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ABSTRACT 
 
The long term life predictions of copper overpack (sealed by EB welding in Finland) 
have previously been based on stress estimations that vary over a wide range, typically 
between 40-100 MPa. These values are usually not based on structural calculation 
including the EB-weld that increases the complexity of the stress state in the copper 
overpack. This report will attempt to pinpoint and simulate the stresses and strains 
developing in the copper overpack during its first decennia of repository service by 
advanced FEA simulations including the impact of the EB-weld. The main challenge of 
this work is the extrapolation of the creep strain response of OFP copper to the service 
relevant loads and temperatures. The uniaxial creep model is translated to a multiaxial 
constitutive equation form with adequate computational efficiency. The copper 
overpack strain and stress evolution has been simulated at up to 100 000 years at a 
conservative constant temperature of 80 °C with 14 MPa of external pressure. The 
results indicate rapid creep relaxation in the initial stages after the load has been applied 
followed by limited creep strain accumulation thereafter. Local elastic-plastic and creep 
deformation is predicted at the EB weld root with a total strain of below 12 %. The 
predicted stresses after external loading and short term relaxation are moderate and the 
impact of weld residual stresses and the lower creep rupture properties of the EB seem 
not to be detrimental to the predicted long term creep response. The simulation results 
imply that the most crucial impact on the creep strain accumulation of the copper 
overpack is related to the OFP copper primary creep properties. The present study 
predicts sufficiently low creep strains for a 100 000 years canister life with the 
conservative assumption at a constant temperature of 80 °C. However a sensitivity study 
on the impact of primary creep is strongly recommended due to contradicting analysis 
results from earlier FEA studies. 
 
Keywords:  EB  weld, creep, FEA simulations, canister, copper, life prediction. 
  



 

ELEKTRONISUIHKUHITSATUN KUPARIKAPSELIN VIRUMISSIMULOINNIT 
 
TIIVISTELMÄ 
 
Elektronisuihkuhitsauksella (EB) suljetun kuparikapselin elinikäarvioissa on esitetty 
arvioita jännityksistä, jotka ovat vaihdelleet paljon (alueella 40 - 100 MPa). Nämä arvot 
eivät ole yleensä perustuneet rakenteellisiin laskelmiin sisältäen EB -hitsin, mikä lisää 
jännitystason kompleksisuutta kapselin kuparivaipassa. Tässä raportissa pyritään täs-
mentämään ja simuloimaan kuparivaippaan muodostuvia jännityksiä ja venymiä ensim-
mäisten kymmenien vuosien aikana loppusijoituksen jälkeen käyttäen kehittyneitä FEA 
-simulaatioita, joissa on otettu huomioon myös EB -hitsi. Suurin haaste työssä on ollut 
ekstrapoloida OFP- kuparin virumisjännitykset loppusijoitusolosuhteisiin nähden rele-
vantteihin jännityksiin ja lämpötiloihin. Yksiaksiaalinen virumismalli on muunnettu 
multiaksiaaliseksi käyttäen konstitutiivisia yhtälöitä ja riittävää tietokonelaskentatehoa. 
Kuparivaipan jännityksen ja venymän kehitystä on simuloitu 100 000 vuoteen asti 
konservatiivisessa 80 ºC:n vakiolämpötilassa ja 14 MPA:n ulkoisessa paineessa. Tulok-
set osoittavat, että viruminen relaksoituu nopeasti alkuvaiheessa, jonka jälkeen virumis-
venyminen on rajoitettua. Paikallista elastis-plastista ja virumisen aiheuttamaa muodon-
muutosta ennustetaan tapahtuvan EB -hitsin juuressa kokonaisvenymän ollessa alle 
12 %. Ennustetut jännitykset ulkoisen kuorman ja lyhyen ajan relaksoitumisen jälkeen 
ovat vaihtelevia ja hitsiin jäävien jäännösjännitysten sekä EB -hitsin matalamman 
virumismurtumaominaisuuksien vaikutukset eivät näytä vaikuttavan merkittävästi 
ennustettuun pitkäaikaisvirumiskestävyyteen. Simulointien tulosten mukaan merkittävin 
vaikutus kuparivaipan virumisvenymän etenemiseen liittyy OFP -kuparin primäärisiin 
virumisominaisuuksiin. Tämän hetkinen työ osoittaa, että 100 000 vuoden aikana 
virumisvenymät ovat riittävän alhaiset (kun tarkastelussa on käytetty konservatiivisia 
oletuksia ja vakiolämpötilaa 80 ºC). On kuitenkin suositeltavaa, että primäärivirumisen 
suhteen tehdään vielä herkkyystarkasteluja aiemmissa FEA -analyyseissä ilmenneiden 
ristiriitaisten tulosten takia. 
 
