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SKI perspective

Background and purpose of the project

The integrity of the canister is an important factor for long-term safety of the repository for
spent nuclear fuel. When the canister is placed in the repository hole it will be subjected to
mechanical |oads due to the hydrostatical pressure and the swelling pressure of the bentonite
surrounding it. Copper is a soft material and will creep and lay down on the ductile iron insert
due to the loads. The creep process will go on until the bentoniteis fully saturated. During this
time period the creep properties of the copper canister are very essential for itsintegrity. The
copper material may creep but is not supposed to fracture. SKB has investigated the creep
properties of the used copper material (Oxygen Free Copper with 40 — 60 ppm phosphorous,
OFP material), by carrying out different research projects regarding creep.

To be able to conclude the results of these projects and take afair stand about the need of
further investigations about this matter, SKI has by this project made aliterature review of the
results presented by SKB.

The project uses the results presented in research projects regarding creep of copper carried
by SKB.

Results

The most important conclusion is that in spite of the huge amount of research projects carried
out by SKB, it is not proved that OFP material will have satisfactory creep propertiesin the
stress region of interest in the repository.

Effects on SKI work

The study will be abasis for coming SKI research projects and SK1 reviews of SKB’s
RD& D-programme.

Project information

Responsible for the project at SKI has been Behnaz Aghili.
SKI reference: 14.9-010625/01106.
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Summary

Literature relevant to creep of the copper shell of the copper-iron canister has been
reviewed.

Two classes of copper have been examined, Oxygen Free High Conductivity (OFHC),
whichisreferred to in the relevant literature and this report as OF material, and OF
material with 50 ppm of phosphorus added. The second material is referred to as OFP.

Creep processes occurring in copper are briefly described and a deformation diagram,
after Frost and Ashby (1982) is provided. It is concluded that the diagram adequately
describes the processes observed for the two materials of interest without necessarily

being in exact agreement at a quantitative level.

There are two regimes of time, temperature and stress which are important when creep
of the copper shell is considered. Thefirst isaholding period between welding of the
lid to the canister and placing the canister in the repository and the second is the storage
period in the repository. Inthe holding period, residual stresses arising from the
manufacturing processes are important and in the second period stresses arising from
repository pressures are important as well as the residual pressures arising from
manufacture.

The holding period may extend up to one year and the temperature of the copper shell
may decline from the immediate post welding temperature to 100 °C in thisinterval.
Initial peak localised stresses may give rise to strains of up to 14 %. Dynamic recovery
immediately after welding reduces the stresses associated with these strainsto levels
which correspond to stresses for approximately 0.1 % strain at the ruling temperature.
Thisis 75 MPaat 100 °C and 50 MPafor 150 °C. A further stress relaxation of up to
30 % occursin the first 20 days after welding. Localised stresses are therefore unlikely
to exceed 50 MPawhen the canister is placed into storage. No negative effects have
been observed in connection with this stress rel axation process.

In the storage period, which isindefinite, the canister is required to survive for several
hundred thousand years. The canister outer temperature is expected to be closeto

100 °C for 100 to 200 years. During storage, repository processes will cause
deformation and the generation of further localised stresses in the copper shell. The
precise strains and related stresses which will arise are not well defined. The rate of
development of these strains however, are such that the localised stresses in the copper
shell are unlikely to increase above the levels present at the end of the holding period.

The Frost and Ashby deformation diagram referred to above defines a boundary at

100 MPa stress, below which deformation at the relevant temperatures is described as
power law creep and above which it is described as power law breakdown creep.
Processes which predominate in each stress regime are identified and the boundary is
defined as the locus of points where the two processes on either side of the boundary are
equally important. All the work reported is qualitatively consistent with the Frost and
Ashby description.



It is also consistent with amodel where at low stresses in the power law regime, failure
occurs by the development and growth of cavities or cracksin grain boundaries. This
provides alow strain to fracture failure. Increasing stressin the power law regime leads
to areduced level of intergranular cracking. Failure strains therefore increase with
increasing stress. At the boundary between power law and power law breakdown, the
brittle grain boundary cracking processes have equal importance with processes which
favour the development of transgranular cracks. Above the boundary transgranular
cracking processes dominate.

Results for tests on OF materia indicate that the fracture strain at the boundary is
approximately 10 % and at lower stressesit fallsto less than 5 %. When sulphur is
present in amounts exceeding 6 ppm fracture strains in the power law regime fall
dramatically, in many casesto lessthan 1 %. Thisis attributed to the very low
solubility of sulphur in copper which leads to segregation of sulphur to grain
boundaries. As stresses are increased above the power law boundary, grain boundary
cracking becomes less important and the effect of sulphur isno longer observed. In
view of the low fracture strains observed for OF materia in the relevant power law
regime it is regarded as unsuitable for use in the copper shell.

OFP has been suggested as a satisfactory alternative to OF material for the copper shell.
A small number of tests in the power law breakdown regime have indicated that failure
strainsin this regime may be adequate.

Creep strain rates for OFP in the power law breakdown regime are two orders of
magnitude slower than rates predicted by the Frost and Ashby model for corresponding
test conditions. Creep strain rates for OF material are in good agreement with the Frost
and Ashby model over awide range of temperatures and stresses in the power law and
power law breakdown regimes. No tests have been conducted on OFP material in the
power law regime at relevant temperatures because the slower strain rates observed are
said to lead to tests which take too long. Tests in the power law regime at higher
temperatures, 300 °C plus, show clear evidence of cavity formation in grain boundaries
but high failure strains. It is suggested by the writer that the high failure strains for
these cases may arise asaresult of processes which would not be available at lower
temperatures and that satisfactory fracture strains may not be achieved in OFP material
under relevant conditions. Further testing is required to determine propertiesin the
power law regime.



1. Introduction

It is planned that spent nuclear fuel from the Swedish nuclear power industry will be
disposed of by encapsulation in a copper canister which will be placed at a depth of 500
metresin granitic rock.

Theinsert of the disposal vessel isof cast iron and it is designed to withstand the
external forcesin the repository and any internal forces arising within the canister. The
outer skin, isacopper shell which is 50 mm thick and it is designed to present a
corrosion barrier to protect the insert.

The insert and the copper shell acting together provide aradiation barrier with regard to
the contents of the canister.

The outer dimensions of the copper shell areroughly 1 m, diameter and 5 m. tall. The
design provides for a2 mm gap all round between the inner and outer vesselsto aid
assembly.

The copper shell will be fabricated from a copper tube to which forged and machined
lids and bottoms are welded. The welding process will be either electron beam welding
or friction stir welding.

It isimportant that the integrity of the copper shell is maintained for some hundreds of
thousands of years and among other things it must be able to resist creep failure under
the influence of residual manufacturing stresses and stresses which will arisein the
repository.

The grades of copper which have been considered for the shell are Oxygen free high
conductivity copper (OFHC) which will be referred to in this report as OF, and an OF
copper to which 50 ppm of phosphorus has been added. The latter material will be
referred to in thisreport as OFP. The reason for the choice of OF isits high
thermodynamic stability and the addition of 50 ppm of phosphorus is made to improve
creep performance.

Experiments on the two materials have been conducted over the past fourteen years and
thisreport isacritical review of the information which has been made available to date.

Section 2 presents a brief review of knowledge on the creep processes in copper so far
asthey are important to the overall report. Section 3 presents information on the
temperature and stress environments which will be experienced by the canister. The
stress information is supported by a detailed review of relevant literature in appendix A.
The main review and comments on the literature is in section 3 and conclusions appear
in section 4.






2. Creep in copper

Creep processes which occur in awide range of materials were described by Frost and
Ashby (1982). They pointed out that creep is usualy only important at temperatures
exceeding 0.4 Tm for aloys and 0.3 Tm for pure metals where Tm is the melting
temperature in degrees Kelvin. 0.3 Tm for copper is 134 °C. Henderson (1994) pointed
out that the 0.4 Tm rule for alloysis usually applied for engineering structures which
arelifed at 30 years. The copper shell is made from an ailmost pure copper and the
normally accepted lower temperature for creep might therefore be expected to be 134°C
(0.3 Tm) for lives of 30 years. However as Henderson (1994) pointed out creepisa
thermally activated process and the timescales involved in the service of the canister are
so extreme that the possibilities of creep failure cannot be neglected. She went on to
describe the creep processes as follows.

