
-021 

Fracture Toughness Data for Zirconium Alloys 

Application to Spent Fuel Cladding in Dry Storage 

1001281



Fracture Toughness Data for Zirconium Alloys 

Application to Spent Fuel Cladding in Dry Storage 

1001281 

Technical Progress, January 2001 

EPRI Project Manager 

A. Machiels

EPRI - 3412 HilIview Avenue, Palo Alto. California 94304 • PO Box 10412, Palo Alto, California 94303 • USA 
800 313 3774 • 650 855.2121 * askepn@ epd.com * www epn corn



DISCLAIMER OF WARRANTIES AND LIMITATION OF LIABILITIES 

THIS DOCUMENT WAS PREPARED BY THE ORGANIZATION(S) NAMED BELOW AS AN ACCOUNT OF 
WORK SPONSORED OR COSPONSORED BY THE ELECTRIC POWER RESEARCH INSTITUTE, INC. (EPRI).  
NEITHER EPRI, ANY MEMBER OF EPRI, ANY COSPONSOR, THE ORGANIZATION(S) BELOW, NOR ANY 
PERSON ACTING ON BEHALF OF ANY OF THEM.  

(A) MAKES ANY WARRANTY OR REPRESENTATION WHATSOEVER, EXPRESS OR IMPLIED, (I) WITH 
RESPECT TO THE USE OF ANY INFORMATION, APPARATUS, METHOD, PROCESS, OR SIMILAR ITEM 
DISCLOSED IN THIS DOCUMENT, INCLUDING MERCHANTABLITY AND FITNESS FOR A PARTICULAR 
PURPOSE, OR (11) THAT SUCH USE DOES NOT INFRINGE ON OR INTERFERE WITH PRIVATELY OWNED 
RIGHTS, INCLUDING ANY PARTYS INTELLECTUAL PROPERTY, OR (110) THAT THIS DOCUMENT IS 
SUITABLE TO ANY PARTICULAR USER'S CIRCUMSTANCE; OR 

(B) ASSUMES RESPONSIBILITY FOR ANY DAMAGES OR OTHER LIABILITY WHATSOEVER (INCLUDING 
ANY CONSEQUENTIAL DAMAGES, EVEN IF EPRI OR ANY EPRI REPRESENTATIVE HAS BEEN ADVISED 
OF THE POSSIBILITY OF SUCH DAMAGES) RESULTING FROM YOUR SELECTION OR USE OF THIS 
DOCUMENT OR ANY INFORMATION, APPARATUS, METHOD, PROCESS, OR SIMILAR ITEM DISCLOSED IN 
THIS DOCUMENT.  

ORGANIZATION(S) THAT PREPARED THIS DOCUMENT 

ANATECH CORP.  

This Is an EPRI Level 2 report. A Level 2 report is Intended as an Informal report of continuing research, a 
meeting, or a topical study. It Is not a final EPRI technical report.  

ORDERING INFORMATION 

Requests for copies of this report should be directed to the EPRI Distnbutbon Center, 207 Coggins Drive, P.O. Box 
23205, Pleasant Hill, CA 94523, (800) 313-3774.  

Electric Power Research Institute and EPRI are registered servie marks of the Electric Power Research Institute, Inc.  
EPRI. ELECTRIFY THE WORLD is a service mark of the Electric Power Research Institute, Inc.

Copyright © 2001 Electric Power Research Institute, Inc. All rights reserved.



CITATIONS 

This report was prepared by 

ANATECH Corp.  
5435 Oberlin Drive 
San Diego, CA 92121 

Principal Investigators 
Y.R. Rashid 
R.O. Montgomery 
W. F. Lyon 

This report describes research sponsored by EPRI.  

The report is a corporate document that should be cited in the literature in the following manner: 

Fracture Toughness Data for Zirconium Alloys: Application to Spent Fuel Cladding in Dry 
Storage, EPRI, Palo Alto, CA: 2001. 1001281.

iii



ABSTRACT 

A review of the available literature dealing with fracture testing of zirconium alloys was 
performed. The purpose of the review was to evaluate the available data in order to develop 
estimates for fracture toughness values that are applicable to spent fuel conditions. The majority 
of the data was developed using either plane-strain plate specimens or pressure tube curved 
specimens. Only one paper dealt with LWR cladding geometry using a newly developed test, 
which is not an ASTM-qualified test.  

The examined database includes unirradiated and irradiated materials with fast fluence levels 
approaching 1022 n/cm 2 (E>1MeV), temperatures ranging from room to reactor operating 
temperatures, and uniformly charged hydrogen concentrations up to 4000 ppm. Although the 
hydrogen concentrations cover a wide range, the data does not permit the derivation of a 
functional dependence of fracture toughness on hydrogen concentration because of the 
differences in hydrogen morphology from corrosion-induced hydrides. Delayed hydride cracking 
(DHC) fracture data is included in the present study to assess the applicability of DHC 
mechanisms to spent fuel storage conditions. Moreover, the DHC data includes fracture 
toughness information (KIn) that can be used for evaluating the effects of radially oriented 
hydrides, noting that the normal hydride orientation is circumferential.  

Using conservative interpretation of the data, fracture toughness estimates are developed for 
various burnup levels and temperatures. Because of the absence of cladding-specific conditions 
in the data, such as cladding geometry, plane-stress fracture, corrosion-induced hydrides, etc., the 
developed fracture toughness estimates are by necessity bounding values.  

Finally, the report presents a correlation that relates the fracture toughness to the critical strain 
energy density. This correlation allows the user to derive fracture toughness values from the 
stress-strain curve which, for highly irradiated material, can be constructed from readily available 
properties, namely, the elastic modulus, the yield strength, and the total elongation. The 
developed correlation has two main uses: validation of the literature values of fracture toughness 
for application to a specific spent-fuel condition, and the derivation of fracture toughness values 
where none exist.
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1 
INTRODUCTION 

The applicable regulations for spent fuel storage are Part 72 of Title 10 of the Code of Federal 
Regulations (10CFR72) [1], and the present regulatory practices are documented in supporting 
Standard Review Plans (SRPs) NUREG-1536 [2] and NUREG-1567 [3]. The supporting SRPs 
sometimes lack the specificity needed by the licensees to satisfy Part 72 requirements, leaving 
part of the licensing review process to the individual interpretations of NRC staff and 
consultants. In particular, use of fracture mechanics in NRC reviews would require the licensees 
to present analyses that demonstrate cladding integrity using fracture toughness as a failure 
criterion. However, none of the fracture toughness measurements in the literature deal with fuel 
cladding specific geometry or material conditions. Consequently, the application of existing data 
to spent fuel becomes subject to the individual interpretation of the user. Therefore, a unified 
industry-wide approach is required to avoid the state of confusion and controversy that is likely 
to develop.  

Considerable fracture toughness data under delayed hydryde cracking (DHC) conditions have 
been generated in the literature, and the potential exists for the incorrect application of the data, 
as a conservative measure, to long-term storage. Under DHC testing, fracture initiation occurs in 
materials containing radial hydrides. Therefore, the initial fracture toughness (Km-) becomes a 
measure of the fracture toughness of such materials, and is the absolute lower bound of Kic for 
any cladding condition. For these reasons, a discussion of DHC in relation to spent fuel storage 
is both informative and necessary.  

The objective of the present paper is to use the literature data to develop estimates for fracture 
toughness values that can be applied to spent-fuel cladding. Towards that objective, Section 2 
gives a brief perspective on the field to help the reader better understand the limitations of the 
data, and to point out some of the difficulties facing the industry in applying fracture mechanics 
to fuel cladding. Section 3 summarizes data from the cited references, which, to allow easy 
access, is also included in the Appendix. Section 4 gives estimates of fracture toughness values 
recommended for the various irradiation, temperature, and hydriding conditions. Section 5 
provides a correlation that relates the fracture toughness to the stored strain energy density that is 
subject to release upon fracturing. This correlation is used to estimate the fracture toughness 
from the material's stress-strain curve, which is usually available, or can be easily obtained. The 
delayed-hydride-cracking (DHC) phenomenon is discussed in Section 6. Section 7 presents the 
conclusions.
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2 
GENERAL PERSPECTIVE 

Under the assumptions of the classical Linear Elastic Fracture Mechanics (LEFM), Kic is a 

measure of unstable fracture under small-scale yielding, for which the plane-strain condition 

becomes the testing requirement. Where the conditions of small-scale yielding cannot be satisfied, 

such as for thin materials, fracture occurs under plane-stress condition, and Jlc becomes the 
fracture measure.  

