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Summary

The material characterization and new development of crystal plasticity material model for the OFP
copper material mechanical behaviour within the KYT2022 CRYCO project is presented. Model
generation that includes the creep void formation and preliminary calibration of the micromechanical
material model have been carried out. Electron microscopy of and void characterization of the material
has been carried out.
The basis of work is crystal plastic material modelling including grain orientation and size distribution
from electron backscatter diffraction imaging based models which can be extended to 3D synthetic
models as seen necessary. Effort to take the defect (pore) structure has been done and first calibrations
for the model has been carried out. Model generation yields a realistic description of texture and grain
shape including case hardening characteristics, and ultimately accurate stress and strain response at
the microstructural level for further expansion and evaluation of performance with respect to material
creep(-fatigue) damage. Cyclic relaxation testing has been delayed due to device failure. Time
dependent calibration will be done on the last year of the project on the basis of relaxation tests carried
out in the year 3 and 4 of the project. Based on the results the model is able to reproduce the
deformation behaviour seen in the mechanical tests.
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1. Introduction

Regarding the spent nuclear fuel repository in Finland, the copper overpack of the canister will be an
important barrier against release of radioactive materials in the repository. As the hydrostatic and
bentonite swelling pressure will develop in the environment of final repository, the copper overpack
will be pressed against the insert, affecting the stress state in the overpack. Depending on location,
stress-strain history from manufacturing, transport and assembly, defect structures, and possible rock
movement, the resulting deformation and damage is challenging to predict and assess in detail. A
particular challenge will arise from these changes being time-dependent and very slow in comparison
to most technical applications that are designed for relevant deformation and damage mechanisms
(creep, stress relaxation and cyclic loads).
Oxygen-free phosphorus-doped (OFP) copper is the chosen material for the overpack that will protect
the spent fuel canisters against corrosion in the underground final disposal repository in the Olkiluoto
Onkalo site. Because the canister will experience internal heating by residual nuclear fuel activity, with
loads or strains from thermal, handling or other sources the shell will creep to some extent.
Additionally, the shell may experience stress relaxation, when such loading is first peaking and then
followed by steadier periods under constraint. Relaxation refers to material response where the stress
under structural constraint is decreased (relaxed) by mechanism of creep.
Micromechanical characterization provides the basis for microstructure informed modelling of creep
incorporating plastic deformation (slip) and also damage (cumulative microstructure scale creepfatigue
damage). Microstructural and crystal plasticity (CP) modelling capability for copper are developed and
its performance in reproducing experimentally determined stress and strain history and creep-fatigue
response, as new data comes available, will be demonstrated. Creep relaxation response will be the
topic in the following year.
The basis of work is a CP material modelling including grain orientation and size distribution from
electron backscatter diffraction (EBSD) imaging based models or synthetic models as seen necessary
and possible defect (pore) structure. This will yield a realistic description of texture and grain shape
including case hardening characteristics, and ultimately accurate stress and strain response at the
microstructural level for further evaluation of performance with respect to material creep(-fatigue)
damage.
The results are to be utilized in predicting material lifetime and to derive more accurate easily
exploitable continuum type material models and design methodologies. Existing microstructural
modelling toolsets (various already existing in-house tools utilized for micromechanical modeling,
ProperTune toolset) are extended to be accurately compatible with the copper microstructure that is
the focus of this study. Synthetic models are based on EBSD characterization (i.e. grain orientation, size
and shape distribution are stochastic variables). Such EBSD data can also be utilized directly, although
optimally 3D FIB-EBSD characterization would be the ultimate goal and limitations of available
characterization data need to be taken into account.

2. Creep damage
Common manifestation of creep damage in metallic alloys are cavities, which typically initiate at highand low-angle boundaries of polycrystalline metals, and boundaries to second phases like sulphides [1,
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2, 3, 4, 5]. At elevated temperatures, the diffusion-assisted flow of matter can facilitate local vacancy
condensation and accumulation to cavity nuclei. In classical models assuming spherical nuclei, stability
requires growth to critical diameter of 4 γS/σ, where γS is surface energy at the boundary and σ is tensile
stress normal to it [5, 6, 7, 8]. Any local decrease of surface energy, or increase in the normal stress,
will facilitate easier nucleation of new stable cavities. The value of normal stress σ is influenced by the
emerging cavities that can relax this stress.
In metals such as OFP copper creep cavities form in the grain boundaries almost without exception.
Cavity formation occurs especially in the grain boundaries which are perpendicular to the main
principle (tensile) stress and in the triple junctions of grains. Figure 1a shows a schematic 2D
presentation and Figure 1b shows a schematic 3D presentation of cavity formation in polycrystalline
metals.