Classical creep occursin three stages. Primary creep which occurs during and
immediately after loading involves some work hardening and an increase in dislocation
density. Secondary or steady state creep occurs through the major part of the
component life, during this stage work hardening and recovery rates are more or lessin
balance and the dislocation density remains essentially constant. Anincreasein
deformation rate known as tertiary creep usually precedes failure.

In normal engineering service primary creep is negligible, failureis not expected and
therefore it is the secondary or steady state creep characteristics that are the basis of
design practice.

The secondary creep rate de/dt is given by the Norton-Bailey relationship,
de/dt=A c"eRT (1)

where the symbols have their usual meanings and the stress exponent n may vary from
1 to 7 depending on the creep mechanism in operation. Usually the activation energy Q
isthe energy for self-diffusion. For constant temperature tests the equation is
sometimes simplified to

de/dt=Bc"

Three types of behaviour in secondary creep are identified by Henderson according to
the stress regime, in the first, Harper and Dorn creep, which is diffusion controlled and
occurs at low stresses and temperatures, the stress exponent nis 1. Thiscreep
mechanism is influenced by grain size and asmall grain size increases creep rate. At
intermediate stresses creep is controlled by dislocation flow and climb but climb isthe
rate-controlling factor. The stress exponent n for this mechanism of control may
increase in therange 2 to 7 as stressincreases. At very high stresses dislocation glide
dominates and the power law behaviour breaks down. This stress condition induces the
third type of behaviour which isreferred to as power law breakdown and although stress
exponents greater than 7 have been quoted for this stage, it is no longer described by the
power law and the change in creep rate with increasing stress is more accurately



described by an exponential relationship. All the work published in connection with the
copper shell has been conducted in the medium or higher stress regimes where the stress
exponent has been greater than 1.

Pettersson (2002) has suggested that at the low stresses and temperatures which he
expects to arise on the copper canister in service, Coble or Nabarro—Herring creep might
dominate. In both these mechanisms creep strain rate is proportional to stressasitisin
Harper-Dorn creep.

All three mechanisms, Harper-Dorn, Nabarro-Herring and Coble creep are diffusion
controlled. In diffusional creep vacancies generated close to grain boundaries normal to
the applied stress migrate to grain boundaries parallel to the applied stress where they
are absorbed. This processis akin to plastic deformation in that it provides achangein
shape but it does not involve dislocation flow (as the higher stress processes do). The
differences in the three types of process are in the diffusion mechanisms. Harper-Dorn
involves diffusion of vacancies from the edges of dislocations normal to the tensile axis
to the edges of dislocations parallel to the tensile axis. At higher temperatures the
process occurs through the bulk of the grain (H-D creep) whilst at lower temperatures it
occurs along the cores of the dislocation network (H-DP), aform of pipe diffusion.
Nabarro-Herring creep is a higher temperature process which depends on bulk diffusion
of vacancies whilst Coble creep, which occurs at lower temperatures depends on
vacancy diffusion along grain boundaries (Nabarro (2002)). Creep rates are reported to
be inversely proportional to grain size for H-D creep or H-DP (Henderson 1994), whilst
Nabarro (2002) reports that they are inversely proportional to square of grain size for
Nabarro-Herring creep and inversely proportional to cube of grain size for Coble creep.

Whilst the differences between the several diffusional creep mechanisms may be subtle
they are all substantially different from the mechanismsinvolving flow which occur at
higher temperatures and stresses. Extrapolation of results from tests carried out where
one type of deformation mechanism is dominant into a service regime where the other
type of mechanism is dominant is clearly of very dubious value. The Pettersson view
that the most likely mechanism for creep in service is Coble creep must therefore be
treated serioudly as all the test used to qualify the canister for service have been
conducted at high stresses for short times where the deformation process has been
dominated by dislocation flow.

The deformation mechanism map for pure copper with agrain size of 100 um, Figure 1,
(overleaf) istaken from Frost and Ashby (1982). The contours on the map correspond
to constant shear strain rates dy/dt and the areas of predominance of the different
deformation mechanisms are shown. This map has been referred to and used

by most workers involved in the canister for the Swedish Nuclear waste disposal
programme.

The vertical axis corresponds to the applied shear stress and this may be converted to
tensile stress for the simple case through the relationship.
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Figure1l. Deformation diagram for pure copper (after Frost and Ashby-1992)

Using this relationship and the deformation map the boundary between power law and
power law breakdown behaviour is calculated to be at approximately 100 MPa and to be
essentially independent of temperature. Similarly the boundary between power law and
diffusional flow at 100 °C is calculated to be at about 17 MPa, whilst aload of 50 MPa
at 100 °C isin the middle of the power law behaviour regime.

It isvery important to recognise that the regions defined by the boundaries of the map
are areas of predominance of the deformation mechanisms involved in secondary creep.
The overall model is one in which a number of deformation mechanisms are available to
the polycrystal and the rate of each one responds differently to changes in conditions of
temperature and stress and possibly to metallurgical condition. Thus several mechanisms
may operate simultaneously depending on applied stress and service temperature. The
boundaries on the map define the locus of points at which two mechanisms are equally



important. A single mechanism will dominate when conditions are well away from any
boundary (Frost and Ashby 1982).

It is helpful to understand how deformation maps are derived. They were developed by
Frost and Ashby for many materials by using a combination of theoretical analysis and
experimental measurements. Where possible established values for parametersin the
equations describing deformation processes were employed to define the general shape
of the relationships between strain rate and temperature. Line fitting to experimental
results was then used to establish useful values for the unknown parameters. The
parameters so derived were then used together with the established parameters to
complete the map by extrapolation from the published experimental data. Frost and
Ashby used data from 29 works published in the period 1951 to 1968 to construct the
map for copper (figure 1). They make it very clear that the map defines only the modes
of deformation and strain rates in secondary creep. They are not relevant to creep lives
because fracture strain is not defined. They also stress that creep does not stop when
power law behaviour is suppressed, that is at stressesin the diffusional flow regime.

Examination of the experimental data used by Frost and Ashby reveals that varying
states of cold work and presumably (although not specifically stated) varying states of
purity of the experimental materials as well results from tension, torsion and
compression testing were employed. This suggests that initial dislocation density and
low levels of impurities and mode of stressing have little effect on the secondary creep
behaviour of almost pure copper.

A very interesting observation from the map is the apparently strong sensitivity of the
mechanism involved in change over from power law behaviour to power law breakdown
behaviour to stress, coupled with arelative lack of sensitivity to temperature. The stress
level involved is approximately 100 MPatensile. Frost and Ashby define power law
behaviour as steady rate flow, with an implication of some work hardening. They define
power law breakdown as flow at constant structure, that is such that recovery occurs at
the same rate as work hardening.

With this picture of the creep behaviour of almost pure copper it is possible to estimate
the minimum creep rates for OF copper at stresses which correspond to the boundaries
where dominance of any particular creep mechanism changes. Thus at 100 °C the
boundary between diffusional creep and power law creep occurs at approximately

17 MPa (tensile). For this stress the secondary creep rate is less than the minimum rate
of 10"° sec considered by the diagram. Extrapolation suggests however that for this
stress the creep rate is no more than 10™° sec™™. Thetimefor 1 % strain by these
mechanisms would therefore be of order one million years. The boundary between
power law and power law breakdown behaviour arises at approximately 100 MPa and at
100 °C the corresponding creep rate would be of order 10 to 10 sec’?. At these rates
the time for 1 % strain would be between 100 and 1000 years. All the published work
for OF and OFP coppers connected to the copper canister programme have been
conducted in the power law or power law breakdown regimes. In the main temperatures
exceeding 100 °C have been used in order to accelerate the tests.
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3. Creep in the copper shell

3.1 Service conditions

3.1.1Time

The service life of the copper—iron canister may be divided into two main components.
Thefirst is the period between welding of the lid and emplacement which is termed the
holding period. According to Josefson et al (1993) this may be from afew daysto one
year. The second component is the period after emplacement in the repository and in
this stage the canister is required to survive for more than 100,000 years (Nilsson 1992,
Werme 1998)

3.1.2 Temperature

Josefson et al (1993) states that, after welding of the lids to the canister, heat generation
by the welding and the fuel will raise the outside temperature of the canister to

100-150 °C and that this will gradually decrease during the holding period. After
emplacement in the repository the temperature is expected to be approximately 100 °C
for 100 to 200 years (Henderson et a 1992, Werme 1998).

