Mechanical properties of welds at creep
activation temperatures
Henrik C.M. Andersson-Östling
Doctoral thesis

Manufacturing and Strength, Swerea KIMAB,
Drottning Kristinas v. 48, S-114 28
Stockholm, SWEDEN
also
Materials Science and Engineering,
School of Industrial Engineering and Management
Royal Institute of Technology, S-100 44
Stockholm, SWEDEN
Opponent: Prof. Kamran Nikbin, Structural Integrity of Metallic Materials, Imperial College,
London, UK

ISRN KTH/MSE--10/02--SE+ MAT/AVH
ISBN 978-91-7415-567-9
KIMAB-2010-107

MECHANICAL PROPERTIES OF WELDS AT
CREEP ACTIVATION TEMPERATURES
Henrik C.M. Andersson-Östling
Doctoral thesis

ABSTRACT
Welds in materials intended for service at temperatures above the creep activation
temperature often develop damage before the base metal. The weld is a discontinuity in the
material and stresses and strains often accumulate in the weld. Knowledge of the properties
of the weld is essential to the safe operation of the component containing the weld. The
work in this thesis has been aimed at the study of welds in service at high temperatures:
The work is divided into two main chapters. The first chapter deals with welds in stainless
steels and dissimilar metal welds and includes three papers, and the second chapter deals
with welds in copper intended for nuclear waste disposal, also including three papers.
Common to both parts is that the temperature is high enough for most of the damage in the
welds to result from creep.
In the first part the role of the weld microstructure on the creep crack propagation
properties has been studied. Experiments using compact tension specimens have been
performed on service exposed, low alloyed heat resistant steels. The results show good
correlation with the crack tip parameter, C*, during steady state creep crack growth. The
test methodology has also been reviewed and sensitive test parameters have been
identified. The results from the creep crack propagation tests on service exposed material
has been modeled using uniaxial creep data on both new and ex-service material. The
development of the weld microstructure in a dissimilar metal weld between two heat
resistant steels has also been investigated. A weld was made between one ferritic and one
martensitic steel and the development of the microstructure during welding and post-weld
heat treatments has been studied. The results show that the carbon depleted zone that
develops near the weld metal in the lower alloyed steel depends on the formation and
dissolution of the M23C6-carbide. Variations of the weld parameters and the post-weld heat
treatment affect the size and shape of this zone. The process has been successfully modeled
by computer simulation.

The second part focuses on oxygen free copper intended for nuclear waste disposal
containers. The containers are made with an inner core of cast nodular iron and an outer
core of copper for corrosion protection. The copper shell has to be welded and two weld
methods has been tested, electron beam welding and friction stir welding. Creep specimens
taken from both weld types have been tested as have base metal specimens. The technical
specifications of the waste canisters demand that the creep ductility of both the copper
shell and the welds has to be as high as possible. The creep test results show that base
material doped with at least 30 ppm phosphorus has high creep ductility, and friction stir
welds made from this material has almost as high creep strength and creep ductility.
Copper without phosphorus does not exhibit the same ductility. The creep properties
evaluated from testing has been modeled and extrapolated for the intended purpose.
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Chapter 1 - Dissimilar metal welds and creep
crack growth testing
1.1 Introduction
In most high temperature applications the designer has to take into account that the
components will slowly deform during service. This slow deformation is called creep and
occurs mainly because of dislocation movement. The grains themselves also experience
deformation because they slide along grain boundaries. The effect on a macroscopic scale
is that the material elongates over time [1, 2, 3, 4]. Examples of high temperature creep
include applications such as gas turbines and the hot parts of power-plants. Conventional
fossil fired power plants operate at temperatures around 550 °C. Most parts in the boilers
and steam pipes are affected by creep and this includes in particular the welds [5]. The
complex microstructures in weld metals and heat affected zones mean that the properties of
the material change from the base metal into the weld [6]. Creep in welds is therefore more
complex than creep in base metal and care has to be applied when the process is being
modeled. Much experimental data has been generated on creep in welds, but work is still
needed to fully understand their behaviour. Low temperature creep also includes fossil
fired power plants designed to operate below the so called creep limit temperature. For
steels this temperature is somewhere between 400 and 500 °C but for other materials it can
be much lower. Lead for example creeps at room temperature [7], and copper creeps at
temperatures as low as 75 °C [8, Paper IV, Paper VI].
The creep damage that accumulates in the material during service of the component
consists initially of separate cavities. As failure is approached the cavities link to form
microcracks that eventually develop into macrocracks. Usually the damage state of a high
temperature component is monitored by non-destructive methods during maintenance shutdowns of the plants. Methods used include ultrasonics, eddy current testing and replica
testing. With these methods, surface cracks of at least 1 mm length can be detected, and in
the case of replica testing also the creep damage state in the material in general [5, 9]. The
material thickness in components used in power plants is often significant, in some cases
up to 50 – 60 mm. The result of this is that a crack that nucleates on the surface of the
material can take a long time to propagate through the material. If the rate by which a crack
1

