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Abstract

In a reactivity-initiated accident (RIA), a control rod ejection or drop causes a sudden increase in

reactor power, which in turn deposits a large amount of energy into the fuel. The resulting thermal

expansion and fission gas release loads the cladding into the plastic regime and may cause it to fail. In

order to predict cladding survivability, there has been considerable interest and effort in supplementing

integral RIA tests with separate-effects ring tests of cladding tubes. Such tests can give us insight into

failure mechanisms and measure relevant mechanical properties (such as yield strength, uniform

elongation, uniaxial stress-strain curve, etc.), for use in computer codes that attempt to predict cladding

response during an RIA. The accuracy of such model predictions obviously depends on appropriate and

accurate failure data. This study concerns itself with the proper development of ring tensile tests that (i)

are similar to the loading conditions present in an RIA, (ii) measure the relevant mechanical properties

and (iii) provide insight regarding the influence of the strain paths on the failure mechanisms present if

Zircaloy cladding. Based on both experiments and computational modeling, we investigate the failure

of Zircaloy tubing as a function of specimen geometry, and discuss the limitations of certain ring-test

geometries in yielding failure ductility data that are applicable to RIA situations.

In this work, we performed ring tension tests on four specimen geometries to determine the

influence of strain path and specimen geometry on both the deformation behavior and failure strains

under either uniaxial tension or near plane-strain tension transverse to the tube axis. We conducted tests

at both room temperature and 300°C, under quasi-static strain rate conditions (10'3/s). The uniaxial

tensile tests provide stress-strain curves that are used extensively in design and analysis; such stress-

strain curves are not easily obtained from the plane-strain tensile specimens. Because Zircaloy tubing is

plastically anisotropic (we determined a transverse plastic anisotropy ratio of roughly 2.4 in this study),

through-thickness slip is naturally inhibited. Consequently, the deformation behavior observed in

uniaxial ring tension is dominated by slip across the specimen width, and failure occurs along planes

inclined across the specimen width. Thus, the ductility data obtained from uniaxial specimens are not



directly applicable to RIA situations. Despite the difficulty of through-thickness slip, the experimental

results indicate that the double edge notches in the plane-strain ring test specimen forces plastic

deformation and failure to occur by through-thickness slip on planes oriented at roughly 45° through the

thickness. Thus, while failure in plane-strain ring tension is limited by through-thickness deformation (as

is likely to occur in RIA-like situations), a different deformation process controls failure in uniaxial ring

tension.

Furthermore, careful examination of the strain distributions using gridded tensile specimens as

well as finite element analysis indicate that the inherent plastic anisotropy induces highly

inhomogeneous plastic deformation within the gauge length of uniaxial ring specimens in such a manner

as affect ductility measurements, especially for specimens with small gauge length-to-width ratios.

Specifically, the difficulty of through-thickness slip creates "dead zones" near each end of the gauge

length, where the proximity of the fillets creates a zone where deformation does not occur. The

presence of these "dead zones" results in non-uniform deformation both across the specimen width and

along its length, and this condition exists from the onset of yielding. Thus, especially for specimens

with short gauge length-to-width ratios (l/d « 1), a condition of uniform deformation does not exist, and

specimen necking occurs from the onset of plastic deformation. As a result, the strains at maximum load

are small and do not correlate with a "uniform" strain in the true sense of the term. Furthermore, the

resulting fracture strains tend to show a large degree of experimental scatter.

Finite-element analyses indicate that the inherent incompatibility in the transverse plastic

deformations of the gauge section and the shoulder regions of the uniaxial specimen causes stress and

plastic strain concentrations at the fillet junction, the magnitudes of which depend on the specimen

geometry. The stress concentration effects are damped out with increasing distance from the fillet

junction, and thus a minimum gage length is needed before the stress-strain distributions at the center of

the gage length become homogeneous. This minimum gage length is considerably longer for an

anisotropic material like Zircaloy than for normal isotropic materials. If the gauge length of a uniaxial

Zircaloy specimen is too short (e.g.,l/d=l), the plastic strain distribution in the entire gage length is non-

uniform from the onset of yielding, which is unacceptable. A minimum l/d =4 is needed before a

significant fraction of the gage length at the specimen center deforms homogeneously and valid

measurements of yield strength and uniaxial stress-strain curves of the material can be made. However,

even in this case the peak stress and plastic strain at the fillet junction may cause failure to initiate

prematurely at a location near the end of the gage section. In summary, ductility data from such
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specimens are affected by the specimen geometry and the resulting necking process and such data may

not be representative of a material deforming uniformly in uniaxial tension.

In order to minimize the influence of the "dead zones" and specimen geometry on the behavior

of uniaxial ring specimens, we examined the deformation and failure behavior of specimens with larger

gauge length-to-width ratios (l/d « 4). In these results, we found a greater extent of uniform deformation

and strain values at maximum load that approached (but did not equal), the values anticipated from the

mechanics of diffuse necking (i.e., strain at maximum load ~ strain hardening exponent). Failure in

these specimens still occurred on planes inclined across the specimen width, as opposed to through-

thickness planes as is the case in the near plane-strain specimen geometry.

Further analysis shows that the failure strains obtained from uniaxial ring tests with increased

gauge lengths are still influenced by specimen geometry. A comparison of failure strains determined

from uniaxial tension tests (l/d ~ 4) and from plane-strain tension tests shows that the limit strains at the

onset of necking are greater in plane-strain tension than in uniaxial tension at both room temperature and

at 300°C. While the value of the limit strain obtained in plane-strain tests is consistent with localized

necking theory, the limit strain obtained from uniaxial tension tests is not. In addition, the fracture

strains, as measured locally across the fracture surface, are a factor of 2 to 3 times greater in uniaxial

tension than in plane-strain tension. Such behavior is consistent with the lack of constraint in uniaxial

tension and, unlike the burst failure of a cladding tube, uniaxial failure is affected by the ease of slip in

the axial direction of such a ring specimen.

Finite-element analyses of the double edge-notched plane strain ring specimen show that

significant plastic deformation of the specimen is needed before about half the width of the minimum

cross-section of the specimen is under a sufficient biaxial state of stress in order to deform in an

approximately plain strain manner. Once plane strain deformation is attained, the axial stress

distribution becomes relatively uniform and the plane strain axial flow stress can be related to the

measured load. Owing to the lack of a well-defined gauge length, the average axial plastic strain in this

specimen cannot be directly related to the measured displacement. Thus, the ductility data have to be

obtained experimentally after the tests. Furthermore, the ductility data will be valid measures of plane-

strain ductility provided failure is initiated at the interior of the specimen and propagates outward rather

than initiating at the notch edges and propagating inward. Experiments on Zircaloy 2 specimens do

indeed indicate that failure initiates at the specimen interior.

In summary, our results indicate the importance of specimen design in selecting a ring specimen

geometry that will yield meaningful mechanical properties and ductility data and reproduce the loading



conditions present during an RIA. Our experiments and analysis show that for Zircaloy tubing, data

such as uniaxial yield strengths and stress-strain curves are better achieved by using a uniaxial specimen

whereas ductility data that are applicable to RIA transients are better achieved using a plane-strain

specimen. If significant plastic anisotropy exits, uniaxial ring tests should be performed on specimens

with gauge length to width ratios of at least 4. However, the tubing geometry does not allow for very

large 1/d values, and thus uniaxial ring specimens may be inherently susceptible to the types of

limitations observed in the present tests. Given that failure can be induced on through-thickness planes

in plane-strain specimens, ductility values derived from this geometry are likely more applicable for

predictions of RIA-like cladding failures.


