
Research

SKI Report 2006:33

ISSN 1104-1374
ISRN SKI-R-06/33-SE

Multi-axial Creep and the LICON
Methodology for Accelerated Creep Testing

William H Bowyer

May 2006



Research

SKI Report 2006:33

Multi-axial Creep and the LICON
Methodology for Accelerated Creep Testing

William H Bowyer

Meadow End Farm
Tilford
Farnham, GU10 2DB Surrey
England

May 2006

This  report  concerns  a  study  which has 
been  conducted  for the Swedish Nuclear 
Power  Inspectorate  (SKI). The conclusions 
and viewpoints presented in the report are 
those of  the  author/authors  and  do not 
necessarily coincide with those of  the SKI.





3

Summary





5

Table of contents

Summary...................................................................................... 3

1.  Introduction............................................................................ 7

2.  The effect of Multiaxial stressing on development of creep
damage. ........................................................................................ 7

3. Using tri-axial stresses for accelerated creep testing. .......... 9

4  Implementation of the LICON method............................... 11

5.  Discussion ............................................................................. 12

6.  Conclusion ............................................................................ 12

7.  References............................................................................. 13





7

1.  Introduction

The copper–Iron canister for disposal of nuclear waste in the Swedish Programme has a
design life exceeding 100,000 years.  Whilst the operating temperature (100 C max.)
and operating stress (50MPa max.) are modest, the very long design life does require
that the likely creep performance of the canister should be investigated.  Many studies
have been carried out by SKB (Bowyer, 2003) but these have all involved very short
duration tests at relatively high stresses. The process of predicting canister creep life by
extrapolation of data from such tests has been challenged (Bowyer, 2003) for two main
reasons. The first is that the deformation and failure mechanisms in the tests employed
are different from the mechanism expected under service conditions and the second is
that the extrapolation is extreme. 

Physical models have been used to predict creep life with encouraging results
(Pettersson, 2002, Bowyer, 2005).  It is still desirable however to give some
experimental evidence that creep performance will be adequate.  

The problem of extrapolating from relatively short term test data to service lifetimes is
not new. Engineers face it every time they consider the use of a newly developed
material under exacting conditions for long lifetimes. 

It has been recognised (Cocks and Ashby, 1982) that there is usually scope for some
increase in test temperatures and stresses which will accelerate the development of
creep damage without compromising the use of extrapolation for life prediction. 
Cane (1981) demonstrated that in steels designed for high temperature and pressure
applications, conditions of multi-axial stressing could lead to increases or decreases in
the rate of damage accumulation without changing the damage mechanism. This
provided a third method for accelerating creep testing which has been implemented as
the LICON method by Auerkari and co- workers (2001).

This report aims to explain the background to the LICON method and its application to
the case of the copper canister.

2.  The effect of Multi-axial stressing on
development of creep damage.
Cane (1981) pointed out that design and integrity assessment methods based on uni-
axial test data could lead to errors when applied to component having complex
geometry.  This is because creep deformation and rupture can be dependent on different
multi-axial stress criteria that are not differentiated by unidirectional testing.

He (Cane) summarised the stages creep fracture as follows,

1. The formation of cavity nuclei
2.  The formation of stable cavities and their growth to produce discrete cracks, and 
3. Linkage of discrete cracks and final fracture propagation.



8

Cavity nuclei may be non-wetting particles, in which case nucleation time is zero, or
they may be formed by an accumulation of shear strain.  In the latter case the nucleation
time would be dependent on the Von-Mises equivalent stress ( ) which is given by,
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Where  1, 2 and 3 are the principal stresses.

The formation of stable cavities in stage 2 is dictated by the principal stress 1 or by the
hydrostatic stress ( H) which is given by.