In practice, one would assume that the dominant mode of fracture is the crack-opening mode, 

Mode-I, and would calculate the stress intensity factor K1, or the J-integral value J1, which are 

measures of the stress magnitude at the crack tip. These values are then compared to Kic or J1c to 

determine the available margin against unstable crack growth. However, the process is defined 

only for simple structures with simple crack geometry and loading. A vast amount of literature has 

appeared since 1948 dealing with methods to calculate K1. The J-integral approach [4] offers a 

more general and direct method for calculating the stress intensity factor. The method allows the 

explicit modeling of the crack in a finite element code and the direct calculation of the J-integral, 

which is a path-independent integral of the strain energy release rate over an arbitrary domain 

containing the crack. Providing that LEFM conditions apply, equivalence between Jic and K1c (or 
J, and K1) is given by: 

JIC= (1-a2) K'c/E for plane strain; JIc=Kc/E for plane stress; (1) 

where i) and E are Poisson's ratio and elastic modulus, respectively. As noted, this relation is 

valid only when LEFM conditions prevail. However, it is often applied indiscriminately to derive 

K1c values from J3 c tests, sometimes without verifying its applicability. The Kic derived in this 

manner is referred to as the apparent KIc, or Kjc.  

The major difference between the K1c and the J1c criteria is that K1c is strictly valid for the 

condition of small-scale yielding at the crack tip, whereas Jlc permits the development of plastic 

fracture. It is important to point out, however, that the application of the J-integral methodology 

to plastic fracture can be theoretically justified by making the non-physical assumption that the 

material behaves as a non-linear elastic material with both loading and unloading occurring along 

the non-linear stress-strain curve. This assumption is at variance with the true (elastic-plastic) 

material behavior, and it is acceptable only at crack initiation whiler the crack tip is in the loading 

regime. The assumption ceases to be strictly valid during crack extension because the material 

behind the new crack tip begins to unload elastically as soon as the crack begins to advance. This 

apparent theoretical limitation on the J-integral has been overlooked in favor of the method's 

advantages, and the application of the J-integral to elastic-plastic fracture has become the 

accepted method. Based on this approach, ASTM standards -E399 [5] and -E813 [6] have been 

developed for determining K1c and J1c, respectively,.
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General Perspective

ASTM-valid fracture toughness data quoted in the literature for zirconium alloys, and applied to 
fuel cladding by inference, were developed from either flat-plate or pressure-tube specimens.  
Besides obvious geometric differences, such as diameter and wall thickness, from fuel cladding, 
these specimens have dissimilar material and microstructural characteristics, both in the as
manufactured state and in the service-induced condition.  

The primary reason for the absence of direct fracture toughness measurements of cladding 
geometries is the fact that the ASTM standards restrict the test specimen geometry to limits that 
cannot be met for the cladding tubes. For example, in order to satisfy the plane-strain-condition 
requirements for Kic determination, ASTM-E399 restricts the specimen thickness to: 

B _> 2.5(KIc / ly )2, (2) 

where B is the specimen thickness (m), Ty is the uniaxial yield stress (MPa), and KIc is the 
fracture toughness (MPavri). Substituting, in the above expression, typical values of ay and Kic 
for irradiated Zircaloy with typical hydrogen content (<500 ppm) gives, at reactor temperatures, 
values for B of roughly 6 mm, which is 8 to 10 times thicker than typical cladding thicknesses.  

For the JIc test, the specimen thickness B and ligament size b (the remaining distance ahead of 

the crack tip) are limited to: 

b,B > 25Jic/cay (3) 

Because the J-integral is primarily a measure of elastic-plastic (ductile) fracture, JIc in plane
stress specimens is determined from the J-Resistance (J-R) curve by linear regression analysis of 
J-versus-crack extension measurements obtained from either multiple-specimen tests, or elastic
compliance single-specimen tests. In either test technique, the ligament size must be sufficiently 
large to allow the development of stable crack growth described by the J-R curve. Unfortunately, 
this condition cannot be met in cladding fracture tests for radial through-thickness crack 
orientation, which is the type of crack that can threaten the leak tightness of the fuel rod.  

The ASTM thickness restrictions discussed above apply to specimens with circumferential
longitudinal (C-L) crack orientation, i.e., a through-wall crack extending axially under 
circumferential load. However, the failure mode that is of concern for the retention of fission 
products is the circumferential-radial (C-R) crack orientation, which is the precursor for the C-L 
crack. The longitudinal-radial (L-R) crack, which is a guillotine-type fracture, is another failure 
mode that may threaten the leak tightness integrity of the fuel rod. The appropriate specimen 
configurations are the arc-shaped specimen for the C-R crack and the bend specimen for the L-R 
crack. The ASTM criterion that governs the specimen size for both the C-R and L-R cracks is 
primarily the ligament size, which is the cladding thickness. While it may be possible to create, 
through cold work and irradiation, a C-L ASTM-valid test specimen with similar texture and 
irradiation hardness to that of the cladding, doing so for the C-R and L-R fracture orientation is 
virtually impossible. This is because of the hydride-induced radial variation of fracture 
properties, as well as the limitation on the development of a J-R curve. Therefore, we are left 
with only one fracture orientation for which the development of acceptable Jic data is possible,
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Genera! Perspective 

namely the C-L crack, making the necessary, and generally non-valid, assumption that Jic is the 
same for all fracture orientations.  

Generalizing the fracture toughness measure of JIc developed for the C-L crack orientation to all 
other crack orientations implies that the cladding microstructure and the hydride morphology 
created by irradiation and corrosion are homogeneous, which is not the case in general.  
However, there is evidence to indicate that the error involved may be acceptable for irradiated 
material with moderate amounts of hydrogen concentrations. The effect of irradiation is to 
eliminate, or greatly reduce, the anisotropy in the material due to changes in the slip system 
within the crystallographic texture.  

With respect to the effects of hydrogen, the situation is governed by how hydrogen was 
introduced in the material and by the amount and orientation of the hydride platelets. For 
example, hydrogen charging of test samples has homogeneous distribution and orientation of the 
hydrides, and produces a similar effect to that of irradiation hardening on the fracture toughness.  
On the other hand, corrosion hydride platelets, when formed in the absence of hoop stress, are 
oriented preferentially in the circumferential direction because of the initial crystallographic 
texture. In this orientation, the effect of hydrides on fracture toughness is nearly the same for 
radially or axially propagating C-R and C-L cracks. Radial hydrides, however, are highly 
damaging for C-R crack orientation, and their presence can be life-limiting both in-reactor and in 
storage.  

Because of differences in the effects of hydride morphology on fracture toughness, one should 
keep in mind the source of hydrogen in evaluating the data. Radial hydrides develop when two 
conditions exist simultaneously: firstly, the solubility limit begins to drop below the local 
hydrogen concentration as a result of a drop in temperature, and, secondly, when the hydride 
precipitation occurs in the presence of significant tensile hoop stress. It is not difficult to think of 
situations where these conditions can coexist during both power operation and spent fuel storage.  
Because the hydride concentrations vary radially, with the heaviest concentration at the outer 
surface, the material toughness can vary through the thickness. The overall effect produces crack 
initiation by brittle fracture, transitioning to ductile fracture in the portion with lower hydrogen 
concentration, making it difficult to judge the true capacity of the cladding.
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3 
FRACTURE TOUGHNESS DATA SUMMARY 

The data evaluated in the present study spans the period from 1972 to1996, and is presented in 

detail in the Appendix. A summary description of the data is presented below.  

The data is placed into the following three groups: ASTM-Qualified Fracture Toughness (K1c) 

Data for Zircaloy-2 (Zr-2) and zirconium with 2.5% niobium (Zr-2.5Nb) Pressure Tubes; ASTM

Qualified Fracture Toughness (KIc) Data for Zircaloy-4 (Zr-4) and Zr-2 Plates; and Non-ASTM 

Jic Data. Delayed Hydride Cracking data is discussed separately in Section 6 

The Zr-2 and Zr-2.5Nb pressure-tube data in the first group, [7 to 12], covers a wide range of 

conditions, with irradiation levels ranging from zero to 6.5x10 n/cm2 (E >1 MeV), temperatures 

from room to 315'C, charged-hydrogen concentrations from as-received to 430 ppm. The most 

important feature of this group that is of interest to spent fuel is the ductile-brittle transition 

behavior exhibited by the data. The combined effects of irradiation and changes in hydride 

orientation modify the brittle-ductile transition behavior. Unirradiated material, with relatively 

low hydrogen concentration (<100 ppm), exhibits abrupt brittle-ductile transition in the 

temperature range of 240'C to 280'C, as the hydride orientation becomes co-directional with the 

applied stress. However, irradiated material exhibits a more gradual transition with temperature.  

