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Failure MechanismsFailure MechanismsFailure MechanismsFailure Mechanisms
Ductile failureDuctile failure

“Necking” of material“Necking” of material
Rough fibrous Rough fibrous 
surfacesurface

Brittle failureBrittle failure
clean break with littleclean break with littleclean break with little clean break with little 
material deformationmaterial deformation
fracture surface appears fracture surface appears 
smoothsmooth
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Notch Constant Load TestNotch Constant Load TestNotch Constant Load TestNotch Constant Load Test

Tensile creep test for Tensile creep test for 
ESCRESCR
Temperature and Temperature and 
concentration concentration 

t ll d b tht ll d b thcontrolled bath controlled bath 
Long test durationLong test duration
Large variability in Large variability in 
resultsresults
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Strain HardeningStrain HardeningStrain HardeningStrain Hardening
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Strain Hardening and ESCRStrain Hardening and ESCRStrain Hardening and ESCRStrain Hardening and ESCR
Chain entanglement Chain entanglement gg
effecteffect
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Strain Hardening TestStrain Hardening TestStrain Hardening TestStrain Hardening Test

Proposed methodProposed method
Ambient conditionsAmbient conditions

Previous methodPrevious method
8080°°C test temperatureC test temperature

Standard tensile testerStandard tensile tester
LoadLoad--displacement displacement 
measurementsmeasurements

Optical extensiometerOptical extensiometer
True stressTrue stress--strain strain 
measurementsmeasurements measurementsmeasurementsmeasurementsmeasurements
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Tensile ExperimentTensile Experiment
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Strain HardeningStrain HardeningStrain HardeningStrain Hardening
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Hardening StiffnessHardening StiffnessHardening StiffnessHardening Stiffness
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NRDNRD –– Natural Drawing RatioNatural Drawing RatioNRD NRD Natural Drawing RatioNatural Drawing Ratio
hardeningstrainofonsetatntdisplacemesampleNRD
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Natural Drawing RatioNatural Drawing RatioNatural Drawing RatioNatural Drawing Ratio
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Strain Rate EffectStrain Rate Effect
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Strain Rate Effect: StiffnessStrain Rate Effect: StiffnessStrain Rate Effect: StiffnessStrain Rate Effect: Stiffness
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Strain Rate Effect: NDRStrain Rate Effect: NDRStrain Rate Effect: NDRStrain Rate Effect: NDR
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Test Method ComparisonTest Method ComparisonTest Method ComparisonTest Method Comparison

Tensile strain Tensile strain 
••Short test timeShort test time
Easy test methodEasy test methodhardeninghardening ••Easy test methodEasy test method

••Average coefficient of variation 0.05Average coefficient of variation 0.05

NCLTNCLT
••Long test durationLong test duration
••More test variablesMore test variables
••Average coefficient of variation 0.20Average coefficient of variation 0.20
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Concluding RemarksConcluding RemarksConcluding Remarks Concluding Remarks 

Strain hardening stiffness allows clearStrain hardening stiffness allows clearStrain hardening stiffness allows clear Strain hardening stiffness allows clear 
ranking of resins for ESCRranking of resins for ESCR
NDR strainNDR strain rate independent indication ofrate independent indication ofNDR strainNDR strain--rate independent indication of rate independent indication of 
ESCR trendESCR trend
St i h d i t t h b ttSt i h d i t t h b ttStrain hardening test has better Strain hardening test has better 
reproducibility than NCLTreproducibility than NCLT
Potential to replace NCLT as ESCR test Potential to replace NCLT as ESCR test 
method (discussion with industry in method (discussion with industry in 
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