3/321H

At low strain rates (i.e. low creep stresses) cavity stability can occur at grain boundaries
as a result of vacancy super-saturation promoted by 1.  A stable cavity is formed when
the nucleus radius r 2 / 1 where  is the surface energy.  At higher strain-rates plastic
processes predominate and the cavity stability criterion becomes r 2 H.  Under these
conditions the significant stresses become  and H/ .

The processes involved in stage 3 are similar to stage 2.  When rigid or high strength
grains are concerned the diffusion-controlled growth may continue.  This would depend
only on the maximum principal stress 1.  With increasing strain rate plastic relaxation
of stresses between cavities can lead to dependence on  in the same way as the cavity
growth case.  At very high strain rates a crack growth process analogous to continuum
hole growth could occur.  This would be dependent on  and / H.

This model development of creep damage and failure is consistent with the model of
Cocks and Ashby  (1982). 

The Cane (1981) work was on bainitic steels tested under uni-axial, bi-axial (direct
double shear on cylindrical specimens and torsion on thin wall tubular specimens) and
tri-axial (grooved cylindrical specimens) conditions.  

On uni-axial specimens 1/ was1, on the bi-axially stressed specimens 1/ was 1/ 3
and on the tri-axial specimens 1/ was 1.9. Values of 1 from 75 to 400 MPa were
examined with each specimen type; this corresponds to values of  of 75 (uni-axial
tests to 210 (tri-axial tests).  All multi-axial test results gave inter-granular failures
whilst in uni-axial tension for values of  exceeding 200MPa failures were trans-
granular. 

This is an important result since it indicates that under uni-axial stressing the transition
from inter-granular to trans-granular failure occurred, for the Cane case, when stresses
exceeded 200MPa.  Therefore for the bi-axial stressing case, where did not exceed
200MPa, 1 would not exceed 120MPa, and trans-granular failure would not be
expected. However for the tri-axial case when was 200MPa 1 would have been close
to 400MPa.  The fact that trans-granular failure did not occur under these conditions
suggests that the plastic processes responsible for trans-granular failure have been
inhibited by the tri-axial stress system.  If the tri-axial stress system does not inhibit
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vacancy diffusion, as seems very likely, then the use of tri-axial stressing has provided a
method for accelerating creep tests in the diffusion controlled void growth regime by
working with increased stresses and inhibiting plastic processes. 

Cane (1981) used quantitative scanning electron microscopy to examine the progress of
cavitation damage leading to rupture.  The resolution limit of his technique was given as
0.02 m. He concluded that for the steels in question the time for nucleation and crack
linking leading to failure were both small.  The major part of creep life was therefore
stage 2.  In the case of stage 1 this was because cavities were nucleated on pre-existing
incoherent particles of size exceeding the critical nucleus size. In the case of stage 3 it
was because by the time stage 3 was reached the specimen was so heavily flawed that it
could be regarded being close to failure.

He observed that cavities were heterogeneously distributed among prior austenite grain
boundaries. They formed predominantly in the early stages of testing from pre-existing
nuclei.  They were detected when they had grown sufficiently in size to be resolved by
the metallographic technique.  It was observed that,
1. For a given time, the cavity population increased as 1/  increased.
2. The number of cavities present in the late stages of creep increased linearly with

increasing value of 1. 
3. The value of  did not appear to influence the number of cavities formed. 
4. For given  values the cavity growth rate increased as stress-state changed from

torsion through uni-axial to notched specimens. 

The change in stress-state, in 4 above, involves a change to increasing values of 1/ .
The observed changes in growth rate at constant  therefore, indicate an increasing
cavity growth rate with increasing values of 1. This dependence on 1 suggests that
diffusion controlled growth is significant.  In the uni-axial case the stress sensitivity of
cavity growth increased at high  in the same way as the creep rate.  This suggests that
creep strain rate is important in determining the growth kinetics at high . 

Cane concluded that, for the steels which he considered, the processes of cavity
nucleation and crack growth occupied a relatively unimportant fraction of creep life. He
also concluded that uni-axial test results would lead to underestimates of creep lives for
bi-axially stressed systems and overestimates of creep life for tri-axially stressed
systems.