3.1.3 Stress
3.1.3.1 Residual stresses from manufacturing

Residual stresses from manufacturing are discussed in Appendix A with the following
conclusions;

1. Welding and stress redistributions which occur in the holding period will cause
local strains, which could in the worst case be as high as 14 %.

2. Owing to dynamic recovery during and immediately after welding and the high
temperature in the immediate post welding period, stresses arising from the
welding strains will be relaxed rapidly to levels which correspond to 0.1 %
strain at the ruling temperature (thisis approximately 75 MPaat 100 °C or
50 MPaat 150 °C).

3. A further 30 % stress relaxation will occur during the first 20 days after welding
the lid and the relaxation after thistime will continue at a reducing rate with
time. Itisto be expected therefore that the peak localised internal stress at the
time of placing in the repository will be close to 50 MPa.

4. Thelocation of the peak strainswill be close to the lid corner on the inside of the
copper shell.

11



3.3.1.2 Stresses arising in the repository

Stresses arising in the repository are discussed in detail in appendix A. The conclusions
are asfollows;

5. The uniform pressures which might arise from ideal bentonite swelling,
hydrostatic pressure and the ice load should not cause a creep problem by virtue
of the fact that they are hydrostatic.

6. Collapse of the overpack onto the liner will lead to localised stress
concentrations but their rate of development will be such that the levels of
localised stresses present at deposition will not be exceeded.

7. Non-uniform swelling of bentonite can lead to localised stress concentrations
but their levels will not exceed those of the stress concentrations present at the
time of deposition. Peak localised stresses should not therefore exceed 50 MPa.

8. During long-term creep in the repository the dominant creep mechanism power
law creep with activation energy of 197 kJ/mol. In this stage the creep
mechanism is dislocation glide with vacancy assisted climb as the rate
controlling step.

9. Inthevery long term when stresses and temperatures both decline the creep
mechanism islikely to involve diffusional flow.

3.2 Materialsand testing

3.2.1 Oxygen Free Copper (Cu-OF)

Most of the published work connected with the copper-iron canister programme has
been conducted on two materials Cu-OF and Cu-OFP. Parameters measured have been
creep ductility (strain to failure) and stress exponent in secondary creep (see equation 1).
The reason for the ductility measurement is the importance of ductility to the
serviceability of the canister and the importance of stress exponent isits utility in
extrapolating behaviour to longer times at lower temperatures and stresses. A secondary
use of the stress exponent is as an indicator of the dominant deformation process under
the test conditions (see section 2). Some of the published work also includes
fractography studiesin varying levels of detail.

Henderson et al (1992) and Henderson (1994) presented results of work on OF copper
compared with the published results of four other workers. All used OF copper, the
grain size range varied from 25 um to 250 um. The test temperatures varied from 75 °C
to 450 °C and test stresses varied from 20 to 170 MPa. A total of twelve sets of results
were plotted on agraph of de/dt (min) versuslog stress. The slope of thisgraphis
therefore the stress exponent in the Norton-Bailey relationship. Five of the twelve plots
showed a change of slope from less than 7 to substantially more than 7 occurring in the
stressinterval from 80 MPato 100 MPa. All remaining results were for tests at stress
levelsbelow 100 MPaand they all had stress exponents between 4 and 5. The
Henderson work included tests in both the power law and the power law breakdown
regimes. On the basis of this body of evidence the deformation plot (Figure 1) appears

12



reliably to predict the transition from power law to power law breakdown behaviour for
OF copper. Thisisreinforced by later work (Henderson and Sandstrom 1998) in which
strain rates in tests on the same material tested at stress values below 100 MPayielded a
stress exponent of 4 whilst tests using stresses exceeding 100 MPayielded stress
exponents of more than 10.

The same work, by Henderson et al (1992, 1994, 1996 and 1998), presented results
indicating that failure strains for OF material tested in the power law break down regime
were in the range 10 % to 50 % whilst the same material tested in the power law regime
had failure strains of lessthan 10 %. Failuresin the power law regime were
intergranular whilst failures in the power law breakdown regime were transgranular. In
the power law breakdown regime where failure strains were generally high there was a
clear trend towards reducing failure strain with reducing stress. In the power law regime
amost all specimensfailed at 1 % strain or less.

A further observation was that the activation energy for steady state creep at stresses
below 100 MPawas 197 kJ/mole which is equal to the energy for self-diffusionin
copper whilst the activation energy for steady state creep at stresses exceeding 100 MPa
had no physical significance. This suggests that the power law creep behaviour is
diffusion controlled whilst the power law breakdown behaviour is not diffusion
controlled.

Metallography on failed specimens in this work revealed that a specimen tested at

45 MPa had grain boundary cracks and cavities along the entire gauge length whilst in a
specimen tested at 85 MPa had fewer cracks and cavities and they were located close to
the final fracture (Henderson and Sandstrom 1998 and Forsberg 1994).

The observations fit a behaviour model in which the primary deformation mode at low
stresses |eads to the development of cracks and cavities in grain boundaries. At higher
stresses, plastic flow occurs, the development of intergranular cracks is inhibited and
failureis dominated by the development of transgranular cracks. The stress at which the
latter mechanism dominates is the transition from power law to power law breakdown
behaviour. Similarly in the power law breakdown regime a marked increase in fracture
strain with increasing stress is consistent with increasing inhibition of crack formation
and growth as plastic processes become increasingly dominant. Thisis aso consistent
with the Frost and Ashby prediction that at the power law breakdown boundary in Figure
1 the two deformation processes are equally dominant whilst for a stress well below the
boundary, power law behaviour (intergranular cracking) is clearly dominant.

The deformation map is prepared for pure copper with agrain size of 100 um. No
genera information is available on the effects of grain size or low levels of impurities
but the results of this early work suggest the transition from power law to power law
breakdown behaviour has alow sensitivity to both.

In view of the residual stresses arising in manufacture and the additional localised

stresses arising in storage, the brittle behaviour exhibited by OF copper in the power
law regime render it unsuitable for use in the copper—iron canister.

13



3.2.2 Effects of Sulphur

The Henderson work (Henderson et al 1992, 1994, 1996 and 1998, and Forsberg 1994)
compared the creep properties of OF material, with 6 ppm sulphur content and with OF
material having a 10 ppm sulphur content. The 10 ppm material was fine grained
forged bar and the 6 ppm material was fine grained extruded bar. In two sets of
specimens containing 10 ppm sulphur tested at stresses of 100 MPaor higher, fracture
strains varied from 50 % at the highest stresses to 10 % at the lower stresses. One set of
specimens was tested at stresses from 80 MPato 120 MPa. The ones tested above

100 MPagave failure strains exceeding 10 % whilst the ones below gave failure strains
of 5%. A final set of eight specimens, al tested at 80 MPaor less all failed at less than
1 % strain by the intergranular route. Only three specimens of 6 ppm material were
tested to failure. They were al tested at stresses less than 100 MPa and they all failed at
close to 10 % strain. These results suggest that for fine grained OF copper;

1. Creep fracture strains decrease from 50 % high in the power law breakdown
regime, to 10 % at the power law/power law breakdown boundary and thisis not
influenced by 10 ppm of sulphur.

