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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 high fuel burnups using ring-
stretch and axial tensile specimens and biaxial burst specimens 
relevant to RIA and LOCA transients and dry cask storage 
conditions.

• Develop a database of engineering and constitutive stress-strain 
properties and critical strains for inclusion into fuel modeling codes.

360.7Cold-Worked, Stress-RelievedSurry Zircaloy-4

571.1Recrystallized-AnnealedLimerick Zircaloy-2

500.9Cold-Worked, Stress-RelievedTMI-1 Zircaloy-4

671.4Cold-Worked, Stress-RelievedHBR Zircaloy-4

00Cold-Worked, Stress-RelievedZircaloy-4

00Recrystallized-AnnealedZircaloy-2

Rod Avg. Fuel Burnup
(GWd/MTU)
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(1022 neutrons/cm2)
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Experiment-Model Interface

Environmental Parameters
-Temperature
-Heating Rate
-Strain Rate

Material Parameters
-Fast Fluence

-Hydrogen Uptake
-Hydride Microstructure

Engineering Properties
-Yield Stress

-Ultimate Stress
-Uniform Elongation

-Total Elongation

Constitutive Properties
-Strength Coefficient

-Strain-hardening Exponent
-Strain-rate Sensitivity Critical Plastic Strain

(Limit and Fracture)

Critical Strain Energy
Density

Load vs. Displacement
f(environmental, material)

Sponsor Analysis
Inputs into Modeling Codes

- FRAPCON
- FRAPTRAN

- FALCON

Property Database
(MATPRO)

Measurements of
True Plastic Strains
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Overview

• Mechanical Testing Plans & Procedures
- Testing Plans
- Engineering and Constitutive-based Properties
- Critical Strain-based Properties

• Irradiated Specimen Preparation & Testing (to-date)
- Machining & Dimensional Measurements
- First Irradiated Test
- Facility Upgrades

• Future Schedule
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Non-irradiated Testing Plan

150

700
750

600
650

800

550
500
450
400
300

25

100%0.1%έ (s-1)
T (°C)T (°C) Zr-2 Zr-4 Zr-2 Zr-4

- Uniaxial
Axial-Tube

-Biaxial Burst LOCA
-Constant Pressure 800, 1600 psig (5.52, 11 MPa)
-Temperature Ramp at 1 and 10°C/sec
-Determine Rupture Temperature

1 3 3 1 2 2

1 3 3

1 3 3 1 2 2

1 3 3

1 3 1 2

1

1

1

1

1

1

1

1

1

1 3 3

1 3 3

1 3 3

1 3

1 3

1 3

1

1

1

1

1

1

1 2 2

2

1 2

1 2

1

1

1

Reference:  IPS-263-Rev.3

- Uniaxial Ring-stretch

- Plane Strain Ring-stretch



6Pioneering 
Science and
Technology

Nuclear
Regulatory
Commission

Irradiated Testing Plan
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Published in the proceedings of the 4th Symposium
on Small Specimen Test Techniques, Reno, NV,
January 23-25, 2001Uniaxial Properties – Zr-4

• Determination of transverse (hoop) stress-strain 
response [f(T,έ)] using the following procedure: Optimization of Loading

Grip Geometry to Limit
Bending and Friction Effects

Transverse
Load (P) vs. Displacement (d)

Response

Finite Elemental Analysis
using ABAQUS

Iterative Calculations of
Transverse σ vs. ε

to match
Transverse P vs. d

based Longitudinal Data

Longitudinal
Load (P) vs. Displacement (d)

Response Design of Uniaxial Ring-stretch
Specimen to Optimize Uniform

Distribution of stress-strain

Simple Calculation of
Longitudinal S vs. e

FEA Development of 
Loading Grip Geometry and
Effects of Friction & Lift-off

Assumes degree

of anisotropyTransformation to
Longitudinal σ vs. ε

Analysis of Stress-strain
Distribution in Plane-strain

Ring-stretch Specimen

Plane-Strain RST Uniaxial RST

Final Determination of
Transverse σ vs. ε

Extrapolate to Final
Engineering Stress-strain

Response
Transformation to
Transverse S vs. e
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Uniaxial Properties
• Transverse (Hoop) Properties (Finite Element Analysis)
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Uniaxial Properties – Zr-4

• Transverse (Hoop) Properties
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Biaxial Properties – Zr-4
• Biaxial state of stress for mapping Yield and Rupture Loci
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Critical Strain-based Properties
• True hoop plastic strains 

measured using microhardness
indent arrays

• Used to:
- Measure hoop cladding ductility
- Supplement RST uniform elongation 

analysis

Optical Axis

0.005 < Strain Error < 0.01

εplastic = ln(ℓf/ℓo)

r

θ
z

Indent-to-indent
spacing measured

using x,y stage with
resolution of 0.001 mm
before & after testing

z

θ
r



12Pioneering 
Science and
Technology

Nuclear
Regulatory
Commission

Critical Strain Definitions
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local strain across 
fracture surfaces
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uniform strain at onset 
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calculated using 
numeric integration
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Critical Strain Results
• Determine the influence of localized 

(layered) hydride precipitation on plane-
strain ductility relevant to postulated RIA 
conditions.