3. Using tri-axial stresses for accelerated
creep testing.
The Cane (1981) work, referred to above, pointed to the need for simulated service
stress systems to be employed when lifing complex structures.  It also pointed to tri-
axial stressing as a means to accelerating creep testing without causing a change in
creep mechanism.

Auerkari and co-workers (2001) have developed this as the LICON methodology.  This
depends on an assumption that the steady-state (stage 2) creep life, approximates to
creep life and may be given by an inverse Norton relationship as follows,
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HAt vmxu 3,

 
Where
tux  represents creep life in either uni-axially (u) or tri-axially (t) stressed specimens, 

3vm  is the deformation mode dependent reference stress. It is also referred to as the
“global reference stress” and it is related to the lower bound limit stress for structures
containing defects (Miller 1988).  It is given when the applied loads on specimens
designed to simulate defects are multiplied by case specific geometric factors.

A  is a temperature dependent creep factor

 is the stress exponent (Norton)

H is the ratio of the maximum principal stress ( 1) to the Von-Mises equivalent stress
( , as defined above).

 varies from 0 for  controlled rupture (i.e. involving plastic processes) to 1 for 1
controlled rupture (i.e. involving diffusion controlled void growth). 

The equation is empirical, and amounts to a version of the Norton equation. For this
purpose life is given by stage 2 strain divided by steady state strain rate.  The o of the
Norton equation is replaced by the reference stress and H-  is a multiplication factor to
account for the creep accelerating effect of multi-axial stressing.  is zero at high strain
rates when plastic processes dominate void growth and 1 when diffusion processes
dominate void growth. The need for a tri-axiality factor is clear but it is not clear from
the papers in the open literature why it should be H- .  At this point it must be taken on
trust in order to make progress. 

Clearly this approach to accelerated testing provides the best advantage when H is
maximised within the limits set by practical considerations. Compact tension specimens
(CTS) are convenient to use and Auerkari and co-workers (2003) have demonstrated
that they provide H values exceeding 3.5.  Coupled with the conservative value of 1 for

 and 5 for  this provides a potentially very useful acceleration factor of 3.55 or 495.

In order to use the method to estimate life it is necessary to have values for
A ,

3vm , , H and .  It is also necessary to define a fracture criterion for the test
because in a CTS test the stress field changes as crack growth occurs.

A and  may be determined from uni-axial tests at the relevant temperature, but it is
necessary that these tests should continue to the point where the steady state is reached.

3vm may be selected at a value, which is judged to be as high as possible without
causing a difference between the creep mechanism in the test and the creep mechanism
expected in service. The appropriate load for the CTS is then calculable. 
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H may also be calculated  (from 1, 2, and 3) as a function of position in the specimen
using finite element methods.  In doing this it is necessary to take account of the
evolution of the stress system in the specimen as a result of creep strain in the period
when the steady state is being established. This is achieved using uni-axial creep data as
input to the finite element analysis.

For practical purposes it appears that the value for  must be determined by experiment
or by experience. It has been suggested, that for the copper canister, under service
conditions, very early stage void growth is diffusion controlled and that power law
creep controlled growth takes over when void area fraction is very low (Bowyer 2005).
It is likely therefore that the appropriate value for  is less than 1.  Under the same
conditions  is likely to be close to 5.

A failure criterion proposed by Cocks and Ashby (1982) in their work on creep fracture
is an area fraction of voids equal to 0.25. This is a very useful approach because a
knowledge of the rate of increase of area void fraction through life, together with a
maximum allowable area fraction enables residual life to be estimated.  This is the
method adopted in the LICON approach.  It has two important consequences, the first is
that using a residual life measurement further reduces the test time required to qualify a
material for a particular application and the second is that the relationship between level
of creep damage and residual life must be determined.