For 200-ppm hydrogen concentration, the lower-shelf KIC values fall in the range of 20 MPairm" 

to 50 MParmi, and transition gradually to ductile toughness of 80 MPa-im-at 280'C. Doubling 

the hydrogen concentration (to 430 ppm) shifts the upper shelf to 300'C.  

The second group consists of two sets of data. The first set [13,14] deals with unirradiated and 

irradiated Zr-4 plates, with test temperatures in the range of -168°C to 568°C, hydrogen content 

(as received and charged) from 10 ppm to 250 ppm, and irradiation levels from 0 to 2x1021 n/cm 2 

(E>l MeV). The effect of texture on fracture toughness is much stronger for unirradiated 

material, with variations of a factor of 2. Similar differences are observed between low (<100'C) 

and reactor operating temperatures. The range of the data, which reflects the effects of 

temperature, irradiation, texture and hydrogen, is 15 MPa.r-m to 75 MPa-Imi. The second set 

[15] in this group includes data for beta-treated Zr-4 and alpha-annealed Zr-2 plate materials and 

covers a wide range of fluence (0 to 8x10 2 1 n/cm 2, E>I MeV), temperature (20'C to 280'C), and 

hydrogen concentration (10 ppm to 4000 ppm). Despite the differences in the microstructure 

from the first material set, the fracture toughness values are similar for similar range of 

conditions. At room temperature, the values of Kic vary from 20 MPaVf for 500-ppm to 40 

MPa4rf" for 50-ppm hydrogen concentrations. At 280'C the corresponding values of Kic are 30 

MPaIri and 60 MPaxr•, respectively. Higher hydrogen concentrations drive Kic to lower 

values, approaching 10 MPa.iH at 4000 ppm, which far exceeds the hydrogen content of 
discharged fuel.
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Fracture Toughness Data Summary 

The third group of data [16] consists of a single source, and is singled out because it is the only 
data that deals with cladding geometry. The reported JIc values for unirradiated Zr-2 cladding are 

of the order of 100 KJ/m2 at 300'C, which is equivalent to a Kjc value of 96 MPa-fi. This is 
roughly 50% higher than the plane strain Kic, but it is consistent with ductile fracture.

3-2



4 
Kic ESTIMATES FOR APPLICATION TO SPENT FUEL 

The data for irradiated Zircaloy-2 (Zr-2) and Zircaloy-4 (Zr-4) materials shows the lowest room
temperature Kic values to be in the range of 12 MPaifm to 15 MPair•" for hydrogen 
concentrations of the order of 1000 ppm. Such low values, however, are typical of beta
quenched material (Ref 15), which has different microstructural characteristics than fuel 
cladding. A more typical lower-bound value of KIc for end-of-life burnup at 20'C with relatively 
high hydrogen concentration (-750 ppm) is in the range of 18-20 MPafI-i. The corresponding 
KIc value for temperatures above 280'C is 30 MPavim. These KIc values are to be contrasted 
with 50 MPa-fm- and higher for moderately irradiated materials with low hydrogen 
concentrations. The fracture toughness data reviewed in the foregoing supports the following 
conservative criteria, recommended herein for application to normally discharged fuel with 
prototypical burnup and hydrogen contents.  

(a) Kic= 18 MPa~fi" forT< 100 0C, 100<H<500ppm 
(b) KIc = 50 MPa/-Ii for T > 280'C, H < 100 ppm 
(c) Kxc = 30 MPa$r•" for T > 280'C, 100 < H < 500 ppm (4) 
(d) Kic = 20 MPa~im for T > 280'C, 500 < H < 750 ppm 
(e) Linear interpolation/extrapolation for T < 280'C, H < 1000 ppm 
(f) KIc = 12 MPa,/rH for any temperature, H > 1000 ppm.  

Clearly, the above estimates should not be treated as precise limits. The application of the above 
criteria in accident analysis is beyond the scope of this report. However, from the user's 
perspective, it may be instructive to give some guidance and a brief outline of the situations to 
which the criteria may be applied.  

The adoption of fracture-toughness-based evaluation criteria requires the explicit modeling of 
pre-existing cracks and the calculation of stress-intensity factors. This requires special analysis 
capabilities and a reliable method of characterizing pre-existing cracks. It will be conservatively 
assumed that initial flaws and PCI-induced, part-wall cracks may be present in fuel rods at the 
end of life. The depth of such cracks can vary statistically from an initial, as-manufactured size 
of 50 microns to a size that depends on service conditions and reactor type (BWR vs. PWR). An 
earlier study [17] shows that part-wall cracks that are deeper than 40% of the cladding thickness 
generally require only small power changes to become through-wall cracks. This means that 
cracks deeper than 40% would have already become part of PCI failure statistics. Therefore, it 
can be conservatively assumed that the maximum part-wall crack size that can be found in 
normally discharged fuel placed in storage casks is less than 40% of the cladding thickness.  

PCI cracks are C-L type cracks, i.e., oriented radially and axially in the R-Z plane, and can 
extend only by tensile hoop stress which can be produced by either internal over-pressure or
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Ktc Estimates for Application to Spent Fuel 

ovalization deformations resulting from horizontal drop or tip-over. The only other failure mode 
of interest is the initiation and extension of partial L-R type cracks, which can extend radially and 
circumferentially under a longitudinal load or axial bending. This failure mode can potentially 
occur during a horizontal drop or rod buckling during a vertical drop. Unlike the PCI-induced 
cracks, the L-R crack initiates from an outer-surface defect beneath the oxide layer, and, 
therefore, the initial crack size cannot be easily estimated. Although there is a tendency to use 
the outer-surface oxide layer thickness as the initial crack size, it is incorrect to do so because the 
oxide layer cannot provide the strength and stiffness needed to maintain the required singularity 
at the crack tip. This places the problem in the regime of crack initiation for which a ductility 
criterion is needed. Once the crack is initiated in this manner, the analysis method adopted 
should have the required capability to determine crack extension using the applicable fracture 
toughness criterion from the above. A detailed description of the possible failure modes 
experienced by fuel rods during drop actidents is given in Reference 17.
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5 
FRACTURE-TOUGHNESS CORRELATION 

The fracture toughness estimates presented earlier in this report, are derived from data that were 
not generated for cladding-specific geometry or material conditions. Until such time as ASTM
qualified fracture toughness tests are developed for cladding geometry, fracture toughness 
estimates applicable to dry storage will continue to be sought. There is great incentive, therefore, 
to develop an approximation to fracture toughness using easily measurable material properties 
that reflect actual material conditions and cladding geometry. The intended approximation is a 
simple correlation that relates the fracture toughness to the critical strain energy density, and is 
validated by data. As will be shown below, the correlation is derived from fundamental relations 
of Linear Elastic Fracture Mechanics (LEFM), and is made plausible using physical interpretation 
of true material behavior.  

The critical strain energy density is defined from material property tests as the integral of the 
product of stresses and strains as follows: 

U 0 U dF (5) 

In the uniaxial test, the above expression represents the area under the stress-strain curve. Now 
consider a crack in a plate under a nominal stress GN. In such a planar crack, the local stress Y 
normal to the crack plane at a position p ahead of the crack tip can be expressed as: 

a = K I//jh , (6) 

where K! is the stress intensity factor. It should be noted that by virtue of the singularity at the 

crack tip, the stress Y is defined everywhere except at the crack tip. Away from the crack tip, the 
local stress tends to approach the applied far field stress oN as shown schematically in Figure-1. It 
should be noted that Eq. (6) is the consequence of a linear elastic solution of a problem with a 
stress singularity. This means that although the local stress at some position in the vicinity of the 
crack tip rises above the yield stress, the stress profile described by Eq. (6) does not recognize the 
state of plasticity in the material. Such a state would exist within a small region surrounding the 
crack tip, which is generally referred to as the plastic zone, or the damage zone in brittle materials 
such as glass and concrete. Although no plasticity is considered in constructing the above 
expression, it is generally assumed that the solution remains valid outside the plastic zone, 
including the plastic zone boundary, as schematically shown in Figure 1. A basic assumption 
made in LEFM is that crack instability occurs when the local stress a equals the yield stress ay 
[ 18], where oy is the yield stress at the position py, which leads to the following conditions:
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Fracture-Toughness Correlation 

G ---) y , p --- py , KI -- KIC 

Equation (6) can then be rewritten as follows: 

KIC = ay2ry (7) 