2. For material containing 10 ppm sulphur tested well in the power law regime
failure strainsfall to less than 1 %.

3. Thevery rapid decrease in ductility with decreasing stress which occursin
material containing 10 ppm sulphur is not observed as test stressis reduced in the
range below 100 MPawhen sulphur content is 6 ppm.

4. It appears that the presence of sulphur contents exceeding 6 ppm is responsible for
the rapid reduction in ductility from 10 % to 1 % which occurs when power law
behaviour becomes increasingly dominant.

1 and 3 above are consistent with the behaviour model described earlier for OF copper.
At low stresses grain boundary cracking dominates the creep fracture mode, as stresses
are increased plastic processes lead to inhibition of grain boundary cracking and
increased fractures strain. At around 100 MPathe plastic processes start to control the
fracture process and grain boundary cracking has less significance as stresses are further
increased.

The onset and eventual dominance of plastic processes should lead to increased necking
astest stresses are increased. Thiswould have a disproportionate and misleading effect
on the improvement of measured fracture strain with increasing stress. Unfortunately
no comments are made on the effects of necking. Itishighly likely however that when
fracture strains of order 50 % are measured a high proportion of that strain islocalised
in the neck. If the conventional view that failure occurs at the onset of necking is
adopted then failure strains would be much lower.

The presence of 10 ppm sulphur has a disastrous effect on failure strain when tests are
carried out in the power law regime. It is suggested (Henderson et al 1992 and
Henderson 1994, Forsberg 1994) that thisis due to areduction in the surface energy of
grain boundary cavities and cracks caused by segregation of sulphur to grain
boundaries. Very good fractographic evidence is provided by Henderson et a
(Henderson et al 1994 and 1998) in support of this argument. Henderson discusses

14



sulphur solubility in copper and points out that at 100 °C the solubility is less than

4 ppm, this leaves at least 2 ppm to segregate to grain boundaries from the 6 ppm
material and 6 ppm from the 10 ppm material. The concentrations arising in grain
boundaries will depend on the excess present over the solubility limit and the grain size.

Sulphur segregation does not influence failure when power law breakdown occurs
because failure is then transgranular.

Forsberg (1994) reported Scanning electron microscope (SEM) and microanalytical
transmission electron microscopical (ATEM) studies on fracture surfaces of the 6 ppm
and 10 ppm sulphur specimens referred to above. Segregation of sulphur to grain
boundaries was observed on creep tested specimens of OF and OFP material containing
6 ppm sulphur as well as on material containing 10 ppm sulphur. However when

10 ppm sulphur was present the concentrations of sulphur in grain boundary cavities
was higher.

Forsberg (1994) quoted limited creep test results and speculated on the influences which
sulphur and phosphorus might have on creep properties. He asserted that phosphorus
increases creep ductility in OF copper and that poor ductility may arise from alarge
grain size and or alack of control of sulphur content. He referred to the tests on OF
material at 180 °C (Henderson 1994) which failed at strains of lessthan 10 %. These
failures were intergranular and were associated with cavitation in the grain boundaries.
Material having a sulphur content of 10 ppm and agrain size of 370 um failed at 1 %
strain whilst material having 6 ppm sulphur and a grain size of 45 um failed at closeto
10 % strain. Forsberg attributed all the low strain to fracture failures observed on these
specimens to the effects of sulphur and did not point out that all the tests considered
were in the power law regime. The work described above for OF copper indicates that
low strain to fracture failures (in the region 10 % or less) are to be expected in the
power law regime when, and probably because, behaviour is dominated by
intergranular cavitation and cracking. Thisisirrespective of sulphur content. The very
low fracture strains (of order 1 %) observed are accurately attributed to higher sulphur
content (10 ppm) and coarser grain size as discussed by Henderson (1994).

Andersson et a (1999) reported that increases in sulphur content from 6 ppm to 12 ppm
had no effect on creep properties. This conflicts with the observations and arguments
presented above. The reason for Anderssons observation was that al his tests on these
materials were carried out high in the power law breakdown regime where grain
boundary failure does not occur and failure strain is therefore not sensitive to sulphur
content.

3.2.3 Effect of 50 ppm phosphorus additions (Cu-OFP)

3.2.3.1 Solubility

Henderson (1994) considers the solubility of phosphorus and points out that

50 ppmiswell below the solubility limit in the temperatures of interest but that some

segregation to grain boundaries might occur. Forsberg (1994) was able to observe
segregation of sulphur in material containing 6 ppm but he failed to observe any
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evidence of segregation of phosphorus when it was present at the 50 ppm level. There
IS no evidence to support assertions by Forsberg 1994 and Henderson et al 1992 and
Henderson 1994 that co-segregation of sulphur and phosphorus might limit the
embrittling effects of sulphur.

3.2.3.2 Effect on creep rates

Henderson (1994) states that addition of 50 ppm phosphorus to Cu-OF causes a
reduction in creep rate of two orders of magnitude.

This conclusion is based on consideration of results of one OF specimen and one OFP
specimen. The test conditions for the two specimens were 215 °C and 100 MPa. The
measured minimum strain rates were 5.5 10°® for the OF specimen and 5.9* 10 °for the
OFP specimen. The difference isindeed two orders of magnitude as claimed. Itis
misleading however to suggest that this result for two specimens represents a general
case. Thetest stressfor the particular set of results used was on, or close to, the
boundary between power law and power law breakdown behaviour for both specimens,
and all the theoretical and experimental studies have agreed that the stress exponent
increases as the transition from power law to power law breakdown behaviour occurs.
Thus the slopes of the trend lines linking log de/dt to log stress change at the transition
stress. The slope of the trend lines at higher stresses is higher than the slope of the
trend lines at lower stresses and the two trend lines for a specific material cross at the
transition stress. The actual slopes on either side of the transition depend on test
temperature and on the chemistry of the material. Thereisno evidence to suggest that
the magnitude of the change in slope at the boundary of power law and power law
breakdown behaviour is constant with changes in temperature or with changesin
composition. Thuswhilst atwo order of magnitude difference in the creep rates of the
two specimens was observed at a particular stress, there is nothing in thiswork to
suggest that the difference in creep rates of the materials which they represent would be
the same at any other stress.

Pettersson (2002) has looked more closely at the Henderson (1994) results and plotted
the pooled data for OF and OFP specimens tested at 215 °C on aplot of log de/dt versus
test stress. He concludes that afactor of 10 is a better estimate of the effect of
phosphorus on minimum creep rates at the transition stress. His plot also demonstrates
the danger inherent in extrapolating data across boundaries where mechanisms change.
For this case extrapolating the data for OF material to higher stresses leads to the absurd
suggestions that for stresses higher than 140 MPa OF material has alower minimum
creep rate than OFP material and for stresses in the region of 50 M Pa the OFP material
would have a creep rate which isfive to six orders of magnitude lower than that of OF
material.

A further areafor concern in the comparison of these minimum creep rates arises from
consideration of failure strains. All but three of the OF specimens considered by
Henderson (1994) contained 10 ppm sulphur and failed at strains of lessthan 1 % whilst
all the OFP specimens contained 6 ppm sulphur and they failed at strains exceeding

30 %. Inview of the very low fracture strains observed it is questionable whether or not
atrue minimum creep rate was achieved in the OF specimens. Interestingly the three
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OF specimens which contained only 6 ppm sulphur failed at higher fracture strains
(circa 10 %) even though they were tested in the power law regime and failed by
intergranular cracking. These specimens had comparable minimum creep rates to the
higher sulphur specimens even though their fracture strains were so much higher, thisis
not explained.

Forsberg (1994) compares the results from single tests at 100 MPa on OF and OFP
material, the former test was at 215 °C whilst the latter was at 300 °C. They had almost
identical creep lives of 200 to 300 hours but the OF material failed at 10 % strain whilst
the OFP material failed at 40 % strain (of which 15 % wasin the neck). Details of the
fracture modes are not given but the bare result suggests that presence of phosphorus
and /or the increase in test temperature has caused an increase in ductility in the OFP
material over that observed in the OF material. The strain rate in the OFP material was
10 times higher than it was in the OF materia whilst figure 1 indicates that, in the
absence of a difference in composition, the difference in temperature of the two tests
should have led to a one hundred fold increase in strain rate. This suggests that an
increase in resistance to deformation has in fact been provided by the phosphorus.