Avainsanat: EB -hitsi, viruminen, FEA -simulaatiot, kapseli, kupari, elinikäarvio. 
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LIST OF ABBREVIATIONS AND SYMBOLS 

OFP-Cu Oxygen-Free Phosphorus doped copper 

WSF Weld strength factor 

tr Time to rupture 

t Time to strain 

 Strain 

c Creep strain 



  Strain rate (1/h) 

m



  Minimum (or “steady state”) creep strain rate (1/h)  

0 Initial strain (strain after loading of a creep test) 

E Elastic modulus 

 Stress (in MPa) 

UTS Ultimate tensile strength (MPa) 

0.2% Yield stress (MPa) 

Qc* Wilshire activation energy for creep (kJ/mol) 

T(°C) Temperature (in degr. Celcius) 

k Constant in Wilshire equation 

u Constant in Wilshire equation 

R Gas constant (8.314 J/ mol K) 

C LCSP constant 

xo and p LCSP creep curve shape parameter 
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1 INTRODUCTION 

1.1 Background and objective 

The long term life predictions of the copper canister overpack (proposed to be sealed by 
EB welding in Finland) have been based on constant "expert judgement" stress values 
ranging typically between 40-100 MPa. These values are not based on detailed 
structural calculation including the special features of the electron beam (EB) weld 
proposed to be the Finnish concept of sealing the copper canister overpacks. The weld 
increases the complexity of the stress state in the canister due to differing creep rupture 
strength, creep ductility and the residual stresses induced by the welding process. This 
work attempts to locate and simulate the stresses and strains developing in the copper 
canister during its first decennia of repository service based on the current structural 
design of the copper canister [1]. 
 
Advances made in the Finite Element Analysis (FEA), the observations made in the EB-
welded long term creep tests together with new knowledge on the OFP creep strain 
response is used for life predictions and advanced FEA simulations. The results are 
compared to earlier FEA work [2-4] where FEA has been used for life assessment. 
 
The temperature of the canister is foreseen to reach a maximum of 80-90 C during the 
first 100 years, with gradual cooling to the level of the bedrock environment. One of the 
potential damage mechanisms expected in the repository conditions is creep and the 
most critical location is estimated to be the weldment (EB or FSW). The creep strain 
estimation to the required service life is a significant challenge due to the extensive 
extrapolations needed and the shortage of long term data at low temperatures and low 
strain ranges. The extrapolations are one to four orders in magnitude longer than for 
ordinary engineering structures designed against creep.  
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2 MATERIALS AND MODELS 

The test data used for the constitutive base material (BM) model of the repository OFP 
copper has been reported in [5] and collated from in-house data and several sources as 
reviewed in [6]. The base material data and the Wilshire creep rupture model [7] used is 
shown in Fig.1. The EB data used for modelling comprises of the testing done within 
this assignment and previous work performed for Posiva [6] and some EB tests done in 
Sweden [8]. The EB welds tested are from the Posiva test slabs X259 and X258. The 
weld strength factor used for the material model is based on ruptured EB test. There are 
tests still running in an excess of 27 000 h (over 3 years). For the EB tests samples the 
creep strain evolution and permanent strain at interruptions have been used for 
upgrading the strain models used in this work. It is to be noted that grain boundary 
cracking has been detected in visual inspection of the running EB welds at low life time 
fractions in comparison to the base material. It is also to be noted that the constitutive 
equations for the OFP copper base material and for the EB weld case are based mainly 
on temperatures above the foreseen service temperature and the stresses expected in 
service. This is due to the testing durations had to be achievable within the scope of 
years, not decades (or centuries).  
 

 

Figure 1. Creep rupture data and Wilshire model used for the base material (BM) 
strain constitutive model of OFP copper.  

2.1 Uniaxial model specifics 

2.1.1 The base material tensile properties 

For the FEA elastic-plastic simulations the strain-stress response was determined as 
mean value curves extracted from the tensile tests reported in [6] and in-house tests 
performed at room temperature to 175 °C. The linearly interpolated tensile stress-strain 
curve used in the 80 °C FEA simulation is shown in Figure 2. Yield (0.2%) is just below 
75MPa and the engineering tensile strength (UTS) 180MPa. 