Now we introduce the first of two postulates, namely, to assume instead that the point of 
instability occurs, not when a = aTy, but rather when the elastic strain energy density associated 
with the LEFM singularity solution reaches the critical value U, in the neighborhood of the crack 
tip. As is usual in fracture mechanics, justification for this alternative assumption must come from 
data. (Note that for elastic-perfectly-plastic material, the above two instability assumptions are 
equivalent, because for such material the failure condition is only a function of stress regardless of 
the magnitude of the strain, whereas for strain hardening materials, the stress is not sufficient by 
itself to describe a limiting condition). Equating the critical strain energy density of the LEFM 
material to the critical strain energy density of the actual material, we obtain: 

Uc = Y2/(2E) = (YYETE- aycy/2, (8) 

where ay, E, ETE, ey are, respectively, the yield stress, the elastic modulus, the total elongation 
(elastic + plastic), and the yield strain. The left-hand side of Eq. (8) reflects the presence of 
crack-tip singularity and the resulting pseudo-elastic stress a, whereas the right-hand side 
describes material with distributed damage reflected in the total elongation and the other 

measured properties. Substituting the quantity r = rTE/Ey, which is a measure of the material's 
ductility in Eq. (8), we obtain: 

2 Gy = 2 EUc/(2 r- 1) (9) 

Substituting Eq. (9) in Eq. (6) gives: 

KIc = 4ntEUc py/(2r-1) (10) 

For a highly confined crack tip, which is the plane-strain condition imposed on fracture toughness 

testing, py is of the order of 10 microns. However, under plane-stress condition, and under 
conditions of ductile fracture, py can be an order of magnitude larger. The parameters py and r 
play the same physical role in characterizing the level of ductility of the material, and they both 
increase proportionately with increasing ductility. This suggests a second postulate, namely, that 

the changes in py and r occur in such a way that the quantity 

py/(2r-1) = 1OxlO-6 (1) 

plays the role of a material constant. For example, at an r-value of unity, indicative of totally 
brittle material, py has the minimum value of 10 microns, whereas for ductile fracture where r can 
grow to a value of 10 or greater, the plastic zone size can be of the order of 150-200 microns.  
Rolfe and Barsum [18] estimated py to be about 50 times smaller than the plane-strain specimen
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Fracture-Toughness Correlation 

thickness B defined in Eq. (2). Using a K1c estimate of 20 MPa-\i-m presented earlier for cladding 
with relatively high hydrogen content, and 700 MPa as a typical high-burnup yield strength, we 
calculate an estimate of 40 g1m for py. This gives r = 2.5 as the ductility ratio and a total 
elongation (elastic + plastic) of about 1.8%, which is in the conservative range of the data for high 
burnup cladding with relatively high hydrogen content. Upon substituting py = 10 x 10.6 m in eq.  
(10), we obtain the following simple correlation: 

K c =0.01121'E-(Uc Y 2  (12) 

Substituting a typical high burnup value for E of 96,000 MPa in Eq. (12), we obtain: 

KIC = 3.5JuZ (13) 

as an approximate upper bound for highly irradiated Zircaloy. In application, the appropriate 
value of E should be used if available. Otherwise, Eq. (13) is recommended. Comparison of Eqs.  
(12) and (13) to data for aluminum alloys is shown in Figure 2, which shows excellent agreement.  
Clearly, there are much more data that can be added to Figure 2.  

As discussed in detail above, expressions (12) and (13) make use of two physically-based 
postulates. The first, which is expressed in Eq. (6), led to the development of Eq. (10). The 
second postulate, expression (11), is somewhat intuitive, but has its basis in the fact that crack tip 
local behavior is not independent of the materials macro-mechanical ductility. Both of these 
postulates lead to a semi-empirical correlation that can be validated by data, and in this sense, they 
are consistent with the general premise of the Fracture Mechanics Field that is largely empirical.  
The simplicity of this correlation should not detract from its acceptance, unless it can be shown 
that it statistically disagrees with fracture toughness data developed in the traditional way.  
Potential users of this correlation are encouraged to present supporting or counter examples 
before they adopt or reject its use.  

It should be emphasized that the fracture toughness correlation presented above is not intended to 
replace an ASTM-qualified fracture toughness test for cladding tubes under typical high-burnup 
conditions. Since such ASTM-qualified tests have not yet been developed, and in view of 
impending dry storage decisions, the above fracture toughness correlation offers an acceptable 
alternative. The application of the developed correlation will lead to a conservative assessment of 
the safety margin, or lack thereof, against cladding rupture in dry storage. As the above-described 
development would show, this correlation is no more empirical and no less reliable than fracture
toughness-based criteria in other safety-related industries such as the aircraft and pressure vessel 
industries.
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6 
DELAYED HYDRIDE CRACKING (DHC) 

Delayed hydride cracking (DHC) was first observed to be the responsible mechanism for the 

cracking and leakage of zirconium with 2.5% niobium (Zr-2.5 Nb) pressure tubes in the CANDU 
system. As a result, extensive fracture mechanics investigations were undertaken to study DHC 

in Zr-2 and Zr-2.5 Nb pressure tube materials [19,20]. This section gives a summary description 
of the DHC phenomenon and discusses its applicability to LWR fuel cladding.  

The DHC process evolves in two stages. In the first stage, the process is initiated at a threshold 
stress intensity factor of the order of 5-6 MPa4iH. In this threshold regime, the crack velocity 
increases rapidly with K, until it transitions into the second stage, which is the stable crack 

growth stage. The second stage proceeds at a crack velocity that is insensitive to the stress, but it 
requires a minimum value of stress, characterized by a K, value in the range 9-10 MPaIM_, to be 
sustained. The first stage was found to be independent of temperature; however, the second stage 
depends on the direction of approach to temperature as will be discussed below. The crack 
growth rate in the second stage, which determines the failure time under DHC, is governed by the 
local diffusion rate of hydrogen to the crack tip, with apparent activation energy of about 65 
KJ/mol. This is to be compared to the theoretical activation energy of 69.5 KJ/mol for diffusion 
of hydrogen. The overall process can be summarized as follows: 

(1) In the laboratory, the DHC process was found to depend on the direction of approach to 
test temperature, i.e., whether the test temperature was approached from above or from 
below. A critical temperature, termed TDAT (Direction of Approach to Temperature), was 
found such that at a test temperature above TDAT, DHC occurred only when the test 
specimen was subjected to an over-temperature excursion before testing. Below TDAT, 

DHC occurred always regardless of whether the material was heated or cooled to the test 
temperature. However, the crack velocity differs significantly above and below TDAT, 

depending upon the direction of approach to the test temperature. Below TDAT, the crack 
growth rate follows an Arrhenius relationship with temperature in either direction; 
whereas above TDAT the crack velocity decreases rapidly with increasing temperature, but 
maintains the Arrhenius rate on cooldown. TDAT was found to be about 453K for Zr-2.5 
Nb and 423K for Zr-2 materials [20].  

(2) Stage-I DHC is initiated at a pre-existing flaw or PCMI-induced part-wall crack, and 
progresses rapidly to Stage-il.  

(3) At constant temperature, the crack velocity during Stage-II is governed by the hydrogen 
diffusion rate and subsequent precipitation as zirconium hydride at the crack tip, a 

process that is driven by the stress gradient created by the crack. The hydrogen diffusion 
is enhanced under temperature cycling as discussed in (1) above.
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Delayed Hydride Cracking (DHC)

(4) As the hydride precipitation continues, the crack tip hydride eventually grows to a critical 
size upon which it fractures, allowing the crack to extend a short distance equal to the 
size of the hydride, and is arrested in the tougher material.  

(5) The newly formed crack tip re-initiates the process of hydrogen diffusion and 
precipitation described in Steps (3) and (4). The crack continues to extend in this 
intermittent manner until cladding fracture is completed by plastic instability.  

For the DHC process to become operative in spent fuel storage, the following conditions must 
exist: 

(1) Presence of cracks at the inside diameter.  

(2) A crack-tip confinement such that a tri-axial tensile stress state exist to facilitate the 
diffusion of hydrogen into the crack process zone and subsequent precipitation of 
hydrides.  

(3) Sufficient hydrogen concentration.  

(4) Storage temperature below TDAT (423K), or temperature cycling above TDAT.  

(5) Stress intensity factor of 10 MPa-m- or higher.  

Condition (1) is satisfied. The presence of flaws and PCI-induced, part-wall cracks are 
unavoidable in discharged fuel. However, as argued earlier, no part-wall cracks greater than 40% 
of cladding thickness can exist in non-failed fuel rods at the end of life, but such cracks remain 
sub-critical with respect to Stage-I DHC under typical storage stresses.  