Both the above examples suggest that, despite misgivings concerning comparisons
between single specimens or tests made under different conditions, addition of 50 ppm
of phosphorus leads to a reduction in minimum creep rate at the transition stress of
between one and two orders of magnitude. Standing alone they do not provide
conclusive proof or any indication of what the differences in minimum creep rate might
be at lower stresses. The latter example suggests that the presence of phosphorus may
also lead to an increase in ductility. This conclusion must also be approached with
caution because the test temperature of 300 °C may have contributed to the effect.

3.2.3.3 Effects on fracture strain

Aswell as creep rate, fracture strain isimportant to creep life. In OF material a
progressive reduction in fracture strain occurs as creep stress is reduced from high in the
power law breakdown regime to low levels of stressin the power law regime
(Henderson and Sandstrom 1998).

The Henderson 1994 paper quotes results for failure strains of OF material in the power
law breakdown regime and the values of failure strains were in the same range as the
tests on OFP material, 30 % to 60 %. Henderson and Sandstrom (1998) also provides a
plot of log creep rate x lifetime versus log rupture strain for OF material. This shows
failure strains up to 50 %. These results indicate that fracture strains of the two materials
may be similar in the power law breakdown regime. The comparison suggests that any
difference could be aresult of increased necking or slightly higher plasticity in the case
of the OFP material. This could be aresult of testing at higher temperatures.

Forsberg (1994) reported test results obtained by others (and also referred to by
Henderson (1994)) on OFP material. He did not give test conditions but examination of
his source material reveals that they were in the power law breakdown regime. He
reported failure strains of 30 % to 40 % as increases in ductility brought about by the
presence of phosphorus. Consideration of the data for OF material tested in the power
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law breakdown regime (and referred to above) indicates that the differencesin the
observations on the two materials were small when compared on alike for like basis
(Henderson 1994).

Henderson (1994) showed a clear trend of reducing fracture strain with reducing stress
exponent (and therefore stress) for OFP material. Her results were al in the power law
breakdown regime but there is nothing to suggest that that trend will not continue as
stressis reduced in the power law regime as it does for OF copper. The main factor
controlling failure strain was test stress. Specimens of OFP material tested at the same
stress as the OF specimens referred to above had dightly higher failure strains and this
may be accounted for by the higher temperature of the tests.

3.2.4 Combined effects of sulphur and phosphorus.

Forsberg (1994) suggested that the segregation of sulphur which “probably” causes the
critical intergranular fracture in OF material is delayed in the presence of phosphorus
and that this may give OFP material alonger lifetime than OF material. He concluded
that this was not the case. He did not however explain differences in fracture strain
between phosphorus bearing and nominally phosphorus free materials. Thiswasan
early work. With the benefit of observations over alonger timescale, and reported in
earlier sections of thisreport, it is possible to explain his observationsin the following
way. His OF observations were in the power law regime on material with 6 ppm
sulphur. This material tested under these conditions failed at a fracture strain of 10 %.
Thisistypical of alow sulphur material under these test conditions. The apparently low
fracture strain is a consequence of intergranular failure which may or may not have been
influenced by the low sulphur content. The OFP material referred to was al tested in
the power law breakdown regime where the low strain grain boundary failures are not
observed irrespective of sulphur or phosphorus contents. The search for combined
effects of sulphur and phosphorus under these conditions was therefore futile. Any
combined effects would only be apparent in the power law regime and if they were
observed they would be important. No tests were conducted in this regime.

3.2.5 Effects of grain size

Henderson (1994) predicted that if the embrittlement which is attributed to sulphur in
the power law regime depends on the segregation of sulphur to grain boundaries, then
the critical sulphur level would depend on grain size. Thisimpliesthat coarser grained
material would be susceptible to sulphur embrittlement at lower sulphur levels than fine
grained material. Andersson (1999) investigated the effect of grain size. All histests
were high in the power law breakdown regime and no effects of grain size were
detected.

3.2.6 Attemptsto test OFP in the power law regime
Henderson et al (1992 and 1994) reports 9 results from tests on CUOFP. Eight of the

nine tests were carried out at stresses exceeding 100 MPa and the stress exponents were
well in excess of 7. Fracture strains were in the range 30 % to 45 % and a substantial
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part of this (up tol5 %) was in the neck (Forsberg 1994). The tests were clearly carried
out in the power law breakdown regime.

These results emphasi se the problems associated with obtaining useful information in
limited timescales. It is necessary to work at stresses well below 100 MPato avoid
power law breakdown behaviour. Thisis not difficult with the high sulphur OF copper
containing 10 ppm sulphur because fracture strains are so low. Typical creep rates are
10 to 10 seconds ™ and failure strains are 1 %. With OFP material (which contains
only 6 % sulphur) fracture strains tend to be higher at up to 50 %. Therefore secondary
creep rates of 10° to 10 seconds™ are required to achieve failure in the same test time.
Unfortunately the higher stresses which are required for this creep rate place the OFP
tests in the power law breakdown regime (100-160 MPa).

Henderson (1994) reports tests on OFP at 300 °C and 350 °C which have clearly been
aimed at achieving power law behaviour in acceptable timescales. The number of tests
isnot disclosed but is said to be limited. Stress exponents suggest that power law
behaviour was achieved. Failure strains were in the range 20 % to 45 % however.
These are significantly higher than the 10-12 % failure strains reported for tests on OF
material (containing 6 ppm sulphur) in the power law regime and very much higher than
the 1 % maximum fracture strain recorded in tests on OF material containing 10 ppm
sulphur in the power law regime.

The deformation mechanism in all these power law regime tests is expected to be
dislocation flow and the rate controlling process is expected to be dislocation climb (see
section 2). There is nothing in the published information to suggest that this may not
have been so. Fracture mechanisms do vary between the different tests however. Itis
clear from a consideration of all the information that there is a consistent trend away
from failure by intergranular cracking towards failure by transgranular cracking for both
OF materials (6 ppm and 10 ppm sulphur) as test stress is increased through the power
law regime and into the power law breakdown regime. It isalso clear that the changein
fracture mode occurs at higher stresses for the higher sulphur bearing material. This
trend is not quite so clear for the OFP material, possibly because so few tests have been
completed in the power law regime and the ones which have been completed, have been
at relatively high temperatures compared with al other tests. The observations made on
these specimens are that creep rates are high (10 seconds™), the failures are ductile and
large dimples are present in the fracture surfaces. It is possible that these dimples arise
from grain boundary cavities which, at lower test temperatures would have led to
intergranular failure, but it is by no means demonstrated. It istherefore uncertain
whether the higher test temperature or the presence of phosphorusis responsible for the
higher ductility observed in the OFP testsin the power law regime.

A singletest on OFP at 30 MPawas carried out at 450 °C (Henderson 1992), the
secondary creep rate for thistest at 2.5* 10 is ten times higher than the value for pure
copper predicted by figure 1. Thistest fell in the high temperature creep zone of the
power law regime. The creep life was very short at 195 hours. It gave ahigh strain to
fracture, 32 %, and it is reported that the fracture surface contained large dimples which
were sulphur rich. The presence of sulphur in the dimples suggests that they originate
from intergranular cavities but the high fracture strain suggests that these cavities may
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have contributed to but were not responsible for the failure. This may be explained by
the increased plasticity which was promoted by the very high temperature of this test and
it may well be an extension of the behaviour observed in the tests at 300 °C to 350 °C
referred to above.

The significance of the above fractographic information is that it demonstrates that the
grain boundary cavitation was occurring under those test conditions. It hasto be
assumed therefore that, either the cavitation process also occurs at lower temperatures
where the plastic processes which have dominated fracture behaviour in the higher
temperature tests do not operate, or that phosphorus has the effect of preventing
cavitation in grain boundaries and this effect is neutralised by increases in temperature.

