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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 loads 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 bentonite is fully saturated. During this 
time period the creep properties of the copper canister are very essential for the integrity of 
the copper shell. 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.  
 
All the relevant work arising from the development programme concentrates on measurement 
of minimum creep rates and creep lives for Oxygen free copper (OF) and OF to which 50ppm 
phosphorus has been added (OFP) under conditions where test duration has not exceeded two 
years.  This has required testing to be accelerated by using higher temperatures and/or higher 
stresses than would be expected in service.  Extrapolation of test data over five orders of 
magnitude in time, coupled with reductions in temperature and stress, has been used to predict 
service behaviour.   
 
Doubt has been cast on the validity of such extreme extrapolations by the observation that 
creep deformation and failure mechanisms in metals change with changes in temperature or 
applied stress (Bowyer-2003) 
 
This study has been undertaken in an effort to understand the differences in behaviour of OF 
and OFP material more fully and attempt to resolve the doubts referred to above. 
 

Results 
The study points out that the physical model provided by Ashby and co-workers adequately 
describes the general variations in the observed creep behaviour of the experimental materials.  
 
The fracture model has been used to predict the life of OF material containing 6ppm sulphur 
under repository like conditions of 50MPa and 100 °C, as 20 000 years. The life of OFP is 
expected to be somewhat longer than the life of OF material.   
 

Effects on SKI work 
The study will be a basis for coming SKI research projects and SKI reviews of SKB’s 
RD&D-programme. 
 

Project information 
Behnaz Aghili has been responsible for the project at SKI. 
SKI reference: 14.9-040736/200409102. 
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Summary 
The literature on creep processes in many materials, including copper, has been 
thoroughly reviewed and complemented by Ashby and co-workers. They have provided 
physical models which describe the deformation and fracture processes with good 
qualitative and quantitative agreement with experimental data for many cases.  A 
description of the deformation and fracture models is provided and the relevant 
equations are included in the appendices. 

Published data from the canister development programme has been compared with the 
predictions from the models. The purpose was to improve our understanding of (1) a 
reported benefit to creep performance which arises from additions of 50ppm phosphorus 
to oxygen free (OF) copper, and (2) an observed transition from brittle to ductile failure 
in OF copper. 
 
The models adequately describe the general variations in the observed creep 
behaviour of the experimental materials.  Steady state creep rates for OF copper are 
observed to be up to one order of magnitude higher than the model predicts for pure 
copper across a wide range of temperatures and stresses in the power law and power law 
breakdown regimes.  For OF copper with 50ppm of phosphorus added (OFP copper), 
observed steady state creep rates in the power law breakdown regime are up to one 
order of magnitude lower than the model predicts for pure copper.  Creep lives in the 
experimental OFP material are also higher than creep lives for OF material under 
similar conditions. The lower creep deformation rates and the longer creep lives of OFP 
material are attributed the known effects of phosphorus on recovery in copper. The 
model predicts that the same mechanism will improve creep lives under repository 
conditions.  It is suggested that the factor of improvement under repository conditions 
will be less than the factor which is observed in the power law breakdown regime.  
 
Predicted creep lives, based on measured steady state creep rates and stress exponents 
(“n” values) are in good agreement with observed values for both OF and OFP materials 
in the power law breakdown regime.  Creep lives of OF specimens containing 6ppm 
sulphur and tested in the power law regime are also close to predicted values.  This 
suggests that it may be possible to predict creep lives using a physical model without 
the need for specimens to be tested to failure.  
 
The fracture model has been used to predict the life of OF material containing 6ppm 
sulphur under repository like conditions of 50MPa and 100°C as 20,000 years.  The life 
of OFP is expected to be somewhat longer than the life for OF material.  The factor of 
improvement has not been estimated at this stage.  
 
Segregation of sulphur to grain boundaries is responsible for the transition in fracture 
mode from ductile to brittle on OF material containing 10ppm sulphur.  This is 
consistent with predictions from the model when it is assumed that the segregation leads 
to a reduction in surface energy of 50 to 65%.  The effect of sulphur segregation is 
expected to be sensitive to grain size.  The grain size of the test materials was 50µm.  It 
is estimated that an increase in grain size to 100µm might cause the embrittling 
mechanism to occur in material having 6ppm sulphur. 
 
 
 



 

 6

 
 



 

 7

 

1. Introduction 
SKB have designed and are developing a canister for the deep underground disposal of 
spent nuclear fuel.  It is termed the copper-iron canister and it consists of a cast iron 
load-bearing insert which is encapsulated in a copper shell of thickness 50mm to act as 
a corrosion barrier.  It is intended that the integrity of the canister should be maintained 
for a period in excess of 100,000 years. 
 
Oxygen free copper (OF) and OF to which 50ppm of phosphorus has been added 
(OFP) have been under consideration for use as the corrosion barrier in this 
design.  An earlier report (Bowyer, 2003) reviews published work relevant to the creep 
properties of the OF and OFP materials under the anticipated service conditions. The 
expected maximum temperature in the repository is around 100°C.  Localised stresses, 
which arise from the manufacturing process, will be present in the copper shell. Their 
peak value is unlikely to exceed 50MPa at the time of emplacement in the repository 
and they are expected to reduce over time in the repository.  Further non-uniform 
stresses will arise during storage due to hydrostatic pressure and repository processes.  
Their peak values are expected to be up to but not exceeding 50MPa.  
 
All the relevant work arising from the development programme concentrates on 
measurement of minimum creep rates and creep lives for the two materials under 
conditions where test duration has not exceeded two years.  This has required testing to 
be accelerated by using higher temperatures and/or higher stresses than would be 
expected in service.  Extrapolation of test data over five orders of magnitude in time, 
coupled with reductions in temperature and stress, has been used to predict service 
behaviour.   
 
Doubt has been cast on the validity of such extreme extrapolations by the observation 
that creep deformation and failure mechanisms in metals change with changes in 
temperature or applied stress (Bowyer, 2003). 
 
This study has been undertaken in an effort to understand the differences in behaviour 
of OF and OFP material more fully and attempt to resolve the doubts referred to above. 
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2. Steady state deformation rates 
 
2.1 Theoretical treatment 
 
Frost and Ashby (1982) made a detailed review of the literature on mechanisms of creep 
deformation for many materials including copper.  This resulted in their model for 
steady state creep which is summarised below. 
 
Steady state creep rates are generally given by the Norton-Bailey relationship which is 
sometimes written,  

n

o

e
oss ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

σ
σ

εε &&                                                                                                     (1) 

where σe is the Von Mises equivalent stress which is given by 
 
σe═{½[( σ1−σ2)2+( σ2−σ3)2+( σ3−σ1)2]}½  
when σ1, σ2 , and σ3 are the principal stresses. ssε&   is the equivalent steady state tensile 
strain rate  given by 

ssε&   ={2/9[(dε1 /dt−dε2/dt)2+(dε2/dt −dε3/dt)2+(dε3/dt −dε1/dt)2]}½            (2)  
when ε1 ,ε2 , and ε3 are principal strains 
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o eαε&                                                            (3)      
   
 where σο and εo  are creep constants, n is a creep constant usually termed the stress 
exponent   and the other symbols have their usual meanings.  
 
At low stresses, i.e. less than 25MPa at 100°C and in fine grained materials deformation 
is by diffusional flow across or around grains, 
 

Here  ⎟⎟
⎠
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&                                          (4)   

Where Dv and bbD δ describe the rates of lattice and grain boundary diffusion,  

d is the grain diameter, Ω is atomic volume, k is Boltzmans constant and other symbols 
have their usual meaning. 
 