0.1

1

1.00E‐06 1.00E‐05 1.00E‐04 1.00E‐03 1.00E‐02 1.00E‐01 1.00E+00 1.00E+01

/
 U

TS

tr*exp(‐Q/RT)

Wilshire model for OFP copper

IM

SKB

batch 400

batch 500



5 
 

 
 

Figure 2. Tensile curve (interpolated) used in the 80°C FEA simulations. a) 
Engineering stress / strain, b) true stress / strain 

 
For the ultimate (engineering) tensile strength (UTS) a simple temperature dependent 
mean function was derived. It is to be noted that this UTS function is used for the creep 
rupture equation reported below for stress normalising only when specific batch 
information is not available. For the base material (X259) of the Posiva tests the given 
function gives are slightly higher values at 175 °C and the tensile stress-strain curve 
used in the elastic-plastic simulation also has a slightly lower UTS (see Figure 2).  
 

 CTTUTS  *339.0216)(  (1)  

 
In the FEA simulation an elastic (Young's) modulus of 120 GPa and a Poisson's ratio of 
0.308 was used. The elastic-plastic strain response is fed as true-stress, true-strain curve 
and the EB weld is in the elastic-plastic simulation assumed to behave as the base 
material. In creep the EB material is (as described below in 2.1.4) corrected by a weld 
strength correction factor having impact on the creep strain rates. The strains and 
stresses seen in the simulations will therefore reflect the true-strain, true-stress 
behaviour of the material. 

2.1.2 The base material creep rupture model 

The recent introduction of the Wilshire equations has provided a simple effective 
methodology for strain rate, time to strain and time to rupture assessments. The material 
models for creep rupture and strain is traditionally performed with engineering stress 
and strain and this is also the case here. The method requires tensile test data to 
accompany the creep rupture tests since the data fitting is done in normalized (/UTS) 
form, i.e. the test stress is divided by ultimate tensile strength (UTS) at the test 
temperature. The test data is presented as the normalized stress against trexp(-Qc

*/RT) 
where tr = time to rupture, T = temperature, Qc

* is the apparent activation energy and R 
the gas constant. The optimization of the activation energy is shown in Figure 2. 
Sensitivity calculation of the impact of activation energy on the scatter factor Z 
pinpoints Qc

* to a range of 90 000 ± 10 000 J/mol. The optimal value calculated on the 
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most recently updated data is 95 000 J/mol. The FEA simulations are however done 
with a value of 89 200 J/mol being the best estimate at the time of start of the modelling 
exercises (end 2011). It is to be noted that a lower Qc

* produces conservative (higher) 
strain rates and shorter life estimates.  
 
The Wilshire equation for time to rupture tr (to be inserted in the Eq.2 in seconds) at 
stress  (MPa) and temperature T (K) is expressed as: 

u
crUTS RTQtk )]/exp([)/ln( * , (2) 

where k and u are constants obtained by fitting to the test data. The determination of the 
parameters is shown in Figure 3. 

 

 

Figure 3. Determination of the constants k and u for OFP copper. Note that the data 
indicates a linear relationship (double-log vs. log) over the whole data range 

 
The main benefit found for the model is that batch dependent data scatter is reduced by 
the normalization. The data scatter is related to differences in phosphorus and sulfur 
content, product form, manufacturing route and cold work. The sulphur (impurity) 
content in the copper has a life shortening effect and the phosphorus (additive) content 
strengthens the copper (optimal at about 50 ppm).  
 
The mathematical form of the rupture model is inherently more stable at lower stress 
levels than for traditional time to rupture models with polynomial stress dependence. 
The equation also gives rupture times that tend to zero when approaching the ultimate 
tensile strength and values that tend to infinity when the stress approaches zero.  
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2.1.3 The base material creep strain model 

The logistic creep strain prediction (LCSP) model [8] is a creep strain prediction tool 
able to predict representative creep strain curves and strain rates (engineering) in a large 
stress and temperature range. The creep strain model necessary for the FEA simulations 
(constitutive creep equation) is based on above described rupture model by acquiring 
the end point of each creep curve (i.e. time to rupture) for each sought stress & 
temperature and then defining the creep strain curve by a shape function. For the OFP 
copper case the available strain data have been assessed to find the optimal “shape” 
functions together with the time to rupture model. It was found that the best result in 
defining time to strain (or strain at specified time) was by using the actual (observed) 
rupture time of the individual creep curve. For the simulation in FEA the predicted time 
to rupture is used. In the curve shape fitting of long term tests (ongoing) the predicted 
rupture time is used.  
 