Figure 1. A schematic 2D presentation in a) and a schematic 3D presentation in b) of cavity formation
in polycrystalline metals
At the critical stable size, the cavities are significantly less than 100 nm in diameter. Theoretical work
has indicated the minimum stable cavity size to be even in the range of 2–5 nm, depending on the
material in question [9, 10]. Thus, very early stage cavities are not easily detectable even with electron
microscopy. However, it is also noteworthy that the smaller the number and size of cavities is, the
smaller is also their influence on the material creep properties and behaviour under stress state. In the
process of cavity growth, propagation of creep exposure will make the cavity size to increase, initiate
new cavity nuclei, and thus accelerate the damage accumulation, shortening the intervals between the
subsequent stages of damage. At propagated stage the surface diffusion shapes the cavities, which
may exhibit >1000 nm diameter, introducing faceted edges to them. Figure 2a shows small cavity at
the early stage and Figure 2b shows a faceted creep cavity at propagated stage shaped by surface
diffusion in OFP copper.
If the stress state continues at high temperature after cavity formation and growth to large size, single
cavities start to form chains of cavities at susceptible grain boundaries. These single cavities in chains
start to coalesce and as time goes by, microcracks form in these grain bound-
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Figure 2. A small cavity at the early stage in a) and a faceted creep cavity at propagated stage shaped
by surface diffusion in OFP copper in b)
aries. Eventually, microcracks turn into macrocrack and creep rupture occurs. Figure 3a shows chains
of single cavities and Figure 3b shows microcracks originated from coalesced cavities in OFP copper.

Figure 3. Chains of single cavities in a) and microcracks originated from coalesced cavities in OFP copper
in b)
Regarding creep cavitation related material weakening, one classical assumption is drastic reduction of
the load-bearing capability of the grain boundary where cavity is residing [6]. Then, additional
cavitation on the same grain boundary is only reflecting the imposed strain without reducing the load
this boundary can take. Nevertheless, increasing cavity density would imply accompanying creep strain
and therefore increasing overall creep damage in a classical sense. The same would apply for the
growth of a lone cavity on such a boundary. For example, the increasing size and increasingly facetted
shape of growing singular cavities in pure metals would be a parallel indication of creep strain, although
it also reflects diffusive mass transport that requires time and not only strain. When modelling the
material behaviour under stress, the influence of the cavitation should be taken into account.

3. STEM cavity inspection
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Scanning transmission electron microscopy (STEM) was performed to explore creep voids and
deformation microstructures in detail. As a secondary objective, grain boundary chemistry was
examined using energy dispersive spectroscopy (STEM-EDS). Especially, the role of P in OFP copper is
of interest as it improves the creep ductility significantly while its concentrations are at the limit or
below the existing experimental capabilities [11].