Three mechanisms have been described for diffusion-controlled creep, they are Harper-
Dorn, Nabbarro-Herring and Coble creep (Nabarro, 1948; Coble, 1963; Ashby et al, 
1978; Nabarro, 2002). 
 
In diffusional creep processes 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 process is akin to plastic deformation in that it provides a change in 
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 
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tensile axis to the edges of dislocations parallel to the tensile axis.  At higher 
temperatures the process occurs through the bulk of the grain (Harper-Dorn or HD 
creep) whilst at lower temperatures it occurs along the cores of the dislocation network 
(H-DP creep), a form 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 Nabbarro-Herring creep and inversely 
proportional to cube of grain size for Coble creep. 
 
When creep is controlled by diffusion alone the value of n is 1 and for the copper case 
the stress defining the upper boundary of diffusion creep is approximately 25MPa.  At 
higher stresses steady state creep occurs by dislocation glide plus climb and values of n 
are typically 4 to 5, this is called the power law regime.  The upper boundary of the 
power law creep regime is defined by the ratio of applied shear stress to the elastic shear 
modulus which corresponds to the onset of general plasticity.  For FCC metals this ratio 
is given as 1.26 x 10-3 and deformation at stresses exceeding this value is said to be in 
the power law breakdown regime.  In the power law breakdown regime, values of n 
exceed 5, and values as high as 27 have been reported in connection with the canister 
development programme.   
 
The shear elastic modulus µ for copper is given as 4.21 x 104MPa at 25ºC (Frost and 
Ashby 1982).  There is a dependence of µ on temperature according to the relationship 
dµ/dT =-16.7 but the effect of this is very small.  For the copper case the boundary 
between power law and power law breakdown behaviour is taken as 100MPa tensile. 
Deformation in the power law breakdown regime is described as deformation at 
constant structure such that work hardening and recovery occur at balanced rates.  
 
By solving the equations for diffusional flow, power law creep and general plasticity 
Frost and Ashby (1982) prepared deformation diagrams for many materials.   
The diagram for pure copper with a 100µm grain size is reproduced overleaf.  
 
The contours on the map correspond to constant shear strain rates and the areas of 
predominance of the different deformation mechanisms are shown. The vertical axis on 
figure 1 is shear stress and this may be converted to tensile stress through the 
relationship σt/σs = 1.73, shear strain rates may be converted to tensile strain rates 
through the relationship tεγ && 73.1= . 
 
It is very important to recognise that the regions defined by the boundaries of the 
deformation 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 or more mechanisms are equally important. A single mechanism will 
dominate when conditions are well away from any boundary.  A consequence of the 
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gradual transitions from one mechanism to another is that n values also make gradual 
rather than sharp transitions with increasing stress.  
 
Figure 1.   Deformation diagram for pure copper (after Frost and Ashby, 1982) 
 

 
 
The predictions of the copper deformation diagram are in good agreement with 
observations on OF material made by many workers including those interested in the 
copper iron canister which are included in an earlier review (Bowyer, 2003) and are 
elaborated below.  It makes no predictions regarding fracture strain and therefore, no 
prediction about creep life.  However, since oε&  contains an activation energy term, the 
diagram does predict increasing secondary creep rates with increasing temperature at 
constant applied stress as would be expected.  
 
2.2 Consideration of Published Work on OF and OFP Coppers 
 
2.2.1 Tests on OF Copper 
 
The body of published work on OF copper relating to the development programme for 
the copper-iron canister, concentrates on  material with a sulphur content of 10ppm.  
 
Results are reported for tests made at a range of temperatures from 75°C to 250°C and a 
range of tensile stresses from 35MPa to 160MPa.  These stresses cover the power and 

100°C

50MPa
Tensile
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power law breakdown regimes.  However as a consequence of the constraint on test 
duration, tests at temperatures representative of the service condition have been mainly 
in the power law breakdown regime and test at stresses in the power law regime have 
been at temperatures well above the service temperature.  
 
Tests at 75°C and 110°C, which correspond most closely to the service temperature, 
show a reduction in failure strain from 40% high in the power law breakdown regime to 
10% at the power law-power law breakdown boundary.  Tests at 145°C, which were 
carried out at stresses crossing the power law-power law breakdown boundary, resulted 
in failure strains which varied from 20% at 120MPa to 5% at 70MPa.  Tests at 180° C, 
215° C and 250° C were all in the power law regime and all failed at less than 1% 
strain.   
 
Metallographic examinations indicated that failures high in the power law breakdown 
regime involved a considerable amount of deformation of grains and involved 
transgranular cracking whilst well in the power law regime no evidence of flow was 
observed and cracking was intergranular. 
 
Strong evidence was provided that the very low strain to fracture failures, which were 
observed, was connected with segregation of sulphur to grain boundaries.  No comment 
was made however on the gradual reduction in strain to fracture which was observed as 
test stress was reduced towards and across the power law-power law breakdown 
boundary.   
 
The creep rate predictions of the Frost and Ashby diagram appear to fit reasonably well 
with the experimental observations.  It is reasonable therefore to extrapolate on the 
diagram to estimate the failure strain which might be required if the canister was to 
survive for 100,000 years at a tensile stress of 50MPa and at temperatures of 100°C and 
75°C.  A crude extrapolation suggests that the minimum creep rate at 100°C might be 
10-13 sec-1, and at 75°C it might be 10-14sec-1.  These rates would require secondary 
creep strains of 0.3 and 0.03 (30% and 3%).  As creep strains in all specimens tested 
under power law conditions were less than 3% it is highly unlikely that the OF material 
with 10ppm sulphur would provide adequate creep performance for the copper shell. 
 
The benefits which might arise from working with a lower sulphur content were briefly 
investigated using an OF material containing 6ppm sulphur.  Five tests were carried out 
at 215°C across the stress range 45 to 100MPa which is in the power law regime. The 
results were compared, by the present writer, with a similar test series on the 10ppm 
sulphur material.  Secondary creep rates were not significantly different in the two 
materials even though the 10ppm sulphur specimens failed at 0.2 to 0.3% strain whilst 
the 6ppm material failed at 10 to 12% strain.  (These latter values are similar to the 
fracture strains reported for 10ppm sulphur material at slightly higher stresses in the 
power law breakdown regime).  
 
The results on the low sulphur material, suggests that there is no effect of sulphur on 
secondary creep rates and that the effect of sulphur on fracture strain may be confined to 
the power law, or possibly the power law and diffusion regimes. The extreme reduction 
in failure strain observed on the OF material with 10ppm sulphur has been attributed to 
segregation of sulphur to grain boundaries (Henderson et al, 1992).  If this is correct it is 
at least probable that the same reduction in failure strain would be observed on material 
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with lower sulphur contents if the test duration was much longer or the specimens had 
coarser grains.  No further work exploring this possibility has been published.   
 
2.2.2 Tests on OFP Copper 
 
The designers of the canister selected copper for the corrosion barrier from 
considerations of its high corrosion resistance and its cost.  There was strong resistance 
to alloying the copper owing to the likely effects of alloying on corrosion performance 
in the uncertain environment which might occur in the repository.  However an 
additional concern, that critical strain grain growth might arise during manufacturing, 
led to consideration of the use of an OF copper containing 6ppm sulphur and doped 
with 50ppm phosphorus to raise the re-crystallisation temperature (OFP).  OFP was 
produced and its creep properties were examined.  For this alloy sulphur content was 
controlled to 6ppm. 
 