Condition (2) would depend on the geometry. In thick pressure tubes and test plate specimens, 
the thickness is such that plane-strain conditions exist. Consequently, a state of tri-axial tension 
can develop, which clearly prevailed in the DHC tests reported in the literature. In LWR 
cladding, however, plane-stress condition dominates and a condition of biaxiality rather than 
triaxiality would exist, which is a weaker form of crack-tip confinement. This would lead us to 
conclude that hydride formation at the crack tip process zone would require a higher stress field 
than in plane-strain states. Precise quantification of this effect requires experimental verification, 
and until then, we have to assume, conservatively, that Condition (2) is also satisfied.  

Condition (3) is easily satisfied. Although the crack velocity during Stage-il of the DHC process 
can depend on the hydrogen concentration, this dependence is not strong and DHC cracking can 
occur at very low hydrogen concentrations.  

Condition (4) is partially satisfied, in the sense that, once the fuel is placed in dry storage, 
thermal cycling during dry storage is not expected to occur and, consequently, the acceleration of 
the DHC process by thermal cycling above TDAT is not relevant. However, the fuel will continue 
to be under decaying temperature, and will eventually be at temperatures below TDAT.
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Delayed Hydride Cracking (DHC) 

Condition (5) is the dominant factor in the sense that DHC cannot exist without sufficient stress 
even if all other conditions are satisfied. It requires calculations to determine if the stress 
intensity factor due to fission gas pressure can rise to the threshold value. We first consider a 
BWR (Zr-2) rod under an internal gas pressure of 7.5 MPa, which is the maximum it can be at 

the reactor operating temperature of 560K. At a TDAT of 423K, the rod pressure is 5.65 MPa.  

Considering a maximum possible crack size of nearly half the cladding thickness, as discussed 
above, we calculate a stress intensity factor of about 2 MPafrm•, which is well below the 

threshold value for Stage-I, and is a factor of 5 smaller than Stage-Il fracture toughness. For a 

PWR rod under the same assumptions, namely, rod pressure equal to reactor system pressure at 

reactor temperature, K1 for 40% crack is calculated to be less that 5 MPa-Im, which even if 

initiated is a factor of 2 smaller than Stage-Il fracture toughness.  

Therefore, it can be concluded on the basis of the above argument that DHC is not an operative 
mechanism for LWR fuel rods in storage.
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APPENDIX A: FRACTURE TOUGHNESS DATA 

The data discussed in the report is extracted from the cited sources and is presented in this 
appendix to provide the user with easy access in a single source. The data is grouped into the 
following three groups: 

(1) ASTM-Qualified Fracture Toughness (Kic) Data for Zr-2 and Zr-2.5 Nb Pressure Tubes 

(2) ASTM-Qualified Fracture Toughness (K1c) Data for Zr-4 and Zr-2 Plates 

(3) Non-ASTM Jic Data 

Group I: Zr-2 and Zr-2.5 Nb Pressure Tubes and Plates 

Barsell [Ref. 71: This 1987 data was generated for N-reactor pressure-tube Zr-2 material as 

function of temperature and fluence. The fluence varies from 0.2 x 1021 to 6.5 x 1021 n/cm2 (E>I 

MeV). The test temperature varies from room temperature to 600'F, with the majority of the data 

below 400'F. Barsell developed the following correlation for the data: 

KIc = Exp(A- 0.14+ 2.3x10o4TO) 

where 

A = 3.73 + 5 x M4 T for axial cracks 
A = 3.81 + 2 x 104 T for circumferential cracks 

Units: 

ksijfi-f for Kic 
OF for T 
1021 n/cm2  for 0 (E > I MeV) 

The K1c values in this data varied from 17.5 ksifi-nH to 68.6 ksi 1ri-ni (19.25 MPaiT•" to 75.5 

MPafmi) with standard deviation of about 5 ksi.-Fin' (5.5 MPaJ"•). This data is used extensively 
because of the convenient way it is presented and its ready availability.  

Davies et al., Coleman et al., and Wallace et al. [Refs. 8,9,101: These papers are grouped together 
because they deal with a common theme, namely, the effects of hydride morphology on the 
fracture toughness. Davies' and Wallace's papers deal with unirradiated Zr-2 and Zr-2.5 Nb, and
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Coleman's paper deals with irradiated Zr-2; all are pressure tube materials. The test temperatures 
varied between room temperature and 280'C. The unirradiated material had low hydrogen 
concentrations (<100 ppm), and charged in the presence of stress to introduce varying hydride 
orientations. The data indicate a brittle-ductile transition that varied with temperature and 
hydrogen concentrations. The upper shelf fracture toughness varied over a wide range, from 75 
MPa4i• to 175 MPa-fi•. The lower shelf fracture toughness varied from 20 MPaiim to 50 
MPa-Ji. The combined effect of irradiation and temperature on fracture toughness is to change 
the brittle-ductile transition behavior. The unirradiated material exhibits abrupt brittle-ductile 
transition in the temperature range of 240'C to 280'C. However, the irradiated material exhibits 
more gradual transition with temperature, with complete transition to ductile toughness of 80 
MPa.fiH at 240'C with 200 ppm and at 300'C with 430 ppm.  

Huang et al. and Huang [Refs. 11,12]: These two papers deal with the fracture properties of 
irradiated Zircaloy-2 pressure tubes. The irradiation levels vary from 0 to 6.1 x 1021 n/cm2 (E>1 
MeV). The test temperature is in the range of 32°C to 177°C with few tests conducted at 260'C.  
Both testing methods were used, namely, ASTM-E399 (KIc) and ASTM-E813 (Jic or Kjc). The 
magnitudes of Kic and KjC vary between 18 MPa-jm (32°C, 5.6 x 1021 n/cm 2, E>I MeV) and 55 
MPa~fm" (177 0C, 0.2 x 1021 n/cm2, E>I MeV). The Kjc values for unirradiated material were 
20% to 40% higher.  

Group II: Zr-4 Plates 

Walker, Walker and Kass [Refs. 13,16]: These papers deal with unirradiated and irradiated Zr-4 
plates tested in accordance with ASTM-E399 requirements for plane strain specimens (l"-thick 
plates). The test temperatures vary from -200'F to 600'F, hydrogen content (as received and 
charged) from 10 ppm to 250 ppm, and irradiation levels from 0 to 2 x 1021 n/cm2 (E>I MeV).  
The data shows large dependence of the fracture toughness on texture in the unirradiated state, 
with a minimum to maximum range of 35 ksii]-n- to 70 ksiri-,. The irradiated samples show less 
dependence on texture. An interesting result is the slight increase of fracture toughness with 
irradiation for room temperatures and higher, which is contradictory to the pressure tube data for 
Zr-2 and Zr-2.5 Nb. The effect of hydrides is to reduce fracture toughness by a factor of 1.5 to 2 
for 250 ppm for temperatures below 200'F, with the largest reduction at -100°F. The data trend, 
however, shows small effects at higher (reactor operating) temperatures for hydrogen 
concentrations of the order of 250 ppm. The range of the data, which reflects the effects of 
temperature, irradiation, texture and hydrogen, is between 15 ksi-ii- for -100°F, 250 ppm, 
irradiated material, to 65 ksii-J for non-hydrided non-irradiated material at 300'F.  

Kreyns et al. [Ref. 151: This is one of the more recent papers (1996). It includes data for beta
treated Zr-4 and alpha-annealed Zr-2 plate materials and covers a wide range of fluence (0 to 
8 x 1025 n/m2 , E>l MeV), temperature (20'C to 280'C), and hydrogen concentration (10 ppm to 
4000 ppm). Moreover, while the material is reactor grade, the microstructure is not typical of 
modem cladding materials. The hydrogen was introduced by charging, and therefore, the 
hydrides differ in morphology from corrosion hydrides. However, the concentrations far exceed 
those for discharged fuel. At room temperature, the values of Kic vary from 20 MPaim- for 500 
ppm hydrogen concentrations to 40 MPafm-i for 50 ppm hydrogen concentration. At 280 0C the 
corresponding values of Kic are 30 MPa.iH and 60 MPa.rmi, respectively. Higher hydrogen
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concentrations drove Kic to lower values, approaching 10 MPa.f at 4000 ppm hydrogen 
concentration.  