Figure 4. Sample y501 (top) and locations for the TEM disks
Creep tested OFP-copper sample y501 was selected for the examinations [12]. The creep testing was
conducted at 250 ◦C at 100 MPa until rupture after 747.6 h of loading. About 1 mm thick slabs were
cut along the test bar for few cm’s and polished to a thickness of 0.1 mm. Disks of 3 mm in diameter
were then punched from the thinned sections, Figure 4. Successful sample preparation to electron
transparency plays a key role in (S)TEM. In this work, the samples were thinned by electrolytic polishing
(H3PO4-based D2 electrolyte at room temperature). While the electrolytic polishing offers a relatively
quick preparation method for excellent samples with a good reproducibility, it has also potential to
cause unwanted changes especially in inhomogeneous samples. The creep-tested OCP-copper samples
quickly showed that the electrolytic method had challenges. First, as the electrolytic polishing is done
using automatic setup where the process stops when a small hole has formed and light shines through
the material, the creep voids are problematic as they act as a hole. Thus, many times the polishing was
aborted too early, which resulted the sample being not electron transparent. STEM-EDS revealed
another disadvantage of the electrolytic polishing using the H3PO4-based electrolyte. Namely, as shown
in Figure 5, small residues of P (attached to O) remain on the sample surface and prevent careful
chemical analysis.
While surface residues are a nuisance, the STEM-EDS maps showed that there are small defect-like
features in the matrix which do not contain P or O. Couple of these defects are circled in the the STEM
image (left in Figure 5). Observations on defects on (111)-planes have been previously reported in OFPcopper when prepared using ion polishing and the origin has
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Figure 5. STEM-EDS for showed that H3PO4-residues from the electrolytic polishing remained at the
sample surface even after careful rinsing. It is noted that the grain boundary (bottom right on the
image) was more oxidized than the bulk material.
been questioned to be related to sample preparation [13]. In this work, there is no ion milling step
before examination and therefore the origin of these defects is likely different. Careful examination
showed that the small defect-like features were always accompanied by the ends of dislocations and
the contrast likely related to the strain field at the sample surface.
Deformation microstructures and small creep voids/initiation sites for creep voids were examined in
the samples that were successfully thinned to electron transparency. While the samples showed
relatively small amount of thin regions due to the reasons explained above, a good set of pictures
showing the microstructure could be taken, Figure 6. It is likely that a small creep void had formed at
the triple-point in Figure 6a and further expanded upon polishing. The dislocation microstructure
showed cell-like structure Figure 6b and c with fairly long and untangled dislocations in some grains.

Figure 6. a) likely creep-void at the triple-point, b) and c) dislocation microstructures close to the creep
void. Sample number 7 close to the fracture surface.
The STEM work will continue by examining the head sections of the y501 specimens [12] in order to
determine the as-received deformation microstructure and to compare with the results in this work.
The polished samples showed very good surface finish and SEM-EBSD imaging will be performed for
these samples. As SEM does not require electron transparency, it is expected that the deformation
near the creep voids or micro-cracks can be imaged and quantified. These experimental results are
directly applicable to modelling development.
Sample preparation for copper remains as a challenge. Changing the electrolyte to a non-P containing
solution could be an option, or ion milling could be tested either as the main method or as an additional
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step following the electrolytic polishing. It is expected that further development in copper sample
preparation techniques will result in competences that are necessary when component fabrication
methods evolve over time or the behaviour of other impurities in copper are considered.

4. Mesoscale modeling

Following sections suggest a crystal plasticity model for mesoscale deformation and damage.
Demonstrations of the model response are given without direct validation at this stage. Key aim is to
introduce sufficient plastic deformation mechanisms and develop a failure model capable of depicting
creep void formation and more severa damage in the material.

4.1

Crystal plasticity model with damage approach

Finite strain formalism is used with a conventional decomposition of deformation gradient F to elastic
F E and inelastic contributions F P. Conventionally, the decomposition reads:
F = F E· F P

(4.1)

In the presence of crystalline damage, the inelastic part is further decomposed to include plastic
deformation from dislocation slip and from crystalline level damage [13, 14].
F = F E · F IN

(4.2)

in which F IN is the inelastic part of the deformation gradient including dislocation plasticity and damage
mechanisms.
4.1.1

Dislocation plasticity model

In the present model, dislocation slip can occur on twelve slip systems of an octahedral family {111}
< 110 >. A viscoplastic flow rule is chosen to describe slip rate of a slip system s.

(4.3)
where ˙γ0 is a reference slip rate, τs is a resolved shear stress on slip system s, τcs is isotropic hardening
(shear resistance), and n is power law exponent, e.g,. describing strain rate sensitivity. It is defined that
slip can occur only when resolved shear stress as a driving force exceeds the shear resistance τcs.
Variable xs is a kinematic hardening term.
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xs = cαs; where α˙ = (sign(τs − xs) − dαs)νs,

(4.4)

where material parameters c and d determine the kinematic hardening evolution.

(4.5)
Hall-Petch effects is introduced with the conventional form

(4.6)
where KHP is a Hall-Petch coefficient and d is the average grain size. The dislocation interaction
coefficients do not necessarily remain constant when dislocation density increases. Following the work
of [16], we utilize evolving interaction coefficients for the interaction matrix as:

(4.7)
The rate dislocation density is presented with conventional Kocks-Mecking type equation of evolution:

(4.8)
4.1.2

Crystal damage

Damage mechanism is introduced for the FCC phase utilizing the opening damage in {111} planes. Only
the opening damage is considered and shear accommodation is delivered by the slip systems in the
acting on same planes in the respective crystal structures [16]. The damage then is a strain like measure
which is driven by viscoplastic formulation, represented in Equation 4.10, and it therefore allows the
opening of the damage planes and closing them [13]. The model mimics crack opening and closing in a
simplified manner depending on the loading conditions [14].