The majority of creep testing reported on OFP was carried out in the power law 
breakdown regime and at temperatures in the range 75°C to 300°C. A small number of 
tests were also carried out at stresses below 100MPa  but at temperatures in the range 
300°C to 450°C. 
 
A general observation is that the fracture strains for OFP material varied from 20% at 
40MPa to 50% at 160MPa.  These strains are higher than the fracture strains recorded at 
comparable stresses in OF material with 10ppm or 6ppm sulphur but the trend is 
similar. In the majority of cases tests on OFP material were carried out at significantly 
higher temperatures than tests at the same stress level on OF material. This was in order 
to comply with constraints on test duration.  Nevertheless extrapolation of the observed 
trends in secondary creep rates in the OFP material in the power law breakdown regime 
indicated that they are clearly lower than the rates observed on OF material under 
similar conditions.   
 
2.2.3 The effect of phosphorus on minimum creep rates 
 
The quantitative assessment of the level of improvement in creep resistance of OFP 
material over OF material from the experimental data is full of uncertainty.  This 
uncertainty arises from the limited areas of overlap in the data and the scatter in the data 
which arises from material and experimental variations.  A best estimate factor of 
improvement of 100 in secondary creep rate is given in the literature (Henderson, 1994).    
Bowyer (2003) compared the experimental data from the individual tests on OF and 
OFP material with predictions from the Frost and Ashby diagram so that each material 
might be compared with an independent standard.  This process is equally as uncertain 
as the comparison of results from individual tests in the region of data overlap but it has 
the advantage that it gives both an average, and a range of factors for all tests.  For OF 
material in the power law breakdown regime, the average ratio of predicted to observed 
secondary creep rate over 8 tests was 0.6, and the range was 0.03 to 1.  For 8 tests on 
OFP material in the same regime the average ratio was 299 and the range was 30 to 
1070.  If the three highest values are neglected for this case however, the average 
reduces to 53 and the range becomes 30 to 87.  It appears therefore that a factor of 
improvement of 10 to 50 times may be safe to work with for service in the power law 
breakdown regime. This corresponds to an increase of 15% in stress required for a 
secondary creep rate of 10-9 secs-1 at 215 °C.  
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2.2.4 The effect of phosphorus on creep life 
 
If it is assumed that the improvement in minimum creep rate referred to above also 
occurs in the power law regime, it is possible to estimate the failure strains which might 
be required if the OFP shell was to survive for 100,000 years under repository 
conditions.  This may be done by the method used for OF material in section 2.2.1 
above.  In the OFP case the creep rate at 50MPa and 100°C might be10-14 sec -1, and at 
75°C it might be 10-15 sec-1.  These rates would require minimum secondary creep 
strains of 0.03 and 0.003 (3% and 0.3%) for the canister to survive for the required time. 
Henderson (1994) reports on tests carried out on OFP at 40 to 90MPa but only at 
temperatures of 300°C or higher.  Recorded failure strains were between 0.06 and 0.4.  
 
If these failure strains  are representative of strains which might arise in tests at 
appropriate temperatures of  75°C and 100°C, and the benefit conferred by the 
phosphorus at high stresses persists at a representative stress level of 50MPa, then there 
is an indication that OFP may provide satisfactory creep resistance for the copper shell. 
However there is doubt surrounding this extrapolation of data. 
 
This doubt exists because;  
 

(1) The failure strain of 0.4 was measured at 300 °C in 220 hours at 100MPa. A 
failure strain of 0.16 was measured in 195 hours at 450°C. The n values given 
for these tests were in excess of 5 which suggests that they were not in the 
power law or diffusion creep regimes.  

(2) For the effects of phosphorus to persist at lower stresses it is necessary that the 
changes in deformation and fracture processes which occur with reducing 
stresses would have no significant effect on the strengthening mechanism 
conferred by phosphorus.   

(3) There is no information regarding the effects of low levels of sulphur on fracture 
strain in tests of longer duration or in material with coarser grain sizes. 

 
These doubts will be addressed in the following two sections. 
 
2.2.5 Observations on the stress exponent “n”  

 
In the Frost and Ashby model described in section 2.1 the concept of a gradual change 
in the dominant creep deformation with increasing stress is introduced.  The 
terminology of the Frost and Ashby model which includes, diffusion control, power law 
control and power law breakdown control has been used so far in this report.  The 
model predicts an n value of 1 in the diffusion controlled regime and a gradual change 
to 5 as stress is increased so that power law creep becomes dominant.  A further 
increase occurs as stresses reach the point where power law control breaks down. In the 
power law breakdown regime, strain rate increases exponentially with increasing stress.  
In reality the gradual transition from one mechanism to another leads to a gradual 
increase in slope in the relationship between log stress and log strain rate.  It is common 
to approximate sections of this relationship to the best straight line and use the slope as 
the value of n in the Norton-Bailey relationship (equation 1). 
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Henderson (1994) uses the Frost and Ashby model and reports “a clear trend to 
decreasing n with increasing temperature, or decreasing stress”. The test data, appears to 
support to this observation for all specimens except the OF specimens tested at stresses 
below 100MPa, where n seems to be independent of temperature. 
 
Pettersson (2004) has pointed out that creep curves are usually plotted in terms of 
nominal (engineering) stress rather than true stress. One effect of this is to link the value 
of n to the strain at which the steady state stress is measured because, under constant 
load conditions, the true stress increases as strain increases.  In his model of creep 
deformation a constant value of n is predicted when creep curves are modelled for 
constant stress conditions.  Under constant load conditions the n value is predicted to 
increase with increasing creep strain.∗ 

 
The observation by Henderson that the n value increases with increasing stress is 
intuitively correct and in accordance with the Frost and Ashby model. However a 
decreasing n value with increasing temperature as reported by Henderson is counter-
intuitive. In equation 1, n is not sensitive to temperature.  
 
In the Frost and Ashby model of creep the value of n is regarded as an indication of the 
resistance of a material to deformation under given test conditions.  A high value of n 
will lead to a high strain rate and vice-versa.  In this sense it may be considered as a 
factor which describes the balance between work hardening and recovery processes 
during steady state creep. A high factor corresponds to recovery being dominant whilst 
a low factor corresponds to work hardening being dominant. In a pure metal, thermally 
activated processes such as recovery would be expected to reduce resistance to 
deformation.  The n value should not therefore be expected to decrease with increasing 
temperature if other things are equal.  

 
There is no doubt that in constant load tests, the strain level at which the steady state 
strain rate is measured influences n values.  Thus if small changes in the chemistry of an 
alloy leads to large reductions in creep strain to fracture it is to be expected that the n 
value will be lower in the low strain to fracture material than in the higher strain to 
fracture material. By the same argument if creep strain to fracture increases significantly 
with increasing creep load we expect to see a significant increase in n as test load is 
increased. Similarly when there is no difference in fracture strain amongst a group of 
specimens tested at a range of loads we might expect the n value to remain constant 
unless it is influenced by another factor.   

 
It is against this background that we must reconsider the information in tables 1 and 2 
on the next page. 

