. 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
n’ 100 40 11.5 8.9
E (GPa) 100 75 100 75
oo (MPa) 573 318 469 166

Figure 9 shows the comparison between the fracture mechanics predictions and the observed
dependences of fracture strain on blister/rim depth. As shown in Figure 9a, the agreement between
experimental results and crack growth predictions are quite good assuming K. = 70 MPa.m"?,
which is a value close to that (73 MPa.m'?) assumed by Kuroda et. al. [31]. Bearing in mind that
our substrate material contains 300-400 wt ppm hydrogen, the 70 MPa-value is similar but
somewhat less than that (90 MPa.m'?) observed by Grigoriev et. al. [39]. In addition, close
inspection of Figure 9a shows that the calculated fracture strains for the two blister diameters (2mm
and 3mm) are superimposed on each other. This supports our earlier conclusion, based on
experimental observations, that the blister diameter (2 or 3 mm) has no significant effect on the
failure of Zircaloy-4.

Figure 9b shows that the influence of the continuous hydride rim on fracture can also be
predicted by our crack growth analysis, also on the basis of K¢ = 70 MPa.m'?. Reasonable
agreement between the predicted and observed dependences is obtained. The predicted fracture
mechanics results also confirm the earlier experimental observation that, compared to a hydride
blister, a continuous hydride rim is more deleterious to ductility at a given hydride depth.

For the case of the recrystallized materials, the crack growth analysis fits experimental
observations, Figure 9c, using a K.-value between 100 and 150 MPa.m'"?. While somewhat
surprising, the increased K.-value of the RX material 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 precipitates 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, importantly, 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. DISCUSSION

The experimental results presented here represent a reasonably complete picture of the
behavior of Zircaloy sheet containing blisters at room temperature and at 300 C. The model
developed in the previous section accounts well for the fracture strains observed at 25 C, but at 300
C, a different failure process is operative, and the model is no longer applicable. Earlier
experimental observations, Figure 6, indicated a transition in failure mode from crack growth at
room temperature to shear instability at 300°C. Such a transition is consistent with our observation
that the strains to nucleate voids at cracked hydride particles increase markedly with increasing
temperature [28]. It is also consistent with the observation of a much reduced level of hydrogen
embrittlement in Zircaloy-4 at 350°C [7]. Thus, we expect a significant increase in fracture strain
within the crack-tip process zone and therefore higher fracture toughness at 300°C, consistent with
experimental observations [29]. As shown in Figure 9d, the elevated values of the fracture
toughness result in a significantly over-prediction of the experimentally observed fracture strains.
Thus, we conclude that our unirradiated Zircaloy-4 containing hydride blisters does not fail by crack
growth, but rather by a competing mechanism: a deformation localization process in which failure
occurs by shear localization. An alternate failure model should be used to predict the experimental
data at 300°C, but an adequate analysis is not currently available.

The current experiments were undertaken as a model study to identify the influence of
model hydride blisters on Zircaloy ductility. As such, this model does not reproduce exactly the
failure conditions of hydrided cladding in the reactor. In addition to the other parameters present in
the reactor environment that also influence failure, such as radiation damage, there are additional
factors that make the present tests different. When blisters form in fuel cladding, they often do so on
top of an existing hydride rim, which may or may not be partially dissolved. Such a configuration
should have a more severe impact on ductility than the isolated blister configuration used in our
work.

Because of the above reasons, the absolute values of ductility do not necessarily correspond
to the ductility that would be exhibited by Zircaloy cladding in a reactor. Nevertheless, this study
does provide a systematic identification of the effects of hydride blisters on ductility under
deformation conditions that are similar to those that would be expected during a reactivity initiated
accident, especially if little friction exists between fuel and cladding. In particular, the temperature
dependence of the effects should also be useful for understanding in-reactor behavior. For the case
where fuel/cladding friction is very high, equal biaxial behavior should be prevalent and studies are
ongoing to determine Zircaloy ductility under those conditions.

6. CONCLUSIONS



Both cold-worked and stress-relieved (CWSR) and recrystallized (RX) Zircaloy-4 sheet
specimens were hydrided to form either 2 mm or 3 mm solid hydride blisters of controlled depths
residing on a substrate that contains ~300-400 wt. ppm hydrogen in the form of discrete hydride
particles. Limited tests were also performed on material with a continuous hydride layer. The
fracture behavior of these materials were studied (primarily 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. In all cases, the hydride blisters are brittle even at 400°C. A population of cracks forms and
propagates through the blisters soon after the yielding of the plastic substrate beneath the
hydride blister. The crack spacing in the blisters decreases with blister thickness.

2. Fracture of the sheet is controlled by the crack growth resistance of the substrate, such that
the fracture strains decreases with increasing hydride blister/layer depth to levels of about
100 um deep, above which the ductility remained constant. At 300°C, both CWSR and RX
Zircaloy-4 retain moderate ductility (7-10% fracture strain for CWSR and 10-15% for the
RX condition), even for blister depths > 200 micron, which is close to one third of the sheet
thickness.

3. The material is significantly more ductile at 300°C than at room temperature. Also, the
sheet is somewhat more ductile if the hydride is present as a blister rather than as a
continuous layer. Blisters with 2 mm 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 temperature, 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 well predicted using
this model.
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Figure 1. A schematic of (a) a double edge notched tensile specimen with a Ni coating/hydride
blister in its center and (b) hydride blister made by hydrogen charging through a Ni coating with
diameter |. The y direction is parallel with the rolling direction.
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Figure 2. Light micrographs of a transverse section of Zircaloy-4 sheet showing hydride blister and
discrete hydride precipitates within the substrate beneath the blister in (a): CWSR specimen and (b):

RX specimen.
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Figure 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 1.3x10* n/cm?).

0.5

045 {$

0.4
~ 035 (@ RX-25
ﬁ 0.3 % f?@?ﬁ
(;i 0.5 74}* %% X CW-300
2 02
& 0.15 | é * % % CI) i @@ ({) CH’ CI) CID

01 ¢

0.05 - §}{FI< #{ >FI< % 4 %

0 50 100 150 200 250 300
Hydride Blister Depth (um)

Figure 4. Local fracture strain versus hydride blister thickness for both cold worked and stress
relieved (CWSR) and recrystallized (RX) Zircaloy-4 sheet tested at either 25°C or 300°C. All data
are for 3 mm blisters.
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Figure 6. Fracture profiles of (a) CWSR sheet with a 100 pm blister, (b) RX with 40 um blister, (c)
CWSR with 35 um blister, and (d) RX with 80 um blister. Test temperatures are indicated.
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Figure 7. A light micrograph showing fractured hydrides and void nucleation near the tip of a crack
beneath a 200 um blister in CWSR Zircaloy-4 deformed at room temperature
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Figure 8. Macrographs of cracked blisters in CWSR material failed at (a) 25°C and with a 50 pm
deep blister and (b) 300°C with a 105 pm deep blister.
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Figure 9. The dependence of observed and predicted fracture strain strains for (a) CWSR Zircaloy-
4 with hydride blisters at 25°C, (b) CWSR Zircaloy-4 with a hydride rim at 25°C, (c) RX Zircaloy-4
with blisters at 25°C, and (d) CWSR material with hydride blisters at 300°C.
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