The LCSP function is a non-linear asymmetric transition function with a steepness 
regulated by the shape parameters p and x0, see Eq. 3-5. The function can easily be 
inverted to give the algebraic solution for strain as a function of time. The inverted form 
can then be differentiated to give strain rate at a specified time. By further 
differentiation and root extraction the minimum creep is obtained.  
 
The LCSP equations for time to strain tε, strain at time εt and strain rate at specified time 
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021 xkk   , (5) 

 
where tr is the time to rupture and x0, p and C are fitting factors. In its simplest form the 
last three are constants. The factors k1 and k2 are functions of time to strain. For the OFP 
model used in the current FEA simulations at 80 °C the x0 and p were held constant (p=-
2.3, x0= 3). For refining of the initial creep rates (primary creep) temperature and stress 
dependent multi-linear functions can be used. However, adding temperature and stress 
dependent shape variables will increase the uncertainty of the prediction, especially 
when extrapolating towards low temperature and low stress domains where test data is 
totally lacking.  
 
By identifying the time to rupture and specifying the material specific shape parameters, 
the whole creep curve at any temperature and stress (within the limits of allowable 
extrapolation) can be determined. 
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The LCSP model applicability in the "power law break down" creep regime is naturally 
sensitive to the actual tensile properties of the material. The creep tests at 75 °C in the 
stress range of 170-180 MPa base material lid and tubes reviewed in [6] gives rupture 
times in the range of 100 - 15 000 hours. Assuming the same ultimate tensile strength 
predicted from Eq. 1, the creep rupture predictions would have been unconservative but 
when using a value of around 180 MPa as given in Figure 4 the 75 °C the predictions 
fall into the right range of test durations MPa. From this it can be seen that the LCSP 
model becomes more susceptible to all material variations such as chemical 
composition, tensile properties, cold work and other sources of error when approaching 
the ultimate tensile strength. 
 

 
Figure 4. The Wilshire model curve for OFP copper and short term creep tests at 75 °C 
plotted with assumed UTS of 191 MPa and 181 MPa correspondingly. (Q*c= 89 
200 J/mol) 

 

2.1.4 The EB weld strength factor and strain model 

The methodology used for determining the EB weld strength factor (see Eq. 6-7) is 
based on Wilshire equation [9].  
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Using Eq.1 with the EB rupture time (trEB) gives an expected /UTS and the 
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where EB is the engineering stress of the EB creep test. Note that the UTS and the 
constants u, k and Qc* are those obtained for the base material in Eq.1. The assessment 
of the current results together with the Swedish EB data gives WSF values ranging 
between 0.86 and 0.77 in relation to the OFP base material, averaging very close to the 
classical 0.8 value. The FEA simulations in this work have been performed with 
WSF=0.8. It is however to be emphasized that the current EB creep tests might produce 
lower values when test results are available from the long term testing (see Figure 5).  
 

 
Figure 5. Impact of selected weld strength factor on the extrapolation of rupture time 
for EB welds with Q*c= 89 200 J/mol. Data from multiple Swedish and VTT/Posiva 
creep tests. EB-SW=Swedish public domain data, EB-VTT=tests performed in this 
work, EB-running= tests still running, Cracks detected = specimens with clear 
indications of grain boundary cracking in the weld zone 

 

2.2 Multiaxial model application for FEA 

The LCSP material model is implemented in the Abaqus general purpose finite element 
software [11] as a user routine by way of the CREEP subroutine interface, which 
enables implementation of the material model as a function deviatoric and hydrostatic 
stress components as well as solution-dependent state variables. The LCSP 
implementation for the Abaqus translates the uniaxial engineering model to be applied 
in a multiaxial true-stress, true strain form. However, the implementation is simpler than 
by using the UMAT interface and also somewhat more efficient in terms of parallel 
computational performance. The subroutine is called for material points of the FE mesh 
and it returns the integrated equivalent creep strain increment arising from viscoplastic 
deformation. Implicit or explicit time-integration is applied on case by case basis 
depending on stability of the respective methods with respect to time increment size, 
accompanying time-independent plasticity and analysis convergence criteria. Since an 
accurate value of equivalent stress is required for LCSP analyses, the viscoplastic 
material model needs to be accompanied by an time-independent elastic-plastic material 
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model, which in the current work is accomplished by incorporating isotropic linear-
elasticity and incremental plasticity with multilinear isotropic hardening utilizing the 
von Mises yield criterion and flow potential. Analyses were carried out in finite strain.  
 