 
Table 1 shows that in tests on OF material containing 10ppm sulphur at stresses up to 
and including 100MPa fracture strains were very low and n values were constant 
irrespective of temperature or stress.  This agrees very well with the expected pattern, 

                                                 
∗ The model is devised to enable prediction of creep curves under constant stress or constant load 
conditions. However a number of the input parameters are not available. They may be estimated from test 
results and values determined in this way may be used in the model to predict creep curves under 
different conditions.  The model is not tested but if it were proved by testing then it would provide a 
method of extrapolation based on a physical description of creep deformation processes. 
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there is no change in fracture strain, no change in composition and no change in n over a 
fairly wide range of test loads.  In tests on OF material containing 6ppm sulphur 
Table 1  Results on OF material in the power law breakdown regime (Henderson et al 
1992 and 1994) 

 
Test Temperature 
ºC-sulphur content 
ppm 

Test stress MPa n Fracture strain 

75-10  140-170 27 0.20-0.35 
110-10  100-140 13 0.1-0.2 
145-10 90-130 10 0.05-0.15 
180-10 60-100 5 0.003-0.009 
215-10 40-85 5 0.002-0.008 
215-6 70-100 5 0.1-0.12 
250-10 20-60 5 0.003-0.007 

 
 

Table 2  Results on OFP material in the power law breakdown regime (Henderson et al 
1992 and 1994) 

 
Test Temperature 
ºC 

Test stress MPa n Fracture strain 

215 100-150 15 0.3-0.4 
250 90-120 14 0.35-0.5 
275 80-100 10 0.3-0.4 
300 *-100 7 0.2-0.35 
350 40-50 6 0.2-0.3 

* Lower stress not given. 
 

 
fracture strains were higher than the fracture strains observed on the higher sulphur 
material tested at the same temperature and stress. The values of n remain the same for 
the two cases. It is likely therefore that the deformation mechanisms for the two cases 
are the same but the fracture processes are not.  It also seems very likely, in the light of 
the evidence presented earlier (section 2.2.1), that the difference in the fracture 
processes is associated with segregation of sulphur to grain boundaries.  There appears 
to be no influence of temperature on n value for these tests.  The n value is not affected 
by the higher fracture strain in the low sulphur specimens when a small increase might 
have been expected.  It is possible that at the very low fracture strains observed in the 
high sulphur material, steady state conditions may not have been reached. 

 
A comparison of information in tables 1 and 2 indicates that there is an important 
difference between the behaviour of OF and OFP material at the higher stress levels 
(exceeding 100MPa).  For the OFP material there is little or no increase in fracture 
strain and therefore no significant change in the reduction in area of the specimen for 
creep loads corresponding to initial stresses of 100 to160MPa. There is however an 
increase in n value from 7 to 15. This indicates that a further mechanism, other than 
reduction in area of the specimen, contributes to the increase in value of n in the power 
breakdown stress range.  Frost and Ashby suggest that this mechanism is dynamic 
recovery.  For the OF case there is an increase in fracture strain from 0.01 to 0.35 and 
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this is coupled with an increase in n value from 5 to 27.  Comparison of n values 
between the two materials is complicated by their different fracture strains. However at 
the highest stresses used their fracture strains are similar.  It can be argued therefore 
that, if their n values depend solely on changes in area of cross section, then they should 
be similar for the two materials at this stress, this is clearly not the case.  Furthermore at 
stresses in the range 90 to 130MPa the n values for the two materials are similar at 10 to 
14 but their fracture strains are quite different.  All these observations indicate that, for 
OF material, deformation rates increase more rapidly with increases in stress than they 
do in OFP material. The lower values of n for OFP material, compared with OF material 
is consistent with a view that the balance between work hardening and recovery 
processes is shifted to cause a reduced rate of deformation for a given stress.  This is 
supported by the observations that the addition of low levels of phosphorus to high 
purity copper raised its softening (recovery) temperature (Smart, 1946; Hutchinson and 
Kay, 1979).  

 
Table 2 also shows that in tests on OFP material, where fracture strain is more or less 
constant, there is a variation in n from 6 to 15.  Table 1 shows that for OF material the n 
value varies from 5 to 27, and this increase is also is systematic with stress.  For both 
cases stress increases systematically with reducing temperature.  It seems likely that it is 
this latter fact which has given a mistaken impression that n values increase with 
decreasing temperature. 
 
2.2.6 The effect of sulphur on creep life 
 
The work of Henderson et al (1992) shows that failures of OF specimens (containing 
10ppm sulphur) tested at stresses less than 100MPa were predominantly intercrystalline. 
Failures of specimens of the same material tested at stresses exceeding 100MPa were 
predominantly transcrystalline. Henderson and her co-workers pointed out that this OF 
material was supersaturated with respect to sulphur and that in copper sulphur tends to 
segregate to grain boundaries.  Auger analysis of failed specimens showed sulphur in 
grain boundaries and, where failures were intercrystalline, sulphur was detected on the 
surface of grain boundary cavities.  Fracture strains were invariably less than 0.01 when 
failures were intercrystalline. Increasing test stresses above 100MPa led to increasing 
failure strains to 0.35 at 170MPa.  The authors are silent on the subject of sulphur on 
fracture surfaces for these intragranular fractures.  Table 1, section 2.2.5 shows that 
when sulphur content is reduced to 6ppm fracture strains for stresses up to 100MPa are 
of order 0.1.   
 
These observations provide convincing evidence that segregation of sulphur to grain 
boundaries significantly reduces creep life in OF copper.  Sulphur may also be 
implicated in a transition from transgranular to intergranular failure as creep stress is 
reduced.  This is uncertain however as no failure information is available for low 
sulphur material.  The evidence indicates that reducing the level of supersaturation with 
respect to sulphur (by reducing sulphur levels from 10ppm to 6ppm) has reduced the 
influence of sulphur on the specimens which are the subject of published work.   
 
At 6ppm, sulphur in copper will exceed the solubility limit under repository conditions 
(Henderson, 1992).  We expect therefore that segregation of sulphur to grain boundaries 
will occur in material carrying 6ppm.  The maximum concentration developed should 
be linearly related to grain diameter and to the degree of supersaturation.  The saturation 
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level of sulphur under repository conditions is not known but if it were 3ppm, an overall 
concentration of 6ppm would make 3ppm available for segregation to grain boundaries.  
The grain size of the material in the published work was approximately 50µm and at 
this grain size 6ppm sulphur does not appear to have any negative effects in OF or OFP 
material. At 100µm grain size a 6ppm sulphur material would develop a grain boundary 
concentration of sulphur which would be twice as high as that developed in a 50µm 
grain size material.  This grain boundary concentration would almost equal that present 
in the OF test material containing 10ppm sulphur with a 50µm grain size.  
  
It is reasonable to speculate therefore that if OFP material is sensitive to sulphur content 
in the same way as OF copper is, OFP with 100µm grain size could have similar 
fracture strain to the OF material tested by Henderson and co-workers in the power law 
regime.  The grain size in OFP material used for the copper canister exceeds 100µm.  
There is no evidence to suggest that OFP is in any way more or less sensitive to the 
effects of sulphur than OF. 
 
OF material containing 10ppm sulphur shows a continuing reduction in creep fracture 
strain with decreasing load from 0.35 at 170MPa to 0.1 at 100MPa when failures are 
intragranular.  No similar reduction in fracture strain is observed in OFP material tested 
under similar conditions.  It is possible that this difference in behaviour is linked to the 
different sulphur contents. 
 
2.2.7 Extrapolation of laboratory data to repository conditions 
  
The peak stress in the canister, which will arise from residual manufacturing stresses or 
repository processes is expected to be 50MPa tensile.  The peak service temperature is 
no more than 100°C (Bowyer, 2003).  This condition is in the middle of the power law 
regime where the dominant deformation process is glide, which is assisted by diffusion-
controlled climb (Frost and Ashby, 1982).   
 
The background stress in the repository is given by Werme (1998) as 14MPa which at 
100°C is clearly in the diffusion regime.  The dominant creep mechanism under these 
conditions is likely to be dependent on diffusion processes alone.  
 