(4.9)
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(4.10)
where σdc is the opening stress acting on the damage planes, Ycs the evolving damage resistance, Kc and
nc describe viscosity, and M is Mandel stress. The stress is projected to the ideal damage planes to
provide an opening stress. Damage strain can only be positive and negative incremental strain can
reduce existing opening strain down to zero only, which is considered as crack/damage closed state.
The initial damage resistance Y0c is decreased as a function of cumulative damage dc, that consists
cumulative evolution of opening and closure strains. Negative modulus H induces further localization
to a crack like zone and the modulus can be idealized as a measure of local ductility. It is assumed that
slip localization promotes damage initiation and growth in the material. Coupling to plasticity is then
introduced through a cumulative plastic strain νs =
. Once damage threshold reaches small
limiting non-zero value, the material point is considered fully damaged. However, the value of damage
is not constraint and damage strain variable may continue to evolve with low resistance to maintain
the possibility to further opening or close cracks in case of reversed loading on crack opening stress.
Ycs

Hdc

(4.11)

s

At present, damage or slip localization are not regularized as the formulation is based on conventional
form, which renders a certain level of mesh dependency for the model. This shortcoming could be
overcome with more advanced regularization techniques, e.g., as suggested in refs. [18, 19].
where Y0 is the initial cleavage resistance, H is a softening modulus, d is the accumulated damage from
all contributing cleavage systems, β is a coupling factor between damage and slip, and νs is accumulated
slip. Clevage resistance cannot become negative, and its minimum value is restricted to a small but
non-zero value for numerical reasons (e.g., Y0/200). The accumulated damage d is a strain like variable
to allow crack closure in case that load is reverted and the cleavage planes are projected to closure.
The rate of damage accumulation is:
N111

d˙

(4.12)
d1=1

The slip resistance of a slip system s is then modified to include a coupling part with damage:

(4.13)
4.1.3

Simulation model of polycrystalline copper microstructures

Figure 7 presents an inverse polar figure (IPF) mapping of copper microstructure together with an
exemplifying computational model, and two simplified polycrystalline computational FE meshes used
in the demonstration and the initial model parameter study with the proposed damage model. The
present damage model related to crystalline damage opening planes is used and discussed also
elsewhere for high entropy alloys [20].

RESEARCH REPORT VTT-R-00205-22
12 (18)
A similar EBSD based approach was used in the Micromorphic strain gradient work on a separate
journal article that has been published [21].

Figure 7. a) SEM EBSD IPF image of copper microstructure, b) finite element mesh with EBSD based
grain structure, c) simplified test polycrystal grain structure for model testing, d) synthetic 3D Voronoi
grain structured used in model testing, e) stress-strain comparison with experimental data.
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4.1.4

Model demonstration and parameters

Table 1 list a preliminary parameter set used in the simulations.
Table 1. An exemplifying set of model parameters used for simulations
Parameter
Value
Elastic constants
C11
C12
C44
µ
Slip parameters

168400.0
121400.0
75400.0
45000
9.8

K
n
bs
Gc
dgrain
KHP
Kforest(111)
Kcoplan(111)
ρsini
a

)
a1112 (latent)
a1113 (latent)
a1114 (latent)
a1115 (latent)
a1116 (latent)
Damage parameters
Y0111
Kc
nc
H
β

equal to
10.0
0.254
2.54
150.0
inactive, 0.0
2.0
3.5
5.7x1012
0.124

Unit
[MPa]
[MPa]
[MPa]
[MPa]
[MPa]
[MPa.s1/n]
[MPa]
[nm]
[nm]
[um]
[nm]
[nm]
[m−2]
-

0.124
0.07
0.625
0.137
1.22

-

500.0
20.0
4.0
-800.0
0.5

[MPa]
[MPa.s1/nd]
[MPa]
-

5. Results

5.1

Demonstration of plasticity and damage model on EBSD map

The model’s capability to present the main phenomena of the mechanical response of the material are
established and listed in accordance with the experimental observations of damage and failure of the
copper alloy.
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• Heterogenenous hardening of the polycrystalline microstructure including slip activity
inside the grains and grain boundary related hardening/softening phenomena
• Nucleation of damage primarily at the grain boundary zones
• Propagation of damage zones with respect to grain boundaries
• Assess the feasibility of the model and need for further development
Tensile simulations were performed on the microstructure shown in Figure 8 to analyze the
effectiveness of the coupled plasticity-damage model.