If theformer istrue, then low stress brittle failure of OFP is a possibility. If the latter is
trueit is necessary to propose a mechanism for inhibition of cavity formation involving
phosphorus. As all attempts to detect evidence of segregation of phosphorusto grain
boundaries have failed, the former explanation is favoured at present.

3.3 Comparison of experimental data with theor etical
predictions.

Whilst the discussion in 3.2.3 above suggests that addition of 50 ppm phosphorus to OF
material resultsin an increase in the force required for a given secondary creep rate, a
direct comparison of the results to determine the effects of phosphorus has been difficult
because only asingle set of test conditions have been duplicated for the two material
types. A comparison of secondary creep rates for all specimens from the two materias
with the predictions for pure copper under the same conditions, taken from figure 1,
could be more helpful however.

Individual minimum creep rate results have been compared with predictions of
minimum creep rates for pure copper under the same conditions and the general trends
with temperature and stress are in agreement with the theoretical trend for both material
types. The general scatter of the experimental points about the theoretical prediction
lines also appear similar for both material types.

Mean variations between experimental minimum creep rates for the two material types
across the complete range of temperatures and stresses is not possible because
insufficient datais available for OFP in the power law regime. However, Henderson
1994 and 1998 has provided plots of strain rate versus stress across the entire range of
temperature and stress for OF material, and Henderson et al (1992 and 1994) has
tabulated some results for OF and OFP material in the power law and power law
breakdown regimes. Data has been extracted from the plots in the 1994 and 1998 works
and used together with the tabulated data from 1992 to enable a comparison of
secondary creep rates for OF and OFP materials against the predictions of Frost and
Ashby (Figure 1) asastandard. In order to render the published data compatible with
the Frost and Ashby map it has been necessary to convert tensile stresses and strain
rates to shear stresses and strain rates and engineering shear stresses to true shear
stresses.
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For convenience predictions of the ratio between predicted and observed shear strain
rates have first been made using the engineering shear stress values and these are given
in columns 8 of tables 1 and 2 (overleaf). A correction factor has then been applied to
thisratio to take account of the uniform reduction in area of the specimens. The
correction factor for each specimen was calculated by reference to the ssmplified form
of equation 1, referred to earlier and given below.

dy/dt =B ¢"

The required correction factor (f) on dy/dt istherefore given by

f=(14/lo)"

where | isthe original specimen gauge length, |1 is the gauge length at the minimum
creep rate and n is the stress exponent in equation 1.

For all specimenswhich failed at fracture strains of 0.2 or less, zero necking has been
assumed (this is generally a sound assumption as in most of these cases failure strains
were less than 0.01) the gauge length at fracture for theses cases has been taken as ;.
The strain for minimum strain rate in specimens which strained by more than 20 % was
taken as 0.2 which yieldsavalue of 1.2 for I1/l,. Thiswasin order to avoid large errors
arising from necking which occurred in specimens exhibiting high failure strains
(Forsberg 1994).

Stress exponents for the specimens were given in the relevant papers and are listed in
columns 9 of tables 1 and 2. Correction factors (f) are given in columns 10 and the
ratios of corrected predicted to actual shear strain rates are given for individual
specimensin columns 11, the mean ratios for each specimen group are given in column
12.

In view of the uncertainty in extracting data from diagrams rather than the source and of
the assumptions used the resultsin tables 1 and 2 should be regarded as best estimates.
In spite of this caviat, it is clear that the predicted performance of the OF material is
very close to the observed performance across the whole range of temperature and stress
examined. The predicted strain rates for OF material are within one order of magnitude
of the observed strain rates in 24 out of 27 cases which cover both the power law and
power law breakdown regimes. It hasto be concluded that the Frost and Ashby model
gives agood representation of the behaviour of OF copper.

Only eight sets of data are available for OFP material and they are all at temperatures
exceeding 200 °C and in the power law breakdown regime. Nevertheless strain rates are
consistently two orders of magnitude lower than predicted by the Frost and Ashby
model. It does appear that the addition of 50 ppm phosphorus to the nominal OF
composition has, in this very limited number of tests, led to a substantial increasein
resistance to creep deformation. The magnitude of the effect is very surprising as atwo

21



order of magnitude increase in resistance to deformation in this temperature range
corresponds to an approximate increase in shear stress for a shear strain rate of

10 sec! from 60 M Pa to approximately 80 MPa. This effect is not understood and no
reasonabl e explanation has been offered. There is nothing from the reported work
which indicates that the same benefit of phosphorus will apply in the power law or
diffusional flow regimes and in view of the changesin rate controlling processes in the
different regimesit is not safe to assume that this benefit which has been observed in
tests will also be available in the expected repository conditions.
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3.4 Life prediction

Forsberg refers to the deformation map of Frost and Ashby (figure 1 of this report) and
quotes a predicted a life of 84,000 years for OF material tested at 100 °C and 40 MPa.
which was taken from unpublished work by Pettersson. On the assumption that the
strain rate in OFP is 100 times lower and fracture strains are equal he claims that OFP
will have an amost infinite life. Details of the calculation are not given and as the Frost
and Ashby map predicts strain rates, it is necessary to make an assumption about failure
strain in order to predict alife. The comparison of predicted strain rate for OF material
with observed strain rate referred to in 3.3 above adds some confidence to the prediction
of life for OF material under service conditions.

It is unsafe to assume however that the 100 times lower strain rates which have been
observed between OF and OFP materials under specific test conditions will also occur
under the canister service conditions. It isalso unsafe to assume that the fracture strain
measured on OFP in one test condition will also apply in the canister service condition.
The longer life suggested for OFP cannot be justified on the arguments provided.

The information which is needed in order to make aredistic life estimate includes the

strain rates and fracture strains which would be achieved with OFP at 100 °C in the
power law regime.
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4. Conclusions

1

Storage conditions for the copper-iron canister are likely to include stresses up
to 50 MPa and the possibilities of creep failure of the copper shell cannot be
discounted.

Creep failure strains for OF and OFP copper decrease with decreasing stress. In
the power law breakdown regime (that is roughly for stresses exceeding 100
MPa) the rangeis from 50 % to 10 %. OF copper exhibits brittle behaviour in
the power law regime (that is roughly for stresses less than 100 MPa) with
failure strainsfalling to lessthan 5 %. This behaviour rendersit unsuitable for
use in the copper—iron canister.

No satisfactory tests have been conducted on OFP material in the power law
regime. Thereisno evidence that fracture strains for this material will or will
not continue to decrease with decreasing stressin this range.

Attempts to measure fracture strains and secondary creep rates for OFP material
in the power law regime have been frustrated by the very long test times which
are required at representative temperatures.

When test temperatures for OFP are increased to 300 °C or more in the power
law regime, there is evidence of grain boundary cavitation, which at lower
temperatures would be accompanied by low strain to fracture failures. In these
cases however fractures are mainly ductile. Thisductility isunlikely to be
reproduced at lower test temperatures.

Raising the sulphur content of OF copper from 6 ppm to 10 ppm causes further
reductionsin failure strain in tests carried out under power law conditions but
not under power law breakdown conditions. Thereis no reason to suppose that
OFP material will not behave in the same way.

The cause of the further reduction in ductility referred to in 6 aboveis
segregation of sulphur to crack nuclel in grain boundaries and thisiswhy it
does not occur under power law breakdown conditions where failure is
transgranular. It does not occur in the timescales so far considered when
sulphur content is 6 ppm.

For OFP material the stress level required for a given creep rate in the power
law breakdown regime at 215 °C is much higher than that required for pure
material according to figure 1. Predicted strain rates for OF material arein
good agreement with the observed values for awide range of test conditionsin
the power law and power law breakdown regimes.