The uniaxial model is generalized to a multiaxial form by enforcing normality, i.e. the 
plastic strain rate is given by 
 
 ∙ ,               (8) 
 
where  is the equivalent creep strain rate and  is the gradient of the deviatoric stress 
potential (e.g. ⁄ ), where the yield potential  of a von Mises material is utilized 
resulting in  
 

 ,             (9) 

 
where S is the deviatoric stress and  the equivalent stress measure, which in current 
work is throughout the von Mises stress. The equivalent strain rate is obtained from the 
uniaxial LCSP model and its evolution equation, i.e. 	 , , , , where t is 
time and T the local temperature. The evolution equation is time-integrated following 
the chosen means of integration, and the CREEP subroutine provides the creep strain 
increment for a given time increment. For the simplest explicit integration this means 
multiplying the rate by time increment size and establishing convergent solutions by 
specifying criteria for allowable creep strain increments. Since the LCSP model is 
pressure independent, the equivalent stress measure is the sole stress related term in the 
evolution equation. If a weld strength factor is included, it is incorporated as a 
parameter which increases the material point equivalent stress, resulting in ←
	 ⁄ .  
 
The CREEP routine thus requires the creep strain increment and the viscoplastic 
contribution to terms required for building the material stiffness matrix. The derivation 
of the Fortran code is performed by computing these terms using Mathematica [12] and 
writing the user subroutine via a Python (open source code) interface. The subroutine 
terms are compared to the initial uniaxial LCSP model for verification.  
 
The multiaxial strain model simulation for 80 °C / 80 MPa is shown in Figure 6 against 
the uniaxial model at corresponding temperature and stress. It is to be noted that the 
initial uniaxial creep strain model predicts an "instant" initial strain caused by the fitting 
to the available strain data that in most cases is from tests having stresses well above 
yield. Also, the extraction of the true creep strain at beginning of a test is not a straight 
forward task due to rapid primary creep. The multiaxial creep strain model does 
naturally not have this "instant" creep strain but compensates for it by an initially larger 
strain rate that is rapidly retarding towards the same strain rate as the uniaxial model 
(parallel).  
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Figure 6. Uniaxial strain model (80°C / 80 MPa / tr  5.1·108 h / 58 000 years) 
compared to multiaxial strain model simulated on uniaxial test specimen geometry. An 
alternative way of simulating strain response from higher temperature simulations is 
also shown (equivalent strain response at 175 °C / 66 MPa). 

 
The predicted higher creep strain rate at the low temperatures are though considered to 
be reasonable since slow creep loading tests indicate that the rupture time can be 
affected by a factor up to 50 [13]. 
 
One of the main challenges using the LCSP creep model (or any other model as well) in 
FEA for the simulation of the copper canister is the extrapolation of (primary) creep 
strain rates towards lower temperatures and low stress states. In this region there is in 
fact no available (published) creep strain data to use for the optimization of the primary 
part of the creep model. The LCSP predicts the minimum creep rates and time to strain 
(curves) with good accuracy for the existing test results in the temperature range 125-
300°C. Furthermore, the usage of the Wilshire model for the determination of the creep 
curve end point (rupture) ensures that the predicted minimum strain rates are robust. In 
the absence of strain curves at low stress / low temperature the model might be 
susceptible to errors in the predicted initial stage of the creep curve. In fact it seems that 
the largest impact on the FEA simulation results lie in the early relaxation behavior.  
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3 COPPER CANISTER DESIGN AND DIMENSIONS 

The geometry used in the simulations is that of the BWR spent nuclear fuel canister. 
The nuclear fuel waste is placed in a cast iron insert that is placed in the copper shell. 
The copper canister design and the relevant tolerances of the insert to copper shell are 
specified in Table 1 and have been obtained from [1], where further details are 
provided. It is to be noted that the gap between insert and copper cylinder was simulated 
with the lower bound value of 1 mm. 
 
Table 1. Geometric dimensions of the BWR spent fuel canister used for the finite 
element models [1]. 
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4 FEA SIMULATIONS 

The canister is exposed to an external pressure of about 14 MPa, which corresponds to 
the sum of the hydrostatic pressure at repository depth and buffer swelling pressure at 
full saturation at a temperature of 80 °C. The temperature was raised before the loading 
to include thermal expansion effects on the gaps defined in Table 1. Then an isothermal 
(creep) simulation is performed with a WSF of 0.8 for the EB-weld. The same 
simulation is also performed with the starting point having residual stresses (from EB 
welding) as described above. The isothermal simulation gives upper limit life fractions 
for the saturated buffer case and can be further refined for changing temperature if the 
values acquired seem critical to the integrity calculation. The isothermal FEA 
simulation results will also be compared to uniaxial creep rupture based predictions (see 
Figure 8) with assumed thermal history as shown in Figure 7.  
 