Group III: Jjc for Zr-2 Cladding Geometry (Non-ASTM) 

Grigoriev et al. [Ref. 161: This is the first example of fracture toughness tests for cladding 
geometry. The test specimen thickness and ligament size do not satisfy ASTM-E813 
requirements for Jic testing. Therefore, the data has to be considered non-valid by ASTM 
standards. However, in view of the fact that none of the previous fracture tests, while 
conforming to ASTM requirements, are as representative of cladding geometry as the data in this 
group, the Jjc data should be viewed as worthy of further evaluation. The reported Jic values for 
unirradiated Zr-2 cladding are of the order of 100 KJ/m2 at 570K, which is equivalent to a Kjc 
value of 96 MPafJ-. This is roughly twice the plane strain Kic, but it is consistent with ductile 
fracture. The Grigoriev paper is the first of an emerging testing literature for which an ASTM 
standard will become necessary.
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Table A-1 (Ref. 9) 
COMPUTER DATA LIST FOR AXIAL CRACKS

Temperature (F)

80 
80 
90 
90 
90 
90 
90 
90 

212 
350 
350 
350 
350 
350 
350 
350 
500 

90 
350 

90 
350 
350 

90 
350 

80 
80 
80 

350 
212 
80 
80 
80 

350 
350 
212 
212 
120 
170 
250 
300 
212 
80 
80 

212 
350 
212 
170 
80 

120 
350

Fluence

1.10 
1.20 
3.70 
500 
500 
5.00 
4.60 
4 60 
5.00 
3 70 
500 
5.00 
4.60 
4 60 
4.60 
4.60 
5.00 
0.70 
0.70 
2.40 
2.40 
2.40 
4.10 
4.10 
0.05 
0.05 
0.05 
0.05 
0.05 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.20 
4.50 
4.50 
4.50 
4.50 
4.50 
4.50 
4.50 
4.50 
4.50

A-4

Kic (ksi -,in) 

39.7 
38.0 
28.9 
25 8 
24.6 
23.6 
23.2 
26.8 
32.7 
38.2 
37.1 
39.2 
41.5 
43.2 
32.3 
43.9 
41.1 
38.9 
45.9 
38.4 
42.3 
46.3 
28.3 
38.4 
37.2 
46.8 
38.5 
45.4 
42.7 
20.7 
19.6 
21.6 
39.2 
44.2 
31.3 
25.8 
21.6 
24.6 
35.2 
39.2 
29.5 
19.3 
18.1 
29.6 
37.9 
31.0 
24.4 
19.9 
21.7 
46.4
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Table A-1 (Ref. 9) 
COMPUTER DATA LIST FOR AXIAL CRACKS 

(Continued)

Temperature (F)

80 
80 

212 
212 

80 
350 
170 
350 
500 
350 

80 
80 
80 
80 
80 
80 
80 

350 
500 

80 
80 
80 
90 
90 

212 
350 
350 
350 
500 
446 
446 
446 
446 
446 
536 
536 
536 
536 
536 
536 
536 
536 
536 
536 
536 

80 
80 
80 
80

Fluence

3.90 
3 90 
3 90 
3.90 
3.90 
3.90 
3 90 
4.20 
4 20 
043 
000 
2 30 
2.60 
080 
0 70 
3.50 
3 50 
3.50 
3 50 
3.50 
3.50 
1.80 
4 90 
2.20 
4 90 
2.20 
4.90 
4.90 
4 90 
6.50 
6 50 
6 50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50 
6.50

Kjc (ksi i-n) 

23.4 
25 8 
35.5 
33 8 
23.9 
53.0 
304 
50.0 
61 0 
585 
37.3 
34.2 
28 9 
40 7 
460 
17.5 
20 9 
44.0 
420 
19.7 
19.9 
50.1 
38.7 
33.7 
40.5 
46.3 
42.9 
45.3 
47.0 
36.4 
45.8 
44.3 
48.8 
44.1 
50.1 
51.5 
39.1 
57.5 
63.1 
57.5 
60.9 
59.8 
68.6 
41.9 
564 
180 
18.3 
22 5 
21.7
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Table A-2 (Ref. 9) 
COMPUTER DATA LIST FOR CIRCUMFERENTIAL CRACKS

Temperature (F)

80 
80 
80 

212 
212 
350 
350 
250 
300 

90 
350 

90 
350 

90 
90 

350 
350 
350 

90 
90 

350 
350 
350 
350 

90 
90 

350 
350 
350

Fluence

4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.2 
4.9 
4.9 
5.0 
5.1 
5.1 
5.1 
5.1 
5.1 
5.1 
0.2 
0.2 
0.2 
0.2 
0.2 
0.2 
4.1 
4.1 
4.1 
4.1 
4.1

Kic (ksi fin-) 

23.0 
22.8 
205 
26.8 
23.2 
34.9 
37.4 
28 8 
30 1 
33.7 
36.1 
23 0 
33.1 
28 5 
25 1 
26.2 
27.4 
41.4 
41.3 
49.0 
49.9 
46 1 
45.3 
48.2 
33.7 
33.5 
42.5 
41.4 
44.5
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Table A-3 (Ref. 10) 
SUMMARY OF TEST DATA

[H] Test Temperature Kmx1 
Specimen mg/kg HCC (0C) MPa • M

Strip I 
1 
4 
3 
6 
2 
5 

Strip IA 
1 

3 
2 

Stnp 2 
3 
2 
1 
4 

Stnp 3 
1 
3 
2 

Tube I 
1 

2 
3 
9 
7 
8 
5 
6 

Tube 2 
Al 
CI 
A2 
C2 
A3 
C3 
BI 
DI

62 

69 

83 
76 
75 
75 

69 
70 

49 

54 

40 
44 
38 
44 
33

0 

0.27 
050 
0.30 

057 
0.55 
056 
0.54 

011 
0.11 
011 

0.13 

004

23 
23 

175 
175 
240 
240 

23 
175 
240 

175 
240 
240 
240 

23 
175 
240 

23 
23 
23 

100 
175 
175 
240 
240 

23 
23 

100 
100 
175 
175 
240 
240

80.2 
94 0 

132.9 
140.8 
132.3 
133.4 

386 
46 9 

139.4 

41.1 
76 2 

141.7 
132.3 

58.7 
123.3 
144.2 

60 8 
61 1 
59.9 

1128 
111.2 
133.5 
1182 
109.3 

804 
81.9 

113.8 
106 6 
123.7 
115.0 
110.1 
111 1
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Table A-4 (Ref. 11) 
FRACTURE TOUGHNESS OF IRRADIATED ZIRCALOY-2 PRESSURE TUBES 

Crack Test Temperature Fluence Hydrogen Kic Kc 
Orientation (OC) (1021 n/cm 2) (ppm) (MPa,-) (MPam-&) 

C-L 32 2.2 <4 37.1 
C-L 32 4.9 14 39.7 
C-L 100 4.9 6 - 44.0 
L-C 32 4.9 25 37.1 
C-L 32 0.7 40 - 42.7 
C-L 32 2.4 20 - 42.2 
C-L 32 3.7 34 31.8 
C-L 177 3.7 34 - 420 
C-L 32 4.6 138 25.5 
C-L 177 4.6 84 - 45.7 

C-L, Outer 177 4.6 30 47.5 
C-L, Inner 177 4.6 259 - 45.6 

C-L 32 5.0 89 26.0 
C-L, Outer 32 5.0 16 27.6 
C-L, Inner 32 5.0 205 26.5 

C-L 100 5.0 90 36.0 
C-L 177 5.0 52 - 40.8 
L-C 32 5.0 35 25.3 
L-C 177 5.0 20 35.1 

Weld, C-L 32 4.1 35 31.1 
Weld, C-L 177 4.1 35 - 42.2 
Weld, C-L 32 5.1 151 27.4 
Weld, C-L 177 5.1 92 - 30.1 
Weld, C-L 177 5.1 159 28.8 
Weld, C-L 260 5.1 144 - 45.5 
Weld, L-C 32 4.1 35 36.9
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Table A-5 (Ref. 11) 
Jic FRACTURE TOUGHNESS TEST RESULTS BASED ON J-R CURVE 

REGRESSION ANALYSIS 

Crack Test Temperature Fluence Hydrogen Kc Kjc 
Orientation (OC) (1021 n/cm2) (ppm) (MPa'i-m) mpat-m) 

C-L 177 2.2 <4 50.9 52.4 
C-L 177 4.9 <4 49.8 52.9 
C-L 177 4.9 6 47.2 49.7 
C-L 260 4.9 <4 51.7 509 
L-C 177 4.9 9 39.7 41.8 
C-L 177 0.7 40 50.5 47.3 
C-L 177 2.4 20 46.5 40.0 
C-L 177 2.4 20 50.9 49.5 
C-L 260 5.0 111 45.2 466 

