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KYT2022 MECAN work packages

1. Strain localization study by digital image correlation (DIC)
Multi-scale DIC, inverse problem methodologies.

2. Hydrogen effects on copper, HE by hydrogen nano-voids
Hydrogen nano-void formation studies, TDS as a probe for other phenomena?

3. Stress corrosion cracking of copper
Studies about sulphide SCC, crack propagation and FSW/sulphidation of oxide particles. Co-operation
with VTT and SUCCESS
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Strain Localization Study by Digital Image Correlation (DIC)
Using Non-Traditional Tensile Specimen



References:

We started with two references, which introduced the D-
shaped specimens:

[1] E.M.C. Jones, et al., Parameter covariance and
non-uniqueness in material model calibration
using the Virtual Fields Method, Computational
Materials Science, 152 (2018) 268–290.

[2] E. M. C. Jones, et al., Investigation of assumptions
and approximations in the virtual fields method
for a viscoplastic material model, Strain, 55
(2019) e12309.
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The general idea
• The tests are used to gather a wide range of

independent data from only a couple of tests,
which would otherwise require hundreds of
conventional tests.

• The wider range of data, the better for
calibration purposes.

• The D-shaped specimens are ideal for
gathering strain rate dependent data, which is
needed for modelling the behaviour of spent
nuclear fuel disposal canisters in the
repository conditions.

• The virtual fields method (VFM) is an inverse
technique used for parameter estimation and
calibration of constitutive models [1-2, 3], but
other methods can also be used.

[3] The Virtual Fields Method: Extracting Constitutive Mechanical Parameters from Full-field Deformation
Measurements, Pierron F., Grédiac M., Springer Verlag 2012 (ISBN: 978-1-4614-1824-5)

[1]

Conventional tensile test



The three specimens after testing
Three tests with different extension
rates of the tensile testing machine:
• All specimens deformed and

fractured similarly: the round part
gets gradually straightened

• However, small differences in length
can be seen due to different strain
rates in the specimens

• The lowest strain rate leads to
lowest deformation
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Plotting the strains

*specimen D3



Plotting the three tests combined:



Initial conclusions
• The general idea works!
• The D-shaped specimens are not ideal for reliability of

extracting parameters of constitutive models for metal
plasticity.

• Repeating experiments gives very similar strain fields but
surprising differences in extracted parameters

• Areas of the specimen that show the most extreme stress
states don’t fully satisfy 2D approximation

• Sensitivity analysis indicates large contribution to variability
in determined constitutive parameters from small specimen
regions, highly dependent on local quality of DIC pattern,
local residual stresses, and manufacturing accuracy

• Switch to X-shaped specimens with a little less variation
in stress state and strain rate that promise much better
repeatability of results

• Invaluable insights from colleagues at Sandia who are doing
more of this than we are, on different materials



X-shaped specimens
• Some challenges with DIC patterning

• Optical projection of DIC pattern mask
with variable magnification instead of
direct contact masking

• Questions about importance of
keeping specimens flat

• Possibility of accounting for this with
measurement of out-of-plane
displacements

• Solving these issues will make future
work much easier and quicker
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Experimental studies in 2022

Determination of the critical potential for micro-void formation
and increased hydrogen uptake of CuOFP

Experimental studies
- CuOFP samples were cut using EDM and ground to 1200 grit
- Samples electrochemically charged at varying potentials

in 1 N H2SO4 at 45  C̊ for 2h
- Samples were analysed using TDS,

SEM and EBSD



Thermal desorption spectroscopy

- Charging potential Ea < -1,1 V leads to markedly higher
hydrogen uptake in CuOFP



- Higher charging potential causes spikes in TDS measurements



Samples charged above -1,1 V

CuOFP_H12 Ea CH

-1,05 V 0,72 wppm
- Samples charged over the threshold of -1,1 V showed no
significant signs of damage, only small and shallow depressions
present locally on material surface



Samples charged below -1,1 V
CuOFP_
H3

Ea CH

-1,1 V 2,03
wppm

- Samples charged below the threshold
showed significant surface damage by
opened voids present throughout the
sample surface

- Void were formed at the surface and
subsurface of the material with diameters
up to 2 µm and depths of 25 µm



- The voids did not however form only on grain
boundaries but also in the copper matrix of the material



Conclusions

- When Ea<-1.1V there is a markedly higher uptake of H in CuOFP
- This increased hydrogen release shows also as spikes in TDS graphs
- The spikes correlate with voids opening (d=2 μm) on Cu surface and subsurface up

to a depth of 25 μm.
- Voids did not form only on grain boundaries. Oxide particles as sites of void

formation?
- HE by hydrogen voids may not occur with sulphide concentrations in the range of