Procedures have been developed for relating the level of creep damage to
residual life and these are available as national or international standards1.  As the
relationship changes with material however, it is necessary to determine it for each
material or material type. 

When multi-axial stress tests are used it is necessary to determine where in the specimen
the highest level of damage will occur. Auerkari and co-workers (2003) have
demonstrated a procedure for this determination in CT specimens.  This will be detailed
in the next section.

4 Implementation of the LICON method.

Auerkari et al. (2003) demonstrates the application of the LICON method to estimate
life of the copper canister under service conditions. For the purpose of the
demonstration these conditions were taken as uni-axial stressing at approximately 50
MPa tensile and a temperature of 150 C.

The steps were as follows,

1. Carry out uni-axial testing using recognised international standards to determine
values for A and for n in the Norton equation and to model the full uni-axial creep
curve at 150 C and 120MPa.

                                                          
1. This is assumed from a reading of published work, and checked  by  private communication  (Holdsworth 2006).  The standards
have not been obtained.
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2. Carry out creep test using CT specimens at 150 C and two reference stress levels
(58.7MPa and 45.8MPa).  Minimum strain rates were calculated from load line
displacement rates using a finite element method.

3. Model the evolution of the distributions of maximum principal stress and equivalent
strain and the Mises equivalent stress (H= 1/ e) distribution for the CT specimens
using the model creep curve from 1 above and project these distributions to the
steady state (in this case 64,000 hours).

4. Identify the position where the e (the Von-Mises equivalent stress) is equal to the
reference stress (for these tests 20mm ahead of the notch tip in the CT specimen) as
the area of interest for metallographic examination and as the position to read the H
value from the distribution referred to in 3 above.

5. Interrupt the CTS test at intervals to carry out surface metallographic examinations
in the region identified by 4 above. Record density of grain boundary cavities as a
function of elapsed test time.

6. On termination of the test section the specimen and examine the critical region for
grain boundary cavities and measure their density.

7. Under ideal circumstances the measured rate of evolution of creep damage would
have been used to estimate the residual life of the specimen.  Fortunately the density
of cavities observed was too low to allow such an estimate to be made.  It was
therefore only possible to take the most conservative of views (according to the
guidelines in the various standards). This led to a total life expectancy of the CT
specimen of 41,000 hours.

8.  The value of H from the finite element analysis was 3.65; the value of was
estimated from published test results to be between 2.07 and 4.64 and a value of 1
(the most conservative value) was taken for .  Using life expectancy for the CT
specimen of 41,000 hours these figures lead to life predictions for a uni-axial
specimen of 68 years for the low value of  and 1900 years for the high value.

5.  Discussion
The background to the LICON method lies in a large number of reports, many of which
are not in the open literature. There also appears to be a reluctance to discus the detail
which may be because some of the knowledge is proprietary and commercially
sensitive.  Nevertheless the small amount of work which is published together with
limited private communication has enabled this report to be prepared. The strengths and
weaknesses of the method have been elucidated by Aeurkari et al (2003) and no further
discussion is considered necessary.

6.  Conclusion
There is no doubt that the LICON approach provides a useful tool, particularly to the
power generation industry, for reducing the test time required to qualify new materials
for application in safety sensitive applications.  These applications are typically for less
than 100 years in areas where in life inspection is a matter of routine.

The uncertainties in the process are acknowledged by Auerkari and need not be
repeated.  For the case of interest to SKB they are more serious than they are far other



13

users.  This is for three main reasons and these are, 1 the time-scales for extrapolation
are more extreme than any other, 2 in service inspection is not feasible and 3 the
baseline information on creep of copper is inadequate.  

It seems likely that the method could be used to improve our knowledge of the creep
resistance of the copper canister.  Multiplication factors that may be achieved by the
technique could be increased by attention to specimen design but an extensive and
targeted programme of data collection on creep of copper would still be needed to
implement the method to best advantage.
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