Weld, L-C 32 0.2 50 - 454 
Weld, L-C 32 0.2 50 - 53.9 
Weld, L-C 177 0 2 50 - 549 
Weld, L-C 177 0 2 50 - 507 
Weld, L-C 177 0.2 50 - 498 
Weld, L-C 260 0 2 50 - 530 
Weld, L-C 177 4 1 35 46.8 
Weld, L-C 260 4.1 35 49.0 

Table A-6 (Ref. 12) 
FRACTURE TOUGHNESS OF IRRADIATED ZIRCALOY-2 PRESSURE TUBES 

Crack Test Temperature Fluence Hydrogen Kjc Kc 
Orientation (°C) (102' n/m2 ) (ppm) (MPa-f m-) (MPam. ) 

C-L 32 33 3 - 42.4 
C-L 177 3.3 - - 42.8 
C-L 260 3.3 - - 38.7 
C-L 260 3.3 - - 35.8 
C-L 32 5 6 - 200 
C-L 32 5.6 - 184 
C-L 177 5.6 72 29.2 
C-L 177 5.6 - 30.7 
C-L 177 5.6 - 268 
C-L 260 5.6 150 29.5 
C-L 32 6.1 34 31.2 
C-L 177 6.1 64 31.2 
C-L 260 6.1 - - 38.0 
C-L 260 6.1 - - 37.7 
C-L 32 4.5 220 21.7 
C-L 177 4.5 - 265 
C-L 177 4.5 26.7 
C-L 260 4.5 - - 45.2 
C-L 32 2.4 20 - 42.2 
C-L 32 5.0 89 260 
C-L 177 5.0 52 - 40.8
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Table A-7 (Ref. 12) 
Jic FRACTURE TOUGHNESS TEST RESULTS BASED ON J-R CURVE 

REGRESSION ANALYSIS (Tube 2954)

Crack Test Temperature Fluence Kjc 
Orientation (OC) (102' n/m2) (MPafm) 

C-L 32 0.0 72.8 
C-L 177 0.0 68.6 
C-L 177 0.0 664 
C-L 260 0.0 79.5 
C-L 260 0.0 74.9 
C-L 260 5.6 34.4

Table A-8 (Ref. 13) 
ZIRCALOY FRACTURE TOUGHNESS DATA

Specimen Specimen Test Temperature Failure Load Failure K1 c Secant Kic 

Type Orientation ("F) (Ib) [ksi (in)V1] [ksi (in)'2] 

I XWOL TW -150 3475 345 

-150 3460 356 35.5 
-102 3660 380 
-100 3690 360 

-52 3830 37.5 37.0 
-2 3600 37.4 

+75 3700 41.8 403 
+75 4850 52.3 396 

+125 6100 586 44.2 
+175 5400 582 435 

-152 3840 34.7 
-150 4500 42.0 
-150 3750 329 

0 4640 420 
-2 4210 39.6 

04XCT TW -150 1325 355 -34.8 
-100 1350 368 349 

-43 1250 36.2 35 1 
-50 1250 372 366 

0 1510 362 346 

0 1430 39.2 362 
+75 1390 43.4 30.3 
+75 1500 43.4 31.8 

+125 1625 43.1 32.4 
+175 1600 447 301 

04XCT RT -98 1325 430 366 
-102 1380 43.3 34.5 

-2 1290 42.3 31.2 
0 1265 41.9 308 

04XCT WT -100 1320 38.8 38.2 
-100 1100 34.0 33.5 

0 900 37.9 32.0 

+1 1640 45.0 35.6
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Table A-8 (Ref. 13) 
(Continued)

Specimen Specimen Test Temperature Failure Load Failure KIc Secant Kic 
Type Orientation (OF) (lb) [ksi (in)21] [ksi (in) 1•] 

0.4 X CT RW -100 1790 48.0 41.8 
0 1480 36.6 35.1 
0 1590 38.6 35.2 

+76 2000 47.7 30.6 
+77 2120 51.0 36.1 
-150 1475 44.5 40.7 
+100 1650 40.1 36.0 
+77 2225 53.0 42.9 

0.4 X CT TR -100 1390 52.3 464 
0 2200 56.9 42.8 
0 2500 60.0 39 8 

+76 2280 59.7 37.2 
+76 2320 59.5 380 

-150 1750 42.1 
-100 1890 50.8 46.0 
-100 2080 53.5 46.3 
+100 2320 588 42.9 

+76 2270 59.0 40.9 

0.4 X CT 0.2 in/min +76 2350 527 32.6 

1.0 in/min +76 2475 49.2 37.1 

cc 2.0 in/min +76 2145 54.5 38.5
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Table A-9 (Ref. 14) 
EFFECT OF IRRADIATION ON FRACTURE TOUGHNESS OF 

IRRADIATED ZIRCALOY-4 TEST DATA SUMMARY 

Est. Fluence Meas. Fluence Test 
(nvt x 1io) (nvt x io1) Temperature KICsEcA.,-r KICMIAX 

Description Valid (n/cm2) (n/cm 2) OF psiin psifn 

FT-1 Yes 5.6 7 RT - 45900 
Unhydrided Yes 5.6 7.95 176 43000 55000 
a-annealed Zr- No 5.3 7.66 600 21800 41600 
4 No 5.3 7.51 400 31200 48600 
Ingot R-59 Yes 4.9 7.17 RT 45600 
TW Yes 4.9 7.07 0 2 3 90 0 c 23900c 
Orientation Yes 5.1 -100 34200 

Yes 5.1 25 42000 
Yes 15.3 RT - 50800 
Yes 15.3 200 53500 61000 
Yes 15.1 RT 48500 48500 
Yes 15.1 RT - 51600 

FT-2 Hydrided Yes 5.1 RT 20100 20100 
to Yes 5.1 175 33400 33400 
250 ppm Yes 9.6 10.35 RT 23000 23000 
a-annealed Zr- Yes 9.6 9.60 -100 16700 16700 
4 Yes 13.5 RT 22000 22000 
Ingot Yes 13.5 175 20000c 20000c 
WC377671Q Yes 20.8 300 31400D 31400 
TW Yes 20.8 300 -

Orientation Yes 20.8 450 40700 40700 
Yes 20.8 450 41200 43000 
Yes 20.8 600 42500 42500 
Yes 20.8 600 45400 45400 

Fr-3 Hydrided Yes 4.9 RT 26200 26200 
to Yes 4.9 175 26000 26000 
250 ppm Yes 9.2 9 4 175 27800 27800 
a-annealed Zr- Yes 9.2 10 0 RT 25000 25000 
4 Yes 12.8 RT 26900 26900 
Ingot Yes 12 8 300 65000 65000 
WC377671Q Yes 20.5 RT 24600 24600 
WT NoE 20.5 450 43600 47400 
Orientation
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Table A-9 (Ref. 14) 
(Continued) 

Est. Fluence Meas. Fluence Test 
(nvt x 10°) (nvt x 102) Temperature KICSECAN-r KICMAX 

Description Valid (n/cm2) (n/cm2) OF psiin psi Viun 
FT-4 Yes 2.4 RT 38200 B 
Unhydrided Yes 2.4 0 B B 
a-annealed Zr- Yes 5.0 0 - 40300 
4 Yes 5.0 RT 42100 B 
Ingot Yes 9.8 9.6 175 46200 59200 
WC377671Q Yes 9.8 10 13 -100 27400 27400 
TW Yes 9.8 -100 B B 
Orientation Yes 9.8 RT - 46500 

Yes 18.9 -100 - 32800 
Yes 18.9 -100 B 
Yes 19.0 0 - 32500 
Yes 19.0 0 52000c 72500c 
Yes 19.1 RT 52400 B 
Yes 19.1 RT 54500 54500 
Yes 19.0 200 55200 B 
Yes 19.0 200 54600 63500 
No 19.0 200 46800 59000 
A 19.0 200A - 58500 

FT-5 Yes 9.8 RT 52800 
Unhydrided Yes 9.8 175 48000 55800 
a-annealed Zr
4 
Ingot 
WC377671Q 
WT 
Orientation 
FT-6 Yes 5.2 -100 34600 
Unhydnded Yes 5.2 175 49900 49900 
a-annealed Zr
4 
Ingot 
WC377671Q 
RT Orientation 
FT-7 Yes 102 10.35 RT 39900 
Unhydrided Yes 102 109 175 55600 58300 
P3-quenched 
Zr-4 
Ingot 
WC377671 Q 
WT 
Orientation
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Table A-9 (Ref. 14) 
(Continued) 