propagates is known, the time until rupture can be assessed. If several years are available
before the predicted penetration, the crack can be allowed to stay in the component and the
growth of the crack can be monitored during the coming maintenance stops. Replacement
parts can also be manufactured without rush and installed when convenient.
The drawback is that this it is not always allowed. Common practice in Sweden is that a
crack found in a pressure vessel has to be repaired or the component replaced immediately.
Further experience and more knowledge are needed to form a basis for updated
regulations. In the included papers low alloyed heat resistant steels have been studied, but
the discussion on creep crack growth testing in this thesis also refers to austenitic steels.
The aim of this chapter of the thesis is to evaluate the methods for assessment of creep
cracks in welds in power plant materials, and also to discuss the role of the microstructure
in the development of cracks in welds.
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1.2 Creep in weldments
1.2.1 Control of microstructure
Welds made in thick-walled components are usually multipass welds. They are commonly
performed with a TIG (Tungsten Inert Gas) bead as the bottom bead and several MMA
(Manual Metal Arc) beads on top of the first one. Already laid down weld beads are
automatically tempered by the subsequent beads and the resulting microstructure has a
complex appearance. The heat affected zone can in a simple way be divided into three
parts, the coarse grained part closest to the fusion line, the fine grained zone and furthest
from the weld metal the intercritical zone, Figure 1.
The shape and form of the various zones depend on the weld method used and the pre- and
post-weld heat treatments. Pre-weld heating is sometimes applied when hydrogen cracking
is expected to be a problem. Post-weld heat treatments are used to temper the
microstructure and also to relax internal stresses. Tempering can also improve the creep
ductility and stabilise the mechanical properties. Typical temperatures for post-weld heat
treatments of ferritic steels are 650 – 750 °C but always below the austenite transition
temperature. Pre-weld heat treatment temperatures vary but are below 400 °C.
Due to the increase in cost linked with performing post-weld heat treatments, as opposed to
plain welding without heat treatments, they are sometimes avoided by changing the
welding method. One example is the application of tempering beads after the welding has
been completed. These are placed on top of the last laid down beads. After cooling of the
weld, the tempering beads are ground off and the last tempered beads are exposed. The
weld microstructure can also be controlled by altering the welding parameters to control
the input of energy into the weld during manufacture.
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Figure 1

Typical appearance of a weld made in low alloyed heat resistant steel. 1 is
the weld metal, 2 the fusion line, 3 the coarse grained zone, 4 the fine grained
zone, 5 the intercritical zone, and 6 the unaffected base metal.

1.2.2 Damage development in welds
Creep damage accumulation in low alloyed heat resistant steels consists of cavity
formation on grain boundaries and around particles. With increasing strain the cavities
accumulate on grain boundaries to form strings of cavities, which link to form
microcracks. Eventually macrocracks form and lead to rupture. In welds, the presence of
zones with very different mechanical properties close to each other means that the creep
damage is frequently concentrated here. The stress state and the magnitude of the stress
decide in which zone the damage accumulates. A classification system denoting where in
the weld structure the rupture has occurred was first introduced by Schüller et al. in 1974
[10]. If a crack transverses the weld metal it is called Type I or Type II, if it follows the
fusion line inside the coarse grained zone it is called Type III and if it transverses the
intercritical zone it is called Type IV. Usually the Types I, II and III failures occur during
or soon after manufacture of the weld. In service of welds creep failures of Type IV
4

dominate. Careful preparation of the welds can minimise, but not totally eliminate, the
occurrence of Type IV failures. More recent experience though has shown that if the
microstructure in the weld is optimised against Type IV cracks another type of cracking
occurs in the coarse grained zone of the weld [11]. This has been named Type IIIa to
distinguish it from the normal Type III which is a reheat crack formed during post-weld
heat treatment. This type of crack is common in dissimilar metal welds where diffusion
processes during welding involving mainly carbon, yield very soft coarse grained zones
and hard weld metal.

1.3 Lifetime assessment of welds
Replica testing is the preferred method of assessing damage in welds in service. The
method can if performed correctly give an excellent impression of the microstructure on
the surface of the weld. The damage can then be studied in the laboratory instead of at the
plant. Several standards have over the years been used in Sweden for the classification,
[12, 13]. A recommended interval to the next inspection is given if the creep damage is
judged relatively minor. If the damage is large, i.e. if significant cracks have developed,
the recommendation is immediate replacement. The standards do not make any provision
for the propagation of the cracks through the material thickness. Such standards exist in
some European countries, most notably in the United Kingdom where Nuclear Electric has
developed the R5 procedure for assessing components with defects such as cracks [14].
The standard as it is today depends on the C* parameter, which can be calculated for
laboratory tests.