The following pattern of variation in creep deformation processes is consistent with the 
published observations. 
 
At stresses in the power law breakdown regime, where all the testing of OFP has been 
conducted, deformation of copper occurs by plastic flow under conditions of more or 
less constant structure.  The constant structure arises as a result of simultaneous plastic 
flow and recovery processes.  In OFP recovery is inhibited by the presence of low levels 
of phosphorus and this leads to work hardening and reduced deformation rates. In this 
regime of temperature and stress, OF copper deforms at rates that are generally higher 
than, but within one order of magnitude of rates predicted by the work of Frost and 
Ashby.  OFP material deforms at rates which are lower than the Frost and Ashby 
predicted rates by at least one order of magnitude.   
 
At lower stress levels, approaching the background service stress level (14MPa), 
deformation is fully diffusion controlled, there is therefore no possibility of work 
hardening and recovery is not an issue.  It is probable that under these conditions any 
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effect of phosphorus on creep rates will be undetectable.  A stress exponent of 1 is 
expected for both OF and OFP materials. 
 
The peak service stress level (50MPa) is in the middle of the power law regime. Here 
the deformation mode is mid-way between the diffusion mode and the power law 
breakdown mode.  Recovery processes are involved in the creep deformation under 
these conditions and there is likely therefore, to be a beneficial effect of phosphorus.  
However the power law regime is a transition area between the significant effects of 
phosphorus observed in the power law breakdown regime to the negligible effect which 
is predicted for the diffusion controlled regime. The stress exponents for OF material 
and OFP material are expected to be similar and differences in steady state creep rates 
and creep lives are expected to be small.    
 
It is also likely that 
 
(1)  reductions in fracture strain will occur as service stress is reduced and that this is 

associated with a change in fracture mechanism and a change in the fracture path 
from transgranular to intergranular, and  

 
(2) impurities such as sulphur may influence the transition from transgranular to 

intergranular failure in a way that accelerates the reduction in strain to fracture with 
decreasing service stress.   

 
The models for creep deformation do not include the fracture process.  The following 
sections examine existing knowledge and theories on creep fracture mechanisms to shed 
further light in this area. 
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3. Creep Fracture Mechanisms 
 
3.1 Void growth rate 
   
Cocks and Ashby (1982) have made a comprehensive review of literature on creep 
fracture.  Under creep conditions fracture usually occurs by growth and coalescence of 
voids.  The growth may be controlled by boundary diffusion, surface diffusion or   
power law creep or by a coupling of diffusion and power law creep mechanisms.  At 
any instant in time a particular mechanism dominates and this enables void growth 
maps, showing void growth rates  in stress/time space to be drawn for any particular 
void content. Under diffusion creep conditions, voids nucleate and grow on grain 
boundaries but when power law creep is dominant they may also grow within the 
grains. 
 
Cocks and Ashby (1982) propose that voids grow by diffusion when they are small but 
as they grow power law creep may take over as the dominant mechanism.   Calculation 
of time to fracture must take account of the coupling of void growth processes and of 
the nucleation time.  The stress-state is also important with a dependence not only on 
equivalent stress but also on maximum principal stress σ1 and hydrostatic pressure p, 
where. 
 
 p = -1/3(σ1+σ2+σ3)                                                                                                (5) 
 
Cocks and Ashby (1982) refers to work by Ashby, et al (1978) and to work by others to 
develop approximate equations which describe the rate of growth of damage (voids) and 
the strain rate arising from both single and coupled damage development processes.  
When a failure criterion of 25% void area in the structure is adopted, integration of 
these equations with respect to time enables the time for void growth and the associated 
strains to be calculated.   
 
In the Ashby model, which draws on the work of many others and is described in Cocks 
and Ashby (1982), diffusion dominated void growth occurs by plating of atoms which 
diffuse from the surface of a void onto grain boundaries. When redistribution of the 
diffusing atoms at the grain boundary is the rate-controlling step the process is under 
boundary diffusion control and surface energy drives redistribution of atoms remaining 
on the surface of the void to maintain a spherical void shape.  When supply of atoms to 
the grain boundary from the void surface is rate-controlling then the shape of the void 
becomes crack-like and the process is said to be under surface diffusion control.  These 
processes are of course fully independent of power law creep, depending only on 
diffusion processes. 
 
When effective stress favours power law controlled void growth, voids nucleated within 
grains may grow under the influence of the applied stress at rates related to the creep 
rates given in equation 1.  For the case of simple tension, a slice through a specimen 
lying perpendicular to the stress axis and containing a void or several voids will deform 
by power law creep at a rate proportional to the net section stress after correction for the 
void area.  Adjacent, unvoided, slices will deform at the rate appropriate to the applied 
stress.  The relative dilation of the voided slice compared with the unvoided slice leads 
to growth of the void volume. 
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The approximate equations describing diffusion controlled and power law creep 
controlled void growth and associated strain rates are given in Appendix 2.  
 
It is important to note that, 
(1) Only the component σ1 of the local stress field has a significant influence on void 

growth by diffusion processes.  However the contributions of diffusional flow to the 
associated strain is influenced by the components σ2 and σ3.  For this reason the term 
in σe (the Von Mises equivalent stress defined in section 2 above) appears in the 
diffusional flow equation whilst σ1 alone appears in the void growth equations.  

(2) Power law creep does not contribute to the diffusional growth processes and terms 
oε&  and σο appear in the diffusional growth equations only as normalising 

parameters. 
(3) Whilst all the equations for creep strain associated with void growth include a 1/d 

term where d is grain diameter.  None of the void growth rate equations include a 
term in d.   

 
Cocks and Ashby (1982) have used the void growth rate equations to plot damage rate 
as a function of stress for diffusional growth and power law creep growth mechanisms 
over a range void area fractions.  At low stresses diffusion controlled void growth rates 
are much higher than power law controlled growth rates and vice-versa for higher 
stresses.  It is clear that a regime of stress exists, in between the regions where the 
individual mechanisms are dominant, where both diffusion controlled and power law 
creep controlled growth occur simultaneously.  It has been shown that, adding together 
the contributions from each may adequately approximate the effective growth rate in 
these ranges. 
 
Power law creep controlled void growth rate increases more rapidly with increasing 
stress, or void area fraction, than diffusion controlled void growth does. Consequently it 
becomes dominant as void area fraction increases at constant load.  The transition from 
diffusion controlled void growth to power law controlled void growth also occurs at a 
lower void area fraction as the creep load is increased.  Creep strain associated with 
power law controlled void growth is much higher than strain associated with diffusion 
controlled void growth (see section 2).  An effect of reducing the void area fraction at 
which the transition to power law controlled growth occurs by increasing the creep load, 
is therefore that creep strain to fracture increases with increases in creep load in the 
stress range where diffusion controlled void growth occurs. 
 
  Manipulation of the growth rate equations enables lines to be drawn in stress/ 
temperature space which separate areas in which surface diffusion controlled growth 
dominates from that in which power law controlled growth dominates for any given 
area fraction of voids.  Similar processes may be used to define the lines which separate 
areas of dominance of surface diffusion controlled void growth over boundary diffusion 
controlled void growth and power law creep controlled void growth over boundary 
diffusion controlled void growth, again at specific area fractions of voids.  Lines 
generated by this process may be used to draw maps which define the areas in 
stress/temperature space which are dominated by each void growth mechanism as well 
as the areas where coupled growth occurs for any particular void area fraction.  These 
void growth maps are prepared at constant void area fraction, they are very similar to 
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the deformation map shown in figure 1 with the exception that contours are for void 
growth rate rather than deformation rate. 
 