Predictions of satisfactory creep lives for OFP materia in service are only
reasonabl e providing that the OFP material does exhibit the same increased
resistance to deformation in the power law regime as has been observed in the
power law breakdown regime and does not exhibit the same changesin fracture
strain observed in OF material on changing from power law breakdown to
power law behaviour.
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7. Appendices

7.1 Appendix A. Stresseson the canister

7.1.1 Residual stresses from manufacturing

Josefson et a (1993) and co-workers have used finite element methods to calculate the
internal strainsthat might arise in the canister during manufacture and these have aso
been reported by Nilsson (1992). Two main strain concentrations are referred to and
both are related to electron beam welding. Thefirst isin the vicinity of the weld itself
and the strain predicted corresponds to a peak stress of 60 MPa. The second, which is
close to the backing ring, involves an accumulated local plastic strain of 5% in the
vicinity of the weld which corresponds to stress of 140 MPa. (Lindblom et al., 1992).
Nilsson (1992) indicated that the peak stress of 140 MPamay be reduced considerably
by attention to design. It should also be suggested that a change from electron beam
welding to Friction stir welding could lead to a considerable reduction in internal stress.

Following the work of Lindblom et al (1992), Nilsson (1992) goeson to say that an
initial rapid reduction in internal stress occurs during the first 100 hours after
manufacture when the external temperature of the canister islikely to be 150 °C. Stress
relaxation experiments carried out by Lindblom (1992) and co-workers indicate that at
150 °C tensile stresses as high as 250 M Pa are relaxed almost instantaneously to less
than 50 MPa. Such stresses are further reduced to less than 40 MPain 100 hours.
Similar tests at 150 MPaand 75 °C indicate that the instantaneous stress relief is to

75 MPawith afurther fall of approximately 30 % over 500 hours.

These stress rel axation observations are not predicted accurately by figure 1. The
reason for thisis, partly, that in this range of temperature and stress, strain rate shows an
extreme sensitivity to stress. Figure 1 predictsthat at atensile stress of 140 MPaand a
temperature of 150 °C the strain rate is of order 10°® per second which requires 70 days
for al % strain relaxation. At astress of 180 MPa and 150 °C the predicted strain rate
is 1 per second whilst at 75 MPait is 10°per second. This sensitivity, indicates the need
to use results from experiments on the practical materialsif relaxation time predictions
in these high stress ranges are to be credible.

The Lindblom et a (1992) work included elevated temperature tensile tests. The results
of tests at 150 °C indicate that the instantaneous stress relaxation from 250 MPato less
than 50 M Pa corresponds to relaxation by plastic flow to aresidual elastic strain of
order 0.1 %. Y oungs modulus for the material appears to have been insensitive to
temperature over the temperature range 26 °C to 250 °C. At 26 °C and 100 °C the stress
for 0.1 % strain was close to 75 MPa. We may therefore assume that it would be almost
thesame at 75°C. On that basisit is concluded that the instantaneous stress rel axation
at 75°C and 75 MPa also corresponds to aresidual elastic strain of 0.1 % and that the
stress relaxation behaviours at 100 °C and 75 °C are similar.

All the above work was carried out on Cu-OFP material with agrain size of 45 um.
There was no evidence in the tensile tests for alow strain to fracture failure mechanism.
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It is assumed that the high initial stresses used in stress relaxation tests were achieved
by instantaneous loading and relieved by a process of dynamic recovery. The same
dynamic recovery process will prevent the high residual stresses calculated for the post
welding state to be realised but the predicted strain will be realised and its effects must
be considered. Thereis every reason to believe that the effects of the recovery
mechanism occurring in the tensile testsis similar to that occurring to relax the welding
stresses and there is no reason to suspect that mechanisms leading to low strain to
fracture failure will operate in the CuOFP material under these conditions. That is not to
say that a coarse grained sulphur bearing copper would not exhibit low strain to fracture
effects or that CUOFP would not exhibit low strain to fracture effects under different
conditions of load, time and temperature.

In alater work Josefson (1992) used afinite element approach to consideration of stress
relaxation after welding but before deposition, i.e. over the first 100 hours. His
predictions for stress relaxation before deposition were roughly in line with those given
above. He used representative stress relaxation creep results to calculate values for the
B and n parametersin the Norton-Bailey equation during the waiting period, the values
wereof 3.5x10* and 20 respectively. These are not typical of power law creep but
they did provide good agreement with experimental observation in stress relaxation tests
at temperatures and stresses which were selected to represent the waiting period.

An important observation from the Josefson (1992) work is that the peak combined
plastic and creep strain close to the corner near the weld is predicted to be 14 %,
100 hours after welding is compl eted.

From these observationsit is reasonable to conclude as follows.

1. Welding and stress redistributions which occur in the holding period will cause
local strains, which could in the worst case be as high as 14 %.

2. Owing to dynamic recovery during and immediately after welding and the high
temperature in the immediate post welding period, stresses arising from the
welding strains will be relaxed rapidly to levels which correspond to 0.1 %
strain at the ruling temperature (thisis approximately 75 MPaat 100 °C or
50 MPaat 150 °C). A further 30 % stress and strain relaxation will occur during
the first 20 days after welding the lid and the relaxation after this time will
continue at areducing rate with time. It isto be expected therefore that the peak
internal stress at the time of placing in the repository will be close to 50 MPa.

3. A further 30 % stress and strain relaxation will occur during the first 20 days
after welding the lid and the relaxation after this time will continue at areducing
rate with time.

4. Thelocation of the peak strainswill be close to the lid corner on the inside of the
copper shell.
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7.1.2 After deposition

The loads which might arise in the repository environment have been considered by
Werme (1998).

The normal load case given is 14 MPa pressure (including “customary” safety
margins). Thisis made up of 7 MPahydrostatic pressure and 7 MPa swelling pressure
of the bentonite.

The hydrostatic pressure from a 500 m head is close to 5 MPaand from thiswe
calculate that the safety factor used in this caseis plus 40 %.

An accurate determination of the maximum combined stress arising from residual
welding stresses, hydrostatic pressure and bentonite swelling and relaxation processes is
beyond the scope of thiswork. It is clear however that the hydrostatic and swelling
pressure components build up over along time period estimated to be no less than ten
years. Bearing in mind the rapid rate of reduction of residual stressesto the 0.1 % proof
stress observed for the holding period, it is reasonable to assume that for the base case
the build up of localised stresses arising from swelling and hydrostatic components will
be less than the rate of relaxation. Thus the peak localised stresses should never exceed
the level present at deposition. This general view is supported by the early work of
Josefson et al, 1993 who used finite element methods to cal cul ate the combined effects
of stress relaxation and repository pressure build up. Over time the overpack will
collapse completely onto the liner and the whole system will be subject to the uniform
swelling pressure, the peak strains involved in this process have not been calculated.

Residual stresses close to the bottom weld will be lower than residual stresses near the
lid weld owing to the longer relaxation time before deposition. Thus although stress
concentrations will develop at the bottom corners of the canister they will not exceed
the residual stresses present closeto the lid weld. It is safe therefore to assume that the
residual stresses present at deposition will not be exceeded during the period of pressure
build up to the normal load case.

The allowance for bentonite swelling pressure is uncertain however. Asitisvery
important to consideration of the type of creep deformation which will occur it has been
considered in more detail in Appendix B.

The conclusion in appendix B isthat hydrostatic plus swelling pressure can not be
allowed to exceed 40 MPain the interest of preventing plastic collapse of the liner.
Such apressureif it could occur would also build up over at least ten years. Collapse of
the overpack onto the liner will lead to stress concentrations but such stress
concentrations would be subject to being relieved by flow just as the welding stress
concentrations are during the holding period. When flow has occurred sufficiently for
contact between the overpack and the liner to be complete then, for the uniform
swelling case the whole of the overpack will adjust to a uniform compressive stress
equal to the external pressure and no further deformation will occur. It is safe therefore
to assume that even if the bentonite swelling pressure reaches the maximum value of
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40 MPathe peak stressesin the overpack during storage will not exceed the stresses
present at deposition.