10-7 to 10-4 mol/l and corrosion potential markedly above this experiment’s
threshold
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KYT2022 MECCI work packages

1. Hydrogen kinetics and degassing in Ductile Cast Iron
processing and publication of existing data
estimation of maximum and typical amount of hydrogen expected in repository conditions

2. Strain aging of Ductile Cast Iron
possibility of static strain aging without external loading event
combined effects of static strain aging with hydrogen
dynamic strain aging at lower temperatures with very slow strain rates

26.1.2023 20



Hydrogen Kinetics and Degassing in Ductile Cast Iron (DCI)



CERT CLT

a). CERT of A-type specimens in air, distilled water, and under continuous hydrogen charging.

b). CLT at applied stress of 160 MPa in air and distilled water, as well as under continuous hydrogen charging. A
remarkable increase of strain and strain rate in CLT under continuous hydrogen charging is observed.
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Hydrogen effects in tensile testing of cast iron



Side-view of the polished specimen surface ahead of the crack tip after interrupted CLT in
distilled water a) and under continuous H-charging b). The ligaments between the large
voids crack by shear and development of microvoids in distilled water a) and by cleavage
fracture in the presence of hydrogen b).

H-free H-charged

23

Hydrogen effect on crack advance in cast iron



CLTCERT

TDS curves show few characteristic peaks of hydrogen desorption rate.

a) CERT results in a dramatic increase of the 400 K peak, while the 500 K peak increases only slightly.

b) TDS after CLT shows a dramatic increase of the 400 K peak and corresponding hydrogen uptake.
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Hydrogen uptake and trapping in DCI



Tensile loading of cast iron under continuous H-charging results in a remarkable increase of hydrogen uptake
and consequent early fracture. Hydrogen uptake in cast iron takes place even in free immersion in 0.1N
sulfuric acid solution. This may be relevant, for example, if the canister inserts are stored outside.

(up to fracture)
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Hydrogen uptake in cast iron
under continuous H-charging and  constant load testing, and in free immersion in weak sulfuric acid



Observations

Hydrogen has potential to cause significant deterioration of mechanical performance
of ductile cast iron, in particular ductility
Stress state or deformation significantly affects hydrogen uptake
Assuming that the hydrogen is distributed uniformly over the entire mass of the cast
iron is not conservative, especially not if non-uniform deformations occurred
Worst case that hydrogen concentrates where deformation already localised does not
seem unlikely
Stricter limits in allowed amounts of metallurgical hydrogen and water may be
advisable



Strain aging of Ductile Cast Iron (DCI)



M.Sc. Thesis of Ville Björklund
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Aging

Pre-straining Tensile test



M.Sc. Thesis of Ville Björklund
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Mechanical setup
for mechanical testing with a temperature gradient

• Servo-hydraulic universal testing
machine
- Cross-head displacement control
- Water-cooled grips

• Cylindrical dog-bone specimens
- ⌀ 10 mm, 60 mm gauge length

• Digital Image Correlation for strain
profile measurement
- Spray-painted pattern with silicone-based

high-temperature paint
• New grips for flat specimens
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Modelling and experiments by Malo Valmalle

Mechanical testing at different
temperatures and strain rates

negative strain rate sensitivity above 200°C

Literature study of constitutive modelling
of strain aging and finite element
modelling of Portevin-Le Chatelier effect
and Lüders bands

Asymmetry between tension and
compression

Material parameter identification from
combining DIC and modelling
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Modelling and experiments by Malo Valmalle
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Conclusions regarding strain aging of DCI insert

• Strain aging occurs in all conditions through the whole test matrix.
- SSA results in an elevated pronounced yield point of the material and reduces markedly the

elongation to fracture.
- SSA saturates already after aging at 100℃ for 1 day.
- SSA at higher temperatures of 300℃ and 400℃ increases the yield stress less and the yield

point becomes less pronounced.
- Fracture mode does not change due to SSA: it stays as ductile dimpled fracture.

• Strain aging increases strongly the localization of plastic strain.
- For SSA to have impact on the canister safety there needs to be two separate loading events

that cause yielding in the same canister.
- DSA results in spontaneous localized deformation (Lüders bands) in a temperature-dependent

range of strain rates, with lower strain rates at lower temperatures
- Accurately modelling deformation at stress concentrations requires accounting for strain

aging
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Observations

Localized deformation from stress concentrations,
hydrogen uptake and embrittlement,
strain aging, and
radiation embrittlement

all have interrelated effects, operating via some of the same physical mechanisms,
each with the potential to catastrophically reduce the ductility of the cast iron insert

These phenomena need to be considered together, including how they affect each
other, to properly assess the performance of the cast iron insert under their combined
effect.