An assembly of void growth maps prepared at increasing void area fractions enables the 
preparation of three-dimensional maps in temperature/stress/void area fraction space.  
 
The three dimensional maps referred to above indicate the conditions where cracks 
growing under surface or boundary diffusion control may come under power law 
control as the void area fraction increases. It is clear however from the observation that 
diffusion controlled voids only develop in grain boundaries and that an alternative 
nucleation and early growth mechanism is available for voids growing within the grains 
under power law creep controlled conditions.   
 
Ashby treats the void growth within the grains in a similar way to void growth by power 
law creep on a grain boundary.  The resulting equation for rate of growth of damage is 
the same. The strain rate equation is modified however as grain size is replaced by void 
diameter and the grain size dependency of the growth rate is lost.  
 
3.2 Time and strain to fracture 
 
Integration of the void growth rate equations between appropriate limits, as indicated by 
the lines on void growth maps referred to above enables void area fraction and creep 
strain to be plotted as a function of time. A creep failure criterion in terms of void area 
fraction may then be used to predict creep life and creep strain to failure.  Cocks and 
Ashby (1982) suggests that a suitable failure criterion is a void area fraction of 0.25.    
 
Cocks and Ashby integrate the void growth rate and void growth strain equations to 
derive failure times and failure strains as functions of applied temperature and stress. 
The detailed equations are given in Appendix 3.  It should be noted that void nucleation 
times and void nucleation strains are included in the values calculated for both cases as 
constants which are not determined.   
 
In practice Cocks and Ashby neglected the allowances for nucleation when comparing 
predictions from the model with published work.  The fit which they observed suggests 
that the allowance would be small. 
 
For the cases of boundary diffusion control and surface diffusion control the time to 
fracture and strain to fracture equations are surprisingly simple. Cocks and Ashby 
comment that for cases where diffusion provides the only growth mechanism, strains to 
fracture are usually small. They therefore assume for both diffusion cases that fracture 
times at constant stress will be almost the same as fracture times at constant load.   
 
Some sensitivities of the equations are apparent by inspection.  Whilst failure time is 
independent of grain size for both diffusion controlled cases it is inversely proportional 
to principal stress for the boundary diffusion controlled case and inversely proportional 
to the cube of principal stress for the surface diffusion controlled case.  Fracture strain 
on the other hand is inversely proportional to grain size for the boundary diffusion case. 
For the surface diffusion case voids are crack like and failure strain associated void 
growth is therefore regarded as zero.   
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For the case of power law control the situation is more complicated.  Owing to the 
expected higher strains to fracture under power law conditions Ashby has calculated for 
the constant load and the constant stress cases.  For constant load conditions the failure 
time multiplied by the steady state creep rate is approximated by 1/n where n is the 
stress exponent (see Appendix 3).   
 
Under conditions of coupled surface diffusion and power law creep control, fracture 
strains and failure times may be approximated by adding the contributions from each 
mechanism, calculated over the ranges in which they are dominant.  
  
Ashby points out however that boundary diffusion and surface diffusion must operate 
together if voids are to grow by diffusion alone.  This is in contrast to the case of 
coupled boundary diffusion and power law creep controlled void growth where each 
mechanism may operate independently of the other.  As a consequence of this inter-
dependence of the diffusion mechanisms the treatment of the coupled case is more 
complicated.  However a method for calculating the creep life in the regions not 
dominated by either mechanism is provided.   
  
3.3 Consideration of Published Work on OF and OFP Copper 
 
3.3.1 Creep life  
 
Cocks and Ashby have presented void growth maps for copper at void fractions of 0.01, 
0.1 and 0.2. They are selected with intervoid spacings of 12 µm, 12 µm and 1.6µm 
respectively.  These selections are made to enable comparisons with published work.   
 
Calculation of void growth maps for the material used in the SKB development 
programme is beyond the scope of the present work.  It is possible however to interpret 
the general patterns of behaviour which may be followed from the various illustrations 
provided by Cocks and Ashby. 
 
The following observations have been made.  
 
1.   When the test stress was 39MPa , the predicted void area fraction at which power 

law controlled void growth became dominant was 8x10-4. 
2. For the same load when the void area fraction was 1x10-2, power law creep 

controlled growth was predicted to proceed almost one order of magnitude faster 
than diffusion controlled growth.   

3. With increasing stress, the difference in the relative contributions from the two 
mechanisms increased exponentially.   

4. The temperature under consideration was between 600°C and 700°C.  This fits with 
the experimental data which they referred to in verification of the model.   

 
It is reasonable to expect that the general pattern of behaviour described above might be    
reproduced in the OF and OFP materials.  However any quantitative application of the 
model treatment to predict fracture strains and creep lives requires assumptions in 
regard to the early stages of void growth and any changes in mechanism which might 
occur during life.  The void growth maps presented by Cocks and Ashby suggests that 
for all the tests reported for the SKB work, void growth will initially have been 
controlled by surface diffusion. The relative sensitivities of the power law controlled 
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growth mechanism and the diffusion controlled growth mechanism to stress and void 
area fraction, suggests that all the tests will have transferred to power law creep control 
very early in their creep lives.  It is convenient therefore to treat life prediction as if it is 
completely power law creep controlled.   
 
It should be recognised that specimens tested at higher stresses will have transferred to 
power law creep control earlier than specimens tested at low stresses.  During the period 
of diffusion creep controlled growth, creep rates would be higher than the creep rates 
which would have occurred under power law creep control, by definition. The effect of 
assuming overall power law creep control will therefore be to overestimate creep life 
and the level of over estimation will increase with decreasing test stress.  
 
Cocks and Ashby have approximated the equation for creep life under power law creep 
control conditions (equation 19 Appendix 2) to  
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Where  
l
ft , is the failure time under constant load conditions 

ssε& , is the steady state creep rate 
and n  is the stress exponent, 
 
An interesting feature of this relationship is that it does not contain fracture strain as a 
parameter.  This opens the possibility of predicting life from steady state strain rate and 
n value from uncompleted tests, if it works. 
 
It is now possible to compare the published data for tests on OF and OFP material  with 
approximate predictions from this simplified treatment. Tables 3 and 4, below, give the 
results for specimens of OF and OFP material where the stress exponent was greater 
than 5 (power law breakdown creep).   
 
Table 3  Comparison of predicted failure times for OF copper specimens tested in the 
power law breakdown regime with observed values. 
 
Test 
temperature 
˚C 

Test Stress 
MPa 

Steady State 
creep rate  
( ssε&  )sec-1 

Stress 
exponent n 

Observed 
failure time 

Hours 

Predicted 
failure time 

Hours 
 

75 135 2.0E-9 27 5144 9000 
75 140 1.0 E-9 27 10288 7000 
75 150 2.3E-0.8 27 447 600 
75 160 2.5E-0.7 27 41 100 
145 100 1.0E-8 10 2778 800 
145 110 3.0E-8 10 926 300 
145 120 1.0E-7 10 278 100 

 



 

 24

For all cases in tables 3 and 4 the fit between observed life and predicted life is within a 
factor of  ±5 for both OF and OFP materials.  For all these specimens failure was 
transgranular which suggests that voids formed in grain interiors were responsible for 
failure.  This is an indication of power law creep controlled void growth.  In the light of 
the approximations made, this is regarded as a very good fit and it builds confidence in 
the model treatment used. It appears therefore that creep life in the power law 
breakdown regime is connected in the same way to steady state strain rate and stress 
exponent for both OF and OFP materials.   
 
Table 4 Comparison of predicted failure times for OFP copper specimens tested in the 
power law breakdown regime with observed values. 
 