Figure 7. Simulation of life fraction (until rupture) for a uniaxial stress state of 80 MPa 
following expected canister temperature profile[Raiko] for a) base material and b) weld 
with WSF=0.8. 

 
The locations of special attention for the life assessment of the copper canister overpack 
are presented in Figure 9 showing the expected critical locations and the type of 
parameters followed. 
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Figure 8. Assessment method: FEA simulation, assumed critical locations, assessed 
stresses / strains and their evolution and canister life prediction. 
 

4.1 FEA meshing and boundary conditions 

Three different sets of meshes were constructed for the FEA of the copper canister. 
Firstly a (see Figure 9) 180° (half) canister full length case was used and later reduced 
to a 90° (quarter) mesh. The final mesh optimized for running the creep simulation was 
a 20° slice (see Figure 10) from half-length upwards. The meshing around the EB root 
location was also optimized. The initial mesh was used for elastic plastic calculations 
but was found too time consuming for operational life creep calculations during 
development of the material model, and as such it was replaced later by the 20° model. 
The 20° mesh was then constructed for solving the higher rate initial creep stage and 
proceed to the required life times to be predicted. Since the problem is essentially two-
dimensional and axisymmetric, such a simplification was considered appropriate. The 
mesh densities are fairly coarse for the same reason, i.e. computing the operational 
timespan can require several millions of nonlinear increments, which requires the 
solution time of single equilibrium iteration to be fairly small. The meshes were 
constructed out of 20 node isoparametric quadratic and 8 node bilinear isoparametric 
brick elements and reduced integration was utilized.  
 
The boundary conditions are presented in Figure 11. Symmetry at the respective planes 
in a polar coordinate system is utilized in all meshes and axial displacement at the 
“bottom” of the model is fixed in the respective direction. Contact between the copper 
shell and cast iron insert is considered in both radial and axial directions as well as 
within the EB root gap of the copper shell. As such, all gaps are considered possible 
points of contact in the FEA. Finite sliding frictionless contact formulation was applied.  
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Figure 9. Mesh close-up of the initial FEA structure (180° section of canister). 
 

 
 
Figure 10.  Mesh close-up of optimized and simplified FEA mesh (20° section of 
canister). 
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Figure 11.  FEA boundary conditions. 
 
 
The residual stresses were introduced to the long term simulation by incorporating stress 
adjustment before commencing the pressure loading of the canister. In the adjustment 
an initial residual stress state was introduced, and its value was iteratively optimized in 
order to meet the desired residual stress state after solving for an equilibrium state for 
the prescribed initial stresses. The experimental reference value of the residual stresses 
in the weld was approximately 40-50 MPa, which was met with adequate precision. The 
mean stress of the weld in FEA being approximately 45 MPa, as presented in more 
detail below.   

4.2 Residual stresses simulation for EB weld 

The initial residual stress field for the EB weld is presented in Figure 12. These depict 
the values of the von Mises stress after finding the equilibrium stress first for prescribed 
initial stresses. The mean weld von Mises stress is of the order of 45 MPa, maximum 
principal stress approximately 54 MPa. 
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Figure 12. FEA residual stress simulation, maximum local von Mises stress 45 MPa. 

 

4.3 Isothermal Creep simulation with EB-weld, WSF=0.8, 80 °C  

The FEA simulations results for the initial loading (pressurization) to external pressure 
of 14 MPa is shown in Figure 13 (90° mesh) for the case without residual stresses and in 
Figure 14 including residual stresses (20° mesh).   
 

 
 
Figure 13. FEA elastic plastic results after loading (14 MPa), 90° slice of the initial 
mesh, no residual stresses, no weld strength factor on EB, maximum plastic strain 
11.5 % in EB root. 
 