Est. Fluence Meas. Fluence Test 
(nvt x 107°) (nvt x 1020) Temperature KIcSEcAN-r KICMAX 

Description Valid (n/cm 2) (n/cm 2) OF psif psii-" 

FT-8 Hydrided Yes 10.1 10.35 RT 25200 25200 
to 250 ppm Yes 101 10.75 175 25600 25600 
P-quenched Yes 20.4 RT 24600 24600 
Zr-4 Ingot NoE 20.4 500 47700 47700 
WC377671 Q 
WT 
Orientation

A 
B 
C 
D 
E

Validity impossible to determine due to strain gage failure.  
Specimens unloaded rapidly after KIcsEcNT for sectioning to allow for plastic zone size determination.  
Validity highly questionable due to excessively long fatigue crack.  
Specimen improperly loaded.  
Thickness required for ASTM valid test -0.6 in.
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Table A-10 (Ref. 14) 
SUMMARY OF NON-IRRADIATED ZIRCALOY FRACTURE TOUGHNESS DATA

Test 
H2 Temperature 

Orientation ppm OF

TW

Wr

RT

10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 
10 

10 
10 
10 
10 

100 
10

-250 
-250 
-150 
-150 
-150 
-150 
-146 
-148 
-151 
-150 
-150 
-150 
-100 
-100 

-50 
-50 
-50 

0 
0 
0 
0 
0 
0 
0 
0 

43 
50 

100 
100 
100 
140 
175 

-150 
-50 

0 
0 

-150 
0 
0 

-50 
50 

1000

K1CSECANT 

psiFi

33200 
36100 
34400 
34700 
42000 
41500 
41200 
41100 
41600 
32400 
36600 
47500 
38500 
41000 
42600 
40300 
38800 
39000 
36200 
38500 
36800 
36000 
36300 
36500 
39100 

46500 

47000 
51000 
51000 
39400 
39300 
43000 
44700 
40200 
38000 
38200

KICMIAX 

psi 1 i

39900 
42500 

40700 
37400 

42000 
43000 
42500 
42500 
57200 
42000 
51300 
54000 
51000 
39400 

47700 
49200 
55000 
43000 
42100 
43100 
42000 
39400
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Table A-10 (Ref. 14) 
(Continued)

Test 
H 2  Temperature KICSECANT KICNIAX 

Orientation ppm OF psi fi-n psinn 

WR 10 -150 56100 65000 
10 -100 - 59600 
10 -100 44900 
10 -100 41200 
10 0 38300 
10 0 36900 
10 0 - 62400 
10 100 30500 58500 
10 100 - 58000 

TW 250 -100 -

WT

P3Q

250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 
250 

10 
10 

250 
250 

10 
250PoQH

0 
0 

RT 
RT 
175 
175 
250 
250 
350 
350 

-100 
0 
0 

RT 
RT 
175 
175 
250 
250 
350 
350 
RT 
RT 
RT 
RT 
200 
200

20100 
19200 
16900 
20400 
20900 
19600 
22200 
21800 
18800 
22300 

29800 
28000 
30000 
29900 
28900 
28800 
24000 
28600 
22300 
19700 
24300 
26400 
23600 
21400

20900 
19800 
20700 

21300 
24200 
22600 
23000 
23000 

33400 
32600 
30000 
29900 
30300 
31900 
30000 
30600 
29100 
26300 
32900 
31600 
23600 
21400 
53395 
14566
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Table A-11 (Ref. 15) 
FRACTURE TOUGHNESS OF BETA-TREATED AND WELD-METAL ZIRCALOY-4: 

ROOM TEMPERATURE-TRANSGRANULAR FRACTURES 

H Fluence Kjc 
(i±g/g) (1024 n/m 2) MPa,•I 

10 10.4 43.9 
46 10.3 33.3 

240 47.0 27.6 
240 47.0 28 5 
240 47.0 28.2 
240 470 31.1 
240 47.0 25.6 
240 47.0 27.7 
246 0.0 26.7 
247 28.8 22.4 
250 10.1 26.7 
250 204 27.1 
250 0.0 23.5 
250 0.0 26.0 
262 10.3 26.2 
267 0.0 25.1 
296 0.0 24.5 
300 0.0 24.2 
400 0.0 21.8 
401 00 20.1 
405 29.9 21.2 
411 00 201 
462 283 215 
465 282 200 
483 128 184 
498 27.8 22.0 
500 28.9 19.4 
500 0.0 16.5 
500 0.0 19.1 
500 0.0 18.2 
521 0.0 20.6 
526 0.0 20.2 
531 28.5 19.1 
559 0.0 20.9 
579 0.0 18.3 

1200 0.0 18.2 
1275 00 151 
1278 00 16.6 
1449 29.9 16.2 
1558 30.8 168 
1647 12.8 13.5
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Table A-12 (Ref. 15) 
FRACTURE TOUGHNESS OF BETA-TREATED AND WELD-METAL ZIRCALOY-4: 

ROOM TEMPERATURE-INTERGRANULAR FRACTURES

H Fluence Kic 
(Pw/g) (10"A n/rm2) MPaifm 

668 0.0 14.8 
707 0.0 12.4 
950 0.0 13.1 

1012 28.6 15.8 
1485 28.6 13.0 
1830 0.0 11.2 
2225 0.0 17.8 
2540 0.0 15.1 
4000 0.0 7.4

Table A-13 (Ref. 15) 
FRACTURE TOUGHNESS OF BETA-TREATED AND WELD-METAL ZIRCALOY-4: 

ELEVATED TEMPERATURE-TRANSGRANULAR FRACTURES

Temperature H Fluence Kic 
(0C) (wg/g) (102 n/m2) MPa Im 

149 240 53.0 34.5 
149 253 10.3 31.2 
149 253 29.3 29.3 
149 453 26.6 21.5 
149 494 28.6 21.7 
149 505 28.5 22.4 
177 446 64.0 20.7 
177 1337 64.0 21.3 
204 489 12.8 24.5 
204 586 12.8 23.0 
204 1606 12.8 13.3 
260 237 14.0 46.9 
260 441 14.0 33.9 
260 446 14.0 27.1

Table A-14 (Ref. 15) 
FRACTURE TOUGHNESS OF BETA-TREATED AND WELD-METAL ZIRCALOY-4: 

ELEVATED TEMPERATURE-INTERGRANULAR FRACTURES

Temperature H Fluence K1c 
(CC) (Pg/g) (1024 n/rn 2) MPaf/

149 1620 27.7 13.8 
149 1825 27.7 11.3 
149 2197 27.7 14.6 
149 3192 27.7 12.3
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Table A-15 (Ref. 15) 
FRACTURE TOUGHNESS OF ALPHA-ANNEALED ZIRCALOY-4: 

TRANSGRANULAR FRACTURES 

Temperature H Fluence Klc 

(0C) (peg/g) ( 1 0 24 n/rn) MPaJ/'m 

29 40 150 37.2 
29 40 150 35.8 
29 40 150 46.3 

149 40 150 54.5 
204 40 150 61.2 
204 40 150 57.3 
204 40 150 48.7 
260 40 150 56.1

Table A-16 (Ref. 16) 
PL TENSION TEST RESULTS FOR ANNEALED AND COLD-WORKED ZIRCALOY-2 

CLADDING 

Test Temp. W Jwax Jip Jei 
(K) MmT kNlm kN/m kN/m 

293 15 
15 218 181 

15 203 175.5 27.5 

573 25 132 115.5 16.5 
15 
15 146 129 17 
15 

293 15 
25 - " 

25 -
25 -
25 91 45 46 
25 101.5 53 48.5 
25 88.5 42.5 46 

15 99 44.5 54.5 
573 25 - -

25 105 73 32 
15 128 83 45 
15 103 70 33
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Table A-17 (Ref. 16) 
PL TENSION TEST RESULTS FOR HYDRIDED CORROSION SPECIMENS 

Test Temp. W Jmix Jp J.i 

(K) mm kN/m kN/m kN/m 

293 25 97.5 61.5 36 
573 15 105 81.5 23.5 

293 15 111 71.5 39.5 
573 15 140 115.5 24.5 

293 25 108.5 77.5 31 
15 -

293 25 63 32.5 30.5 
25 -

573 25 103.5 91 12.5 
293 25 68 40 28 

573 15 139.5 120.5 19 
293 15 30.5 14.5 16 

573 15 150.5 126.5 24 
293 2 5 A - -0 

573 15 167.5 125 42.5 
293 25 

15 72 31 41 
573 25 108 98.5 9.5 

293 15 
25 10.5 =0 10.5

A The specimen was broken when placed into testing machine.
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