Test 
temperature 
˚C 

Test Stress 
MPa 

Steady State 
creep rate  
( ssε&  )sec-1 

Stress 
exponent n 

Observed 
failure time 
Hours 

Predicted 
failure time 

Hours 
 

215 100 1.3E-9 13.3 5520* 16066 
215 120 1.3E-8 13.3 7848 1606 
215 140 6.2E-8 13.3 1451 337 
215 150 3.3E-7 13.3 192 63 
215 160 8.5E-8 13.3 52 246 
250 100 4.0E-9 14.5 3047 4789 
250 120 1.5E-7 14.5 656 127 

 
* Test discontinued before failure 

 
The same process has been used to calculate predicted creep lives of OF specimens 
tested in the power law regime.  The results are compared with observed results in table 
5, for 10ppm sulphur material and table 6 for 6ppm sulphur material.  
 
Table 5. Comparison of predicted failure times for OF copper specimens containing 
10ppm sulphur, tested in the power law regime with observed values. 

 
Test temp. 
˚C 

Test 
Stress 
MPa 

Steady 
State 
creep rate 
( ssε&  )sec-1 

Stress 
exponent 
n 

Observed 
failure 
time 

Hours 

Predicted 
failure 
time 

Hours 
 

Ratio 
Predicted/
Observed 

180 60 4.00E-10 5 2247 139,000 62 
180 80 1.20E-09 5 373 46,300 124 
180 100 4.50E-09 5 102 12,300 121 
215 40 1.50E-10 5 4623 370,000 59 
215 45 5.60E-10 5 684 99,200 145 
215 60 8.10E-10 5 754 68,600 91 
215 70 5.00E-09 5 84 111,000 131 
215 80 4.75E-09 5 86 11,700 1360 
215 85 7.00E-09 5 33.5 7,940 230 
250 20 9.7E-11 5 16,300 570,000 35 
250 40 5.7E-10 5 1,660 97,500 59 
250 60 3E-9 5 86 18,500 215 
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Table 6. Comparison of predicted failure times for OF copper specimens containing 
6ppm sulphur, tested in the power law regime with observed values. 

 
Test temp. 
˚C 

Test 
Stress 
MPa 

Steady State 
creep rate  
( ssε&  )sec-1 

Stress 
exponent 
n 

Observed 
failure 
time 

Hours 

Predicted 
failure 
time 

Hours 
 

Ratio 
Predicted/
Observed 

215 45 6.00E-10 5 2016 92,600 46 
215 55 2.30E-09 5 1368 24,200 18 
215 70 4.00E-09 5 5058 13,900 3 
215 85 1.70E-08 5 1030 3,270 3 
215 100 5.50E-08 5 330 1010 3 

 
The fit for material with 10ppm sulphur is very poor but the fit for 6ppm material is 
quite good at stresses exceeding 55 MPa.  A re-examination of the original data has 
revealed that the measured lives given for the 45 and 55MPa specimens in table 6 were 
in fact the lives at which the tests were stopped. We may speculate therefore that if they 
had continued to completion, their ratios of predicted to observed lives might have been 
similar to the other specimens in the same batch. 
 
This result encourages us to predict lives for OF material tested  at 50 MPa and 100°C 
and 50 MPa and 75 °C using the same process with the value of “n” taken as 5 and   
steady state creep rates of 10-14 ,and  10-13  secs-1 respectively (as estimated in section 
2.2.1) .  When this is done the results are 60,000 and 600,000 years respectively.  
 
Pettersson (2004) has also examined creep lives for the same OF specimens.  He used 
the Cocks and Ashby model to predict creep lives under three scenarios, void growth 
under boundary diffusion control, void growth under surface diffusion control and void 
growth under power law creep control. He used equations 14, 16, and 19 (Section 6.2) 
and used line fitting to deduce values for the unknown parameters.  As expected from 
early discussion in this section, the diffusion controlled scenarios resulted in predictions 
of creep lives which were many orders of magnitude higher than observed values for all 
specimens.  For the power law creep controlled scenario, Pettersson (2004) solved the 
failure time equations for the cases of deformation control by volume diffusion and 
dislocation core diffusion.  The results for the dislocation core diffusion case were 
similar to the results in tables 5 and 6 above but lives were over-predicted by a factor of 
20.  He concluded, as does the writer, that the poor fit for the high sulphur specimens is 
a consequence of accelerated void growth in these specimens and that the high growth 
rate was connected with the high sulphur content. He made no comment on the 
mechanism of accelerated void growth other than to say it was “unknown”. He was 
sufficiently encouraged by the fit for the low sulphur specimens to calculate a projected 
life for low sulphur specimens at a stress of 50MPa and a temperature of 100°C. The 
result was 2x109 hours (220,000 years).  
 
Both the Bowyer and the Pettersson estimates should prudently be reduced by their 
respective over-prediction factors.  When this is done they become 20,000 years and 
11,000 years respectively. 
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When creep lives of OFP at 100°C and 75°C, both at 50MPa are estimated using steady 
state creep rates from section 2.2.4 and an “n” value of 5 the results (after correction for 
the over-prediction factor) are 200,000 and 2,000,000 years respectively.  However 
these figures assume that the reduction in steady state creep rates which is attributed to 
the presence of phosphorus in tests at high temperatures and stresses is fully maintained 
when temperatures and stresses are reduced.   This is unlikely to be the case as 
discussed in section 2.2.7 
 
3.3.2 The effects of sulphur 

 
The discrepancy between the predicted and observed lives of the 10ppm sulphur 
material is also worthy of further consideration.  In the early part of  section 3.3.1 it was 
asserted that, initially void growth would occur under surface diffusion control for all 
the specimens under consideration.  The justification for using the power law control 
equation to predict creep life depended on a recognition that it would become the 
dominant process at a very low void area fraction. The actual area fraction at which 
power law creep control would dominate would be lower with increasing creep load.  
The validity of this is supported by the fact that for all specimens except the OF 
specimens containing 10ppm sulphur which were tested at low stresses below 100MPa 
failures were transgranular.  If diffusion control had persisted to higher void area 
fractions then failure would have been more likely to occur in the intergranular mode. 

 
The high sulphur specimens tested at less than 100MPa did fail in the intergranular 
mode.  This is an indication that surface diffusion control of void growth persisted for a 
higher proportion of the creep life in these cases.  For this to happen it is necessary that, 
for the majority of the test, the rate of increase in void area fraction by the surface 
diffusion controlled mechanism is higher than the rate of void growth under power law 
creep control. There is no reason to suspect that the rate of increase in void area fraction 
under power law creep control is reduced by a higher sulphur content.  We must 
therefore look for a mechanism which increases the rate of void growth under surface 
diffusion control.   

 
Henderson (1994) refer to observation of segregation of sulphur to grain boundaries and 
in particular to the surface of grain boundary voids in the 10ppm sulphur material. She 
points out that “strongly segregating species reduce surface energy to 35-50% of its 
original clean value”. Equation 8 (Appendix 2) indicates that the rate of void growth 
under surface diffusion control is inversly proportional to the square of surface energy. 
Thus reducing surface energy by 50% would increase void growth rate by a factor of 4 
and reducing surface energy by 65% would increase it by a factor of 9. Cocks and 
Ashby (1982) present a figure relating void growth rate to void area fraction. This 
indicates that a four fold increase in growth rate under surface diffusion control would 
shift the area fraction at transition to power law control from 10-3 to 10-2 and a nine fold 
increase would shift the transition to a void area fraction of 10-1.  Coupled with a nine-
fold increase in area void fraction at transition would be a 100 fold increase in void 
growth rate at transition. It appears therefore that segregation of sulphur to grain 
boundaries and to voids within grain boundaries, is predicted to cause a transition from 
transgranular failure to intergranular failure, a serious reduction in creep strain to 
fracture and in creep lives.  These effects would be more likely to be recognised at low 
creep loads than at high creep loads. 
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4 Conclusions 
 
1. The literature on creep processes in many materials, including copper, has been 
thoroughly reviewed and complemented by Ashby and co-workers. They have provided 
physical models which describe the deformation and fracture processes with good 
qualitative and quantitative agreement with experimental data for many cases. 
 