Non-irradiated
17x17 Zircaloy-4

Irradiated
HBR 15x15
Zircaloy-4
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Published in the proceedings of the International
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Irradiated Specimen Preparation
• Specimen Inventory (End of July 03):

- 12 RST and 4 Plane-Strain (TMI-1)
- 7 Axial (5 – Surry and 2 – HBR)

Not CompleteTesting

Not CompletePost-test Analysis

On-goingEDM

CompletedEndcap Welding

CompletedOxide Removal

CompletedDefueling

CompletedSectioning
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First Irradiated Test – TMI-1 Uniaxial RST
• Successfully completed July 

2002

• ALARA assessment
- Engineering barriers sufficient 

during test but significant 
contamination present during 
disassembly  - HOLD POINT

- Develop better contamination 
containment

• Recommendation for 
radiological glovebox system
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Testing Facility Upgrades
• Radiological Glovebox

- Primary purpose is 
contamination control

- ANL ALARA Funding 
($150K)

- Conceptual design & 
operations

- DOE Mandated Reviews
- Design
- Experiment Safety
- ALARA

- Construction
- Validate concept of 

operations
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Testing Facility Upgrades

Quartz Tube

RST Loading
Grips w/ RT

γ Shields

Servo-
Hydraulic
Actuator

T/C Ports

Radiant
Furnace
(opened)

Thermocouple

Pullrod

10 kN
(2248 lbf)
Load Cell

Load Pin
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Testing Facility Upgrades
• Automated Indentation System

- Training
- Modification
- Installation into glovebox
- Validate concept of operations
- Experiment Safety & ALARA 

Reviews

Measure prior and
after testing

Calculate
εplastic = ln(ℓf/ℓo)
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Schedule for Re-starting Irradiated Testing
Major Activity
Mechanical Testing Facility Upgrade

ANL Funding Allocation
Conceptual Design & Operations
Procurement
Design Review
Experiment Safety Reviews
ALARA Reviews
Construction
Leak-testing & Readiness Testin
Validate Concept of Operations
Validate Experimental Procedure
Final Authorization

Specimen Preparation
Defueling & Decontamination Op
AGHCF Maintenance & Repair St
Endplug Welding (axial only)
Oxide Removal
EDM-cutting
Transfer Specimens into Gloveb
Dimensional Analysis

Re-start Irradiated Testing

Jul '02 Aug '02 Sep '02 Oct '02 Nov '02 Dec '02 Jan '03 Feb '03Mar '03 Apr '03 May '03 Jun '03 Jul '03 Aug '03 Sep '03
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RST Procedure based on ‘Isotropic’ 304SS

• Assumes isotropic plasticity of 
304SS tubing.

• Uniaxial RST data indicates 
0<µ<0.05.

• FEA is used to correct for 
effects of loading grips & 
friction, as well as, an 
“effective” gauge length as a 
function of plastic 
displacement.
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Hoop Strain-rate Sensitivity

0

0.01

0.02

0.03

0.04

0.05

0.06

0 100 200 300 400 500

ANL Data

Lee et a l Data

PSU Data

PROMETRA Data
S

tr
ai

n-
R

at
e 

S
en

si
tiv

ity
, m

Temperature (OC)

Zircaloy-4 CWSR



24Pioneering 
Science and
Technology

Nuclear
Regulatory
Commission

Near Plane-strain Condition
“Near” plane-strain

condition is located in 
center 2-3 mm of 
gauge section.
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Hydrided Specimen Plasticity vs. Cracking
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Hydrided Specimen Ductility
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• Ductile-to-brittle transition occurs at approximately:
- 100 µm for 26°C
- 140 µm for 300°C
- >270 µm for 375°C
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Correlation of H Content to Hydride Layer
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HBR Hydride Distribution
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Irradiated Specimen Preparation
• Sectioning rod into 3 

to 6-inch long 
segments

• Defueling in nitric acid 
bath

• Partial removal of OD 
oxide for electrical 
continuity

• Welding endcaps for 
axial tensile 
specimens

• Machining of gauge 
sections using EDM

Before oxide removal (as-etched)

After oxide partially removed (as-polished)
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Irradiated Specimen Preparation

TMI 536B3H5 Type D
RST Specimen

TMI 536B3H13
Plane-Strain Specimen

Surry 591C2C Axial Tensile
Specimen
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