 
The FEA simulations, elastic-plastic and creep results are presented in Figure 14 - 
Figure 19. In Figure 15 results for an elastic-plastic analysis are presented immediately 
after applying the pressure loading, in an analysis without residual stresses.  
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Figure 14. FEA elastic plastic results after loading (14 MPa), no residual stresses, 
WSF = 0.8, maximum plastic strain 11.1 % in EB root. 
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In comparison, results when residual stresses are included are given in Figure 16. The 
initial creep relaxation results (after 10 hrs) without and with residual stresses are 
presented in Figure 16 and Figure 17. The analysis results for operational life are 
presented in Figure 18 and Figure 19, once again without and with residual stresses. The 
results where residual stresses are present in Figure 19 are only displayed for ~700 years 
since differences between analyses were minor. Total displacement, i.e. displacement 
magnitude, is presented for the analysis without residual stresses after 100 000 years in 
Figure 20 to illustrate the deformed shape.  
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Figure 15. FEA elastic plastic results a) initial residual stress simulated situation, b) 
after loading (14 MPa), WSF = 0.8 
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Figure 16. FEA elastic plastic + creep (initial relaxation) results after the first 10 hours 
with no residual stresses. The accumulated maximum creep strain is 0.1 % in EB weld 
root. 
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Figure 17. FEA elastic plastic + creep (initial relaxation) results after the first 10 hours 
with residual stresses in weld. Accumulated creep strain 0.05 %. 
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Figure 18. FEA elastic plastic + creep results after 876 million hours ( 100 000 years) 
with no residual stresses in weld. Maximum accumulated creep strain in weld root   
2.6 %.  
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Figure 19. FEA elastic plastic + creep (initial relaxation) results after the first 6 
million hours ( 700 years) with residual stresses in weld. The maximum accumulated 
creep strain at lid fillet is increasing due to the residual stresses to a level of 0.5 %. 
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Figure 20. FEA total displacement magnitude after 100 000 years (no residual stress). 
  
 
The results of the FEA isothermal analysis shows the following: 
 

 The maximum stress (von Mises) after loading (elastic-plastic) are rapidly 
relaxed from maximum stresses values in the vicinity of 165 MPa to around 75 
MPa (von Mises). This applies for both the case with and without residual 
stresses (50 MPa) in the EB weld. 
 

 After the plastic deformation and initial creep relaxation phase the stress 
continues to relax and settles already at short times to a maximum of about 40 
MPa. 
 

  After 100 000 years of creep the predicted maximum equivalent creep strain is 
around 2.6 % in the weld root notch. 
 

 The predicted maximum creep strains are at the end of the simulation found in 
the weld root and adjacent to the canister lid contact point. In the other locations 
expected to be critical (weld top and lid lifting groove) the local equivalent creep 
strains are lower (0.05 % without residual stresses and 0.4 % with residual 
stresses). 
 

 The EB weld strength reduction factor of 0.8 does not seem to have a large 
impact on the predicted maximum stresses or strains of the critical locations.  

 

4.4 Impact of assumed repository temperature distribution 

Using the results acquired from the isothermal simulations listed above some additional 
calculations can be made using the assumed temperature distribution of the repository 
canister. 
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If we assume that the stress states predicted after plastic deformation and initial creep 
relaxation (hours), and they would not sufficiently relax further (which the FEA 
predicts) the expected (uniaxial base material) time to rupture at 100 MPa would be 
around 20 000 years at 80 °C. Calculation with the expected saturated temperature 
profile the life extends far beyond 100 000 years for base material. The EB weld with a 
WSF of 0.8 would also last in uniaxial tension up to 100 000 years (with a life fraction 
of 98 %). These uniaxial calculations are of course dependent on the stress states given 
by the FEA simulation.  
 
If we assume that the initial creep relaxation phase continues and the maximum stress 
do relax to about 75 MPa, the corresponding expected life fraction would be 6 % at 
100 000 years for base material and 15.2 % for the weld using the temperature 
distribution of saturated buffer. The use of uniaxial rupture times and life fractions is a 
conservative assumption since the stress states in the canister would not remain constant 
(or not even necessarily tensile) when the creep deformation proceeds. 
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5 DISCUSSION AND CONCLUSIONS 

Comparing the FEA results acquired in this work with published work by others [2-4] it 
differs mainly in the choice of the creep model used. In the simulations by Jin and 
Sandström [2,4] the selected creep strain model was an in-house (physical) model with a 
minimum of fitting parameters especially suitable to the power law break down regime 
(high stress states). The external pressure used was 15 MPa. In the work by Knuutila [3] 
a model covering primary to secondary creep was used with 4 material parameters to be 
optimized. The parameters were acquired from slow strain rate test. As in this work the 
external pressure was 14 MPa. It seems that both above mentioned models predict much 
lower creep relaxation after the loading, i.e. the equivalent stresses stay at high levels 
after loading and in some cases remain so. The maximum equivalent creep strains for 
the inner corners of the copper canister overpack is predicted by Li and Sandström to be 
in the range 10-12 % and accelerating for the inner corners (upper & lower) [4] after 
about 30 years (1·109 s). It seems that the plotted strain predictions are in fact equivalent 
total strains (elastic+plastic+creep). In [2] the same authors have predicted the total 
equivalent plastic strains for the same locations in the range of 2 - 2.8 % after 3 million 
years (1·1014 s) when only secondary creep rate is accounted for in the creep model. In 
the case of Knuutila's work [3] the simulations predicts creep strains in the vicinity of 
1.5-2 % in the corner locations and a maximum total strains of 3-5 %. A clear difference 
in the simulations to the here reported one is that the lid has been simulated without a 
gap between the lid and the cylinder (see Table 1, gap A) causing the deformation to be 
enhanced in the corners.   
 