2. The Frost and Ashby (1982) deformation model predicts a pattern of variation in 
steady state creep rates with changes in temperature and stress, which agrees with all the 
observations on OF and OFP materials. The observed rate for OF material is slightly 
lower rate than the model predicts for pure copper with a grain size of 100µm.  Creep 
rates for OFP material in the power law breakdown regime are lower than the rates 
observed on OF material by a factor of at least 50. 
 
3. The lower steady state creep rates observed on OFP compared with OF is a 
result of a shift in the balance between strain hardening and recovery processes during 
creep.  This is caused by the presence of phosphorus through its well-known effect on 
recovery processes. 
 
4. The observed influence of phosphorus on steady state creep rates at high 
temperatures and stresses is expected to persist under repository conditions but at a 
much reduced level. 
 
5. Creep lives of the specimens used in the published work have been predicted 
using a simplified version of the Cocks and Ashby (1982) model.  The predictions are in 
good agreement with observed values for all except specimens containing 10ppm 
sulphur tested at stresses below 100MPa.  The success of this simplified treatment 
suggests that a method for prediction of creep life may be available from data on 
incomplete tests. 
 
6. The high levels of sulphur in the OF material may be responsible for a gradual 
reduction in fracture strain as test stress is reduced from 170MPa to 100MPa.  It is 
clearly responsible for the dramatic reduction in fracture strain observed in tests carried 
out at stresses below 100MPa. This effect is explained, in terms of the model, by a shift 
in the transition between diffusion controlled and power law controlled void growth 
which is brought about by a reduction in void surface energy. 
 
7. The low strain to fracture effects seen in the 10ppm sulphur bearing material 
with a grain size of 50µm are likely to be seen in material containing 6ppm sulphur if 
the grain size is 100µm or more.  There is no apparent reason why this should not apply 
to OFP as well as OF material. 
 
8. The creep life of OF material containing 6ppm sulphur and with a grain size of 
50µm at 100°C and a tensile stress of 50MPa has been calculated according to the 
Cocks and Ashby model to be 20,000 years. It is likely that OFP material would have a 
somewhat longer life than this but not so much longer as the high temperature- high 
stress results suggest. 
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6 Appendices 
 
6.1 Appendix 1, List of symbols 
 

1σ , 2σ , 3σ   Principal stresses (Nm-2) 

eσ              Von Mises equivalent stress (Nm-2)           

1ε , 2ε , 3ε       Principal strains (dimensionless) 

fε                 Strain to failure (dimensionless) 

nε                 Void nucleation strain (dimensionless) 
n, 0ε& , 0σ        Creep constants (dimensionless, sec-1,Nm-2) 
t                    Time (s) 

ft                  Failure time (s) 
tn                  Time to nucleate voids (s) 

hr                  Void radius (m) 

hf                 Void area fraction (dimensionless) 
2 l                 Centre to centre spacing of voids (m) 
d                  Grain size (m)  

bD               Grain boundary diffusion coefficient (m2s-1) 

sD                Surface diffusion coefficient (m-2 s-1) 

bδ                Grain boundary thickness (m) 

sδ                Thickness of material in which surface diffusion takes place (m) 
Ω                 Atomic volume (m3) 

sγ                Surface free energy (Jm-2) 
T                  Absolute temperature (K) 
k                  Boltzmans constant (1.38x10-23JK-1) 
 
6.2 Appendix 2. Void growth rate and strain rate equations 
 
6.2.1Boundary diffusion control 
 
The equations for boundary diffusion controlled void growth and strain rate due to void 
growth are given below. 
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the strain rate due to  diffusional flow for this case (which must be added) is given by 
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6.2.2 Surface diffusion control 
 
The equations describing surface diffusion controlled void growth and  strain rate due to 
void growth are given below. 
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the strain rate due to diffusional flow (which must be added) is given by equation 8. 
   
 
6.2.3 Power law creep control 
   
The equations describing power law creep controlled void growth and strain rate due to 
void growth are given below. 
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where β is a constant (≈0.6) and σe is the Von Mises equivalent stress (equal to σ1) in 
simple tension.  A hydrostatic tension –p/σe accelerates void growth.  Under these 
conditions β takes a value as below 
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Ashby comments that the strain rate arising from steady state creep must be to strain 
rate arising from damage mechanisms to yield the overall strain rate.  
 
6.3  Appendix 3. Fracture strain and creep life equations  
 
6.3.1 Boundary diffusion control 
 
For the boundary diffusion controlled case the remarkably simple expressions; 
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are derived for fracture time  and 
 

d
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for fracture strain where 
εf is fracture strain and εn is nucleation strain 
2l  is the distance between voids and 
d  is the grain diameter 
 
6.3.2 Surface diffusion control 
 
For the case of surface diffusion alone an equally simple equation for failure time is 
given below 
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No value is given for εf since the void is crack- like and therefore the contribution to 
strain is necessarily small.   
 
6.3.3 Power law creep control 
 
The power law controlled case equation for failure time (tf) is more complex, partly 
because they allow for an increase in stress through life, which arises from a reduction 
in area. This implies a relatively high strain to fracture. 
 
The constant load case alone will be considered here as this is the case which is relevant 
to the available test results. 
 
Approximate failure time at constant load (tf

l) is given as, 
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where fi is void area fraction at growth initiation 
 
When fi approaches zero this equation reduces to 

n

e

o

o

l
f n

t ⎟⎟
⎠

⎞
⎜⎜
⎝

⎛
=

σ
σ

ε&
1  and as 

n

o

e
ss ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
=

σ
σ

εε 0&&  this further reduces to 

n
t ss

l
f

1
=ε&                                                                                                                                                              (20) 

 
Fracture strain for this case is given by; 
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which is clearly a simple addition of the general creep strain through life plus the strain 
due to void growth. 
 
6. 3.4 Coupled boundary diffusion and power law creep control. 
 
The equation for εf for this case is the same as the power law case, above.  It is 
necessary however to adjust the value of tf to take account of the two stages in the void 
growth process.  This is done by simple addition of the integrals of the two growth 
equations over the limits between which they are dominant. 
 
6.3.5 Coupled surface diffusion and power law creep 
 
Since crack like voids contribute almost nothing to the strain the fracture strain is given 
by, 
 

ssff t εε &=                                                                                        (22) 
the fracture time tf is calculated by adding the integrals of the equations for the two 
mechanisms taken between the relevant limits as before. 
 
 
 
 
 



STATENS  KÄRNKRAFT INSPEKT ION

Swedish Nuclear Power Inspectorate

POST/POSTAL ADDRESS  SE-106 58 Stockholm
BESÖK/OFFICE  Klarabergsviadukten 90
TELEFON/TELEPHONE  +46 (0)8 698 84 00
TELEFAX +46 (0)8 661 90 86
E-POST/E-MAIL  ski@ski.se
WEBBPLATS/WEB SITE  www.ski.se

www.ski.se