The base case discussed above may be regarded as pseudo-steady state after saturation
of the bentonite but account has to be taken of uneven pressure build up in the water
saturation phase which may lead to tensile or compressive stresses in the canister. These
forces do not contribute to the collapse mechanism for the liner which was discussed in
the previous paragraph. Three bounding cases are discussed by Werme. Simple
calculations in which the bentonite is assumed to resist deformation, yield very high
bending stresses on the canister which could lead to failure. However when the
calculations are refined in afinite element scheme, which takes account of the
properties of the bentonite, the peak tensile force in the canister insert islimited to 55
MPa. Thisindicates that under conditions where supply of water to the bentonite is
non-uniform, non-uniform swelling will lead to flow in the bentonite to relieve swelling
pressure. Peak swelling pressure will not be achieved until the bentonite isfully
saturated but the bending moments on the canister which arise from swelling will peak
at some time before complete saturation is reached, that is to say sometimein the first
10to 100 years. Whilst the 55 MPatensile force should be safe on the insert, the effect
of the unbalanced force on the copper will be to make it flow in the same way as the
bentonite. The magnitude of the tensile stresses which would develop in the copper is
not given by Werme and it is beyond the scope of thiswork to calculate it. However it
seems unlikely that it would exceed the peak stress of 55 MPawhich is calculated for
the liner.

An alternative scenario where saturation proceeds from the bottom of the emplacement
hole to the top, imposes shear forces on the copper, these forces will depend on the
swelling pressures and are subject to the same uncertainty. The maximum axial stresses
induced in the copper for the conditions studied (which included a peak swelling
pressure of 8 MPa) was 19.3 MPa. The shear stresses arising from this axial stress were
not calculated but bearing in mind the high surface area of the canister compared to the
cross sectional area of the overpack it is clear that they will be low. Evenif the swelling
pressure is increased by afactor of five (to the maximum permissible by the collapse
pressure for the liner) the shear stresses will still be low.

Finally the effect of ice loading which arisesin afuture ice age has to be considered.
Theice load, when it occurs, will be additive to the swelling pressure at that time.

The extreme case corresponding to an ice-cap 3 km thick adds 30 MPa hydrostatic
pressure to the base case. Asitisahydrostatic pressure and it is not likely to occur
until after the effects of residual stresses have disappeared it may be considered as
additive to the swelling pressure but of no consequence as far as creep of the copper
overpack is concerned.

Considering all these pointsit is concluded;
5. That the uniform pressures which might arise from ideal bentonite swelling,

hydrostatic pressure and the ice load should not cause a creep problem by virtue
of the fact that they are hydrostatic.
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6. Collapse of the overpack onto the liner will lead to localised stress
concentrations but their rate of development will be such that the localised
stresses present at deposition will not be exceeded.

7. Non uniform swelling of bentonite can lead to localised stress concentrations but
their levelswill not exceed the stress concentrations present at the time of
deposition. Peak localised stresses should not therefore exceed 50 M Pa.

In his discussion of localised stresses Josefson (1992) argues that the Norton-Bailey
parameters given for the holding period would not be appropriate for consideration of
long term creep in the repository and that the governing process in this stage would be
volume diffusion. Values of B and n suggested are 2.7x10%° and 5 respectively. These
are calculated from creep tests at temperatures around 100 °C and 100 MPa. They
would be typical of power law creep. At later stages when temperature in the repository
declines and residual stress has further declined, it is suggested that the dominant
mechanism may be surface diffusion. No B or n value is suggested for this stage.

The Josefson view (above) is supported by the results of Lindblom et al. (1992) which
indicate an activation energy for stage two creep under these conditions of 197 kJ/mol.
which corresponds to self diffusion and is consistent with a mechanism involving
dislocation glide but with vacancy assisted climb as the rate controlling step. A single
result on atest carried out at 100 °C does not fit with the higher temperature results and
thisis attributed to the extremely low creep rates at that temperature (it is suggested that
second stage creep had not begun).

Nilsson (1992) agrees that creep deformation after deposition will occur due to external
pressure and suggests that this creep should involve diffusional flow.

Further conclusions are therefore as follows.

8. During long-term creep in the repository the dominant creep mechanism power
law creep with activation energy of 197 kJ/mol. In this stage the creep
mechanism is dislocation glide with vacancy assisted climb as the rate
controlling step.

9. Inthevery long term when stresses and temperatures both decline the creep
mechanism is likely to involve diffusional flow.

7.2 Appendix B. Bentonite swelling pressure

Werme (1998) guotes and reproduces the work of Pusch and Bérgesson in his design
premises paper. These workersindicate that swelling pressure of the bentoniteisa
function of porosity, initial water content, available expansion space and degree of
saturation achieved. Thisis because the swelling pressure will depend on, the volume
of free space available between the bentonite blocks or pellets and the cavity into which
they are emplaced, the water contents and porosities of the blocks and pellets as
manufactured, and the amount of water taken up. On this basis it may be predicted that
if the free space for expansion of the bentoniteis high, saturation will occur with no
increase in pressure. If itistoo low a maximum pressure will be devel oped at which no
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further uptake of water will be possible. Thiswill be the equilibrium pressure for a
system of partially saturated bentonite and free water under the prevailing temperature
conditions.

In the repository it is planned that a gap of 10 mm will be left between the walls of the
canister and the bentonite blocks and a further gap of 50 mm will be left between the
blocks and the rock. Thislatter space will be filled with bentonite pellets. The free
space for expansion is thus made up of the porosity in the bentonite blocks and pellets,
the packing density of the pellets and the gap between the blocks and the canister.

It appears that the range of initial water contents and densities of the bentonite blocks as
well as the spaces between the blocks and the canister and the blocks and the rock are
limited by practical considerations. These include the handling characteristics of the
blocks and pellets as manufactured, and their mechanical properties. They must resist
serious damage due to handling and they are required to have adequate resistance to
deformation under their own weight (in the cavity) or the weight of the filled canister.
Thisisto ensure the stability of the canister position in the rock cavity and to preserve
the expansion space.

In order to achieve maximum resistance to deformation and good handling
characteristicsit is desirable to use low initial water content and a high compaction
pressure. These manufacturing conditions will result in the highest swelling pressures
in the bentonite during saturation.

Pusch and Borgesson have calculated swelling pressures and final density at saturation
under the packing conditions which are planned for the repository. They examined
three cases where initial density (dry density), initial water content and compaction
pressure were varied. They calculated that for the highest practical compaction
pressures (500 MPa) and lowest initial water contents (10 %), swelling pressures of
100 MPashould be expected. Increasing the initial water content to 17 % produced a
reduction in the swelling pressure to 30 MPa. A reduction in compaction pressure at
17 % initial water content led to a further reduction in swelling pressure to 13 MPa.
Pusch and Borgesson state that if adesign swelling pressure of 7 MPaisto be achieved
then either smaller blocks (presumably with spaces between them) or blocks made with
lower compaction pressures would be required. No comment is made on the likely
mechanical properties of such blocks or of their stability in the repository.

It isclear that there is considerable doubt that the maximum swelling pressure can be
limited to 7 MPa and that swelling pressures of up to 100 MPa are possible. At this
point therefore we are only able to conclude that the force driving creep of the copper
overpack onto the canister for the normal load case is between 12 and 112 MPawith no
allowance for safety factors.

However Werme also refers to work by Ekberg which is published in the Swedish
language. Thiswork calculates the critical pressures for canister collapse to be 81 MPa
for the BWR version and 114 for the PWR version (the difference arises from the
configuration of the internal supports). From this observation we conclude that if the
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peak pressures including safety factors cannot be maintained below 81 MPathen a
major redesign of the canister is required.

For the purpose of this study and in order to leave a 50 % safety margin against canister
collapse through material defect, we must assume that the peak pressures (arising from
hydrostatic and bentonite swelling components) will not exceed 40 MPa and that the
design of the bentonite filling system will meet that constraint. The bentonite swelling
pressure must therefore be limited to less than 35 MPa.
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