1.4 Creep crack propagation – general
Creep crack propagation testing is usually performed with a fracture mechanics specimen
such as single edged notched specimens (SENT), double edged notched specimens
(DENT), centre cracked plate specimens (CCP) or the most common type, compact tension
specimens (CT), Figure 2. The test methodology is that the specimen is loaded with a static
5

constant load and held at the test temperature. An American standard gives guidelines for
creep crack propagation testing, ASTM E 1457 [15]. This has recently been elaborated in a
European Code of Practice, where more geometries and further guidelines have been added
[16]. The crack propagation is monitored using potential drop methods (PD) where a
current is allowed to run through the specimen and the variation in the potential across the
crack propagation plane is automatically logged. The potential increases as the crack
propagates and the cross-sectional area decreases. A reference potential is obtained from
probes mounted in an unstressed region of the specimen. This is subtracted from the main
signal to compensate for variations in the power supply.

W

B

a

Bn

60°

Figure 2

Schematic drawing of a compact tension specimen (CT-specimen). The notch
is pre-fatigued or spark eroded and the side-grooves cut after the notch has
been machined to avoid residual stresses.

1.4.1 Experiments using compact tension specimens
The specimens used for creep crack growth testing have been cut using normal workshop
methods and care has to be applied during manufacture to ensure reproducible results.
Sawing and milling were used for the initial machining. When the specimen was taken
from a weld, the blanks were first sawed to almost the exact thickness and the sides endmilled to the finished thickness. The sides were then polished and etched and the position
of the weld and the HAZ marked out. The rest of the specimen was then cut with the starter
6

notch in the correct position. The starter notch itself was spark eroded which allows for
more exact positioning and is better suited to testing welds. The side-groove was machined
after the starter notch. A standard side-milling cutter with the correct wedge angle was
used. The depth of the side-groove was chosen to match the creep ductility of the material;
a more ductile material needs deeper side-groves than a more brittle one.
After testing, the specimens were cut along the centre-line and one half was ground and
polished to make studies of the crack in progress possible. The other half was immersed in
liquid nitrogen and opened by brittle fracture, see Figure 3. The final crack length was
measured and used to calibrate the PD signal.

Figure 3

Sketch showing how each specimen was cut after testing to make detailed
metallography and fractography possible.

1.4.2 The reference stress concept
The load applied to the CT-specimens is based on the stress – rupture time relationship
obtained from plain uniaxial creep specimens and is calculated using the reference stress
concept. A common way of defining the reference stress (σref) for a CT-specimen is [17]:
Eqn. 1

σ ref =

P
mBnW

P is the load applied to the specimen, Bn the net thickness of the specimen with side-

grooves. The coefficient m can be evaluated according to the von Mises criterion as plane
stress or plane strain. The plane stress expression is:
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Eqn. 2

m = −(1 + γ (

Eqn. 3

γ =

a
a
)) + (1 + γ )((γ ( ) 2 + 1)
W
W

2
3

And the plane strain expression:


2 
a
a 2
− (1 + γ ( )) + (1 + γ )((γ ( ) + 1) 
W
W
3


Eqn. 4

m=

Eqn. 5

γ = 1.702

In the equations, a is the crack length calculated from the load line and W the length from
the centre of the load pin holes to the back of the specimen. It should be noted that the
reference stress changes as the crack extends (a increases). The reference stress (σref) can
also be used to compare the stress state around a crack in a CT specimen with the stress
state around a crack in a real component.

σ

"Uniaxial creep specimens"
with progressively lesser
amount of creep damage

Crack propagation plane

Damage zone in front of the
crack tip

σ
Figure 4

The idealised steady state creep crack growth process where the material in
front of the crack tip is divided into an infinite number of uniaxial creep
specimens. The ones closest to the crack tip are on the verge of rupture, and
the ones entering the damage zone from the right are undamaged. Adapted
from [21].
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Figure 5

An example of a plot where the reference stress is given as a function of
interruption time. The results are from a test series where two common
stainless steels were tested in new and aged condition [18].

Experience has shown that the initial reference stress for CT specimens can be related to
the uniaxial stress for a plain creep specimen. A way of visualising this is to view the
material in front of the crack tip as made up from an infinite number of small uniaxial
creep test rods, Figure 4. The time it takes for the first rod to rupture due to creep can be
roughly compared to the time it would take for a uniaxial specimen made from the same
material to rupture due to the same stress. It is therefore common practice to plot the
reference stress as a function of the interruption time as a practical way of