Figure 8. Simulation model used for to analyze plasticity and damage behaviour
Figure 9 shows the stress-strain curves of two simulation cases. Case A represents a case, where strain
hardening of the model is set relatively high and the coupling between plasticity and damage is also
set higher level than in Case B. Therefore, the stress-strain curve of Case A illustrates artificially high
values. The objective was to address the relation of slip localization and accumulation of damage and
how it affects the behaviour of the model.

Figure 9. Stress-strain curves for two simulations with high strain hardening capability (Case A) and
copper-like hardening and ductile damage response (Case B).
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In Figure 10, simulation shows for Case A that damage nucleates both at grain boundary (GB) and but
also at intra-grain regions and the final dominant crack is a heavily mixed type damage with emphasis
on grain boundary damage. The higher ductility in Case B initiates GB type damage, however, the finally
the damage occurs in a shear band like damage with mixed GB and intra-grain behaviour. In both cases,
the crucial aspect is that initial damage occurs in the GB region as suggested by experimental
observations. The rupture then follows the material’s capability (w.r.t. model parametrization) to
endure slip localization and its relationship to damage growth. Verification and understanding of more
severe damage then requires further joint experimental, characterization and simulation work. For
example in-situ SEM tensile test with the surface strain conditions measured with digital image
correlation can help to identify strain-damage relationship. The large grain size of the present material
allows a relatively good possibility to track surface deformation conditions on a large area of the
sample.

Figure 10. Damage accumulation in a) Case A, b) Case B.

5.2

Micromorphic strain gradient approach for grain size effects

The second primary objective was to establish a length-scale dependent crystal plasticity model to
study the grain size effects of the investigated material. This has been reported in an open access
publication with details [21].

6. Summary and conclusions

As a summary, a crystal plasticity framework was suggested for doped Copper material. Dislocation
density based formulation was used to describe dislocation slip deviated plasticity. A model extension
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was proposed to include crystalline level damage that can cause material loss of strength and
ultimately failure. Demonstrations were presented using a finite element solver.
• Regarding SEM characterization of creep exposed copper material, different level of creep
cavitation damage, including small single cavities, large single cavities, chains of large cavities
and coalesced large cavities / microcracks, were discovered from the inspected samples.
Additionally, microstructural characterization for determining grain boundary chemistry and
deformation microstructures in creep tested OFP-Cu was initiated using STEM. The results
showed that electrolytic sample preparation is challenging for OFP-Cu as the creep voids tended
to cause difficulties in the process and residuals from the electrolyte impair the reliability of the
elemental grain boundary analyses. The deformation microstructures were successfully imaged
and will be further analysed when results from reference material are available. In addition,
small point-like defects were observed in the proximity of dislocations and assigned to strain
effects.
• A coupled plasticity-damage crystal plasticity model was formulated. It was shown that the
model is able to describe some of the most important damage phenomena in the material, such
as grain boundary type damage and shear localization related damage growth in the
polycrystalline material. Micromorphic strain gradient model was used to investigate the effects
of non-uniform grain size in the material and heterogeneous strain hardening and strain
localization behaviour. Both modeling approaches are found feasible to represent material
behaviour, however, they require further development and validation to derive effective
parameter set and damage regularization for the model frameworks.
• There are several topics where characterization for OFP-Cu can be further developed. First, a
careful STEM investigation for the reference material (which is not creep tested) having the same
deformation state is vital for determining the microstructural evolution and mechanisms
involved. The STEM analysis would benefit from a complementary SEMEBSD analysis, which can
be performed for the fabricated TEM samples and would give further information on the possible
change of dislocation structure near creep cavities. This would allow a seamless understanding
from nano to microscale. Sample preparation methods require further development as the
typical electrolytic methods show several unwanted features.
• Model final calibration will be done on the basis of the results of an in-situ tensile test that is
planned to be carried out during the last year of the project.
• Model’s relaxation behaviour will be calibrated on the basis of relaxation tests that will also be
performed during the last year
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