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Objective of Mechanical Property Testing

• Determination of stress-strain, deformation, and fracture behavior of 
Zircaloy-2 and Zircaloy-4 irradiated to highfuel-burnups using ring-
stretch, axial, biaxial, bend, and impact specimens relevant to RIA, 
LOCA, and dry cask storage conditions and transients.

• Develop a database of mechanical properties and limits for inclusion 
into modeling codes used to analyze high-burnup fuel rods during 
reactor transients and dry cask storage.
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Key Issues to Consider for High-Burnup 
Cladding

• Creep Deformation
- Are rupture strains >1%?  ANL data indicates ‘yes.’
- Does accumulated creep strain decrease additional plastic 

ductility?

• Hydrogen Effects
- Do localized hydrides act as crack-initiation sites?
- Does radial reorientation of hydrides increase failure susceptibility?
- Does redistribution of hydrides decrease failure susceptibility?

• Accident Loadings
- Which mechanical test?  State of Stress?  Specimen type?
- Strain rates?
- Temperatures?
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Overview – Focus on Dry Storage Implications

• Material Characterization (Zircaloy-4)

• Mechanical Testing Plans & Procedures
- Testing Plan
- Preparation & Testing Facilities

• Evaluation of Testing Techniques
- Descriptions
- Lab-to-Lab Database – An International Perspective
- Relevance to Key Issues

• Summary
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Material Characterization (Zircaloy-4)

Will redistribution of hydrides occur due
to vacuum drying and/or long-term
storage?

Outer
Surface

Inner
Surface

Surry-2
36 GWd/MTU

˜ 310 wppm hydrogen (max)
15 years in Castor-V/21

H.B. Robinson
67 GWd/MTU

˜ 750 wppm hydrogen (max)
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Testing Plan (Zircaloy-4) for Dry Storage
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Irradiated Specimen Preparation

On-goingGlovebox Workup & 
Furnace Calibration

Not CompleteMeasure & Testing

Not CompletePost-test Analysis

CompletedEDM

CompletedEndcap Welding

CompletedOxide Removal

CompletedDefueling

CompletedSectioning

• Specimen Inventory:
- 6 axial specimens complete & ready for testing (4 – Surry and 2 – HBR)
- Currently, preparing 3 more HBR axial specimens, along with ring-stretch 

specimens for LOCA/RIA program
Computer-Controlled, Traveling-Wire

Electro-Discharge Machine (EDM) in Hotcell
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Irradiated Specimen Preparation
HBR Specimen ID 1C13

(Ready to Measure & Test)
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Testing Facility Upgrades

• Radiological Glovebox
- Primary purpose is 

contamination control
- Leaded glass & structure 

provides γ shielding
- Experimental Equipment

- Instron Model 8511 
mechanical testing system 
with infrared furnace

- Struers Model Duramin-20 
imaging and microhardness
testing system

- Awaiting final Design & Safety 
Verification Reviews
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Testing Facility Upgrades

Radiant
Furnace
(closed)

10 kN
(2248 lbf)
Load Cell

Servo-
Hydraulic
Actuator

Quartz Tube

Purge-gas & 
T/C Ports

Axial
Specimen

Bottom
Pullrod

Thermocouples (T/C)

Furnace
Element

Furnace Door Open

Top
Pullrod
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Evaluation of Testing Techniques

• Pressurized-tube Creep Test – STEADY-STATE STORAGE

• Microhardness - MECHANICAL PROPERTIES

• Uniaxial Tensile Test (z and θ) – MECHANICAL PROPERTIES
- Yield Stress (YS), Ultimate Stress (UTS), & Uniform Elongation (UE)
- Total elongation (TE) is used for comparative purposes
- Can use results to determine Strain Energy Density (SED)

• Biaxial Tension Test (1 ≤ θ/z ≤ 2) – MECHANICAL PROPERTIES
- Plane-strain ring specimen for relative ductility, YS, UTS, & SED
- Tube burst specimen for YS, UTS, SED, & relative ductility

• Ring Compression Test – MECHANICAL PROPERTIES
- Relative ductility

Dry Cask License Renewal Criteria
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Evaluation of Testing Techniques (cont’d)

• 3- or 4-Point Bending Test (UE < 1%) – MECHANICAL PROPERTIES,
HANDLING & ACCIDENT
- Fueled pre-creep samples (76-100 mm)
- Defueled post-creep samples (76-100 mm)
- Determine effective elastic stiffness for code input
- Determine failure Bending Moment Mf, axial stress (σf) & strain (εf), 

SED

• Impact Tests – HANDLING & ACCIDENT
- High-? deformation modes
- Relative impact energy

Dry Cask License Renewal Criteria
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Evaluation of Testing Techniques (cont’d)

• Lab-to-Lab Variation (International Round Robin) for testing 
identical material
- Differences in specimen design and test procedures

Dry Cask License Renewal Criteria

Mechanical Strength – good agreement
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Evaluation of Testing Techniques (cont’d)
Dry Cask License Renewal Criteria

yesMECHANICAL PROPERTIESMicrohardness

yesHANDLING & ACCIDENTImpact Test

yes
MECHANICAL PROPERTIES

HANDLING & ACCIDENT
3- and 4-point Bend Test

yesMECHANICAL PROPERTIESPlane-strain Tensile Test 
(biaxial)

noMECHANICAL PROPERTIESTube Burst Tensile Test 
(biaxial)

yesMECHANICAL PROPERTIESRing Compression Test

yesSTEADY-STATE STORAGE
Pressurized-tube

Creep Test

MECHANICAL PROPERTIES

MECHANICAL PROPERTIES

Primary Relevance

yes
Hoop (θ) Tensile Test

(uniaxial)

yesAxial (z) Tensile Test 
(uniaxial)

ANL 
Capable

Testing Technique
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Evaluation of Testing Techniques (cont’d)

• Relevance to Key Issues – Creep Deformation
- Additional decrease in strain-hardening properties due to 

increase in creep-induced defect density

200 nm 

C. Regnard, et al., “Activated Slip Systems and Localized Straining
Of Irradiated Zr Alloys in Circumferential Loading,” Zr in the Nuclear
Industry:  13th Inter. Symposium, ASTM STP 1423, pp. 384-399.

Irradiated 0.6x1025 n/m2 and
1.15% tensile strain

-20

0

20

40

60

80

100

120

140

0 1 2 3 4 5 6 7 8

TMI1_uni_2
Power Law Fit
derived from FEA 0

200

400

600

800

E
ng

in
ee

rin
g 

S
tre

ss
 (k

si
)

Engineering Strain (%)

Yield strength = 104 ksi
Ultimate tensile strength = 115 ksi
Uniform elongation = 1.4%

TMI1_uni_2

3.6x10-4/s

E
ng

in
ee

rin
g 

S
tre

ss
 (M

P
a)

Dry Cask License Renewal Criteria

ANL Zry-4 Data, 50 GWd/MTU, Room Temperature



16Pioneering 
Science and
Technology

Nuclear
Regulatory
Commission

Evaluation of Testing Techniques (cont’d)
• Relevance to Key Issues – Hydrogen 

Effects
- Hydride layer causes flaw initiation at 

outer surface

- Re-distribution of hydrides to a more 
uniform

- Re-orientation of hydrides to a more 
radial orientation

Surry-2 1C6

Non-irradiated A2Y3

HBR 1C10

50 µm

Dry Cask License Renewal Criteria
No Oxide

Oxide
Oxide
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Evaluation of Testing Techniques (cont’d)

• Recall Key Issues – Accident 
Loadings

- Temperatures 200-400°C per ISG-11

- Strain rates
- 0.1 and 100%/s for 

MECHANICAL PROPERTIES
- >100%/s for HANDLING & 

ACCIDENTS

- Proper selection of pre- and post-
creep specimen to represent 
deformation modes

F. Yunchang and D.A. Koss, “The Influence of Multiaxial 
States of Stress on the Hydrogen Embrittlement of 
Zirconium Alloy Sheet,” Metallurgical Transactions A, 16A, 
April 1985, pp. 675-681.

Dry Cask License Renewal Criteria
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Evaluation of Testing Techniques (cont’d)
Dry Cask License Renewal Criteria

Handling
&

Accidents

Mechanical
Properties

Relative assessment of properties
pre- and post-creep

Pre-creep Specimens Post-creep Specimens

High strain-rate
Bend & Impact

Microhardness
Axial Tensile Specimen

Low strain-rate Bend Specimen
Biaxial Specimen

Microhardness
Axial Tensile Specimen

Low strain-rate Bend Specimen
Biaxial Specimen

High strain-rate
Bend & Impact
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Summary
• Mechanical Properties of Zircaloy-4 cladding from Surry-2 (36 

GWd/MTU after 15 years of dry storage) and H.B. Robinson (67 
GWd/MTU) for code development and licensing input
- Fluence, storage history, and hydrogen effects
- Initial testing of axial-tensile specimens to commence in Nov. 2003

• Interpretation of irradiated properties database should be more 
relative than absolute to account for lab-to-lab and material-to-
material variations.

• Pre- and post-creep testing must account for:
- Possible, reduction in strain-hardening
- Hydrogen-induced cracking, hydride re-distribution and re-

orientation
- State of stress relevant to storage handling and accidents