From this comparison it is clear that the simulation of the copper canister is very 
dependent on the primary creep properties of the used model and also on the small 
details of the structure simulated. Even if the models predicts similar secondary creep 
rates the main impact on the simulation results lies in the relaxation behavior following 
the elastic-plastic calculations (primary creep).  
 
The data of Ho referenced in [6], gives some idea of the OFP strain rates at low 
temperature and low stress (95 °C / 60 MPa), as shown in Figure 21 in comparison to 
the LCSP prediction. The here utilized shape function together with the Wilshire rupture 
model predicts higher primary creep strain rates and at longer times the difference can 
be a factor of five larger for the LCSP. If the data of Ho is representative of the canister 
material it implies that the current FEA simulations might be un-conservative when 
relating to the initial relaxation. The impact of the primary creep rates (of the selected 
model) and the calculated stress relaxation after loading on the FEA results is not 
entirely clear and needs thorough sensitivity analysis and more data (creep strain) at the 
low stress / low temperature range for model optimization.  
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Figure 21. LCSP predicted strain rate at 60 MPa / 95 °C in comparison to strain rates 
from the work of Ho referenced in [6]. 

 
The following conclusions are made from the FEA simulations: 
 

1. The maximum stress (von Mises) after loading (elastic-plastic) are rapidly 
relaxed from maximum stress values in the vicinity of 165 MPa to around 75 
MPa (von Mises). This applies for both the case with and without residual 
stresses (50 MPa) in the EB weld. 
 

2. After the plastic deformation and initial creep relaxation phase the stress 
continues to relax and settles at short times to a maximum of about 40 MPa. 
 

3.  After 100 000 years of creep the predicted maximum equivalent creep strain is 
around 2.6 % and it is localized in the weld root notch. 
 

4. The predicted maximum creep strains are at the end of the simulation (100 000 
years) found in the weld root and adjacent to the canister lid contact point. In the 
other locations expected to be critical (weld top and lid lifting groove) the local 
equivalent creep strains are lower (0.05 % without residual stresses and 0.4 % 
with residual stresses). 
 

5. The EB weld strength reduction factor of 0.8 does not seem to have a large 
impact on the predicted maximum stresses or strains of the critical locations.  

 
 

The following remarks are made on possible uncertainties in the simulation 
 

1. The primary creep properties of the selected creep model determines in a short 
time after loading the magnitude of the stress relaxation 
 

2. The relaxed stress states determine the long term strain evolution in the FEA 
simulations 
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3. Earlier published FEA work with other creep models predict higher stresses and 
higher creep strains in long term (less relaxation) 
 

4. For better reliability a sensitivity analysis should be made varying the primary 
creep properties to check the sensitivity of the models on the relaxed stress states 
 

5. More test data should be produced at relevant (repository) temperatures at low 
stresses to improve the knowledge base on the primary creep properties of OFP 
copper. Especially creep relaxation tests are recommended. 
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6 FUTURE WORK 

It is recommended that the FEA simulation work continues with sensitivity analyses 
regarding creep models and primary creep strain rates.  Also the thermal expansion 
differences should be added to this simulation.  
 
The uniaxial creep test programme with base material and EB welds should be 
continued for both 125 °C and 150 °C until rupture or other interruption criteria has 
been reached. For further insight in the relaxation properties of OFP copper a series of 
relaxation tests (constant strain with hold time) should be conducted from small (0.5 %) 
to large (>12 %) strain at the relevant repository temperature (75-90 °C).  
 
Further work is also required in the identification of grain boundary changes developing 
under creep conditions, especially for EB welds where GB cracking has been detected at 
an early stage in life when compared to base material life. For further insight in the 
creep ductility and creep cracking issues a testing programme including compact 
tension specimens (CT testing) should be initiated. The CT tests would also serve as a 
good base for modelling the impact of multiaxial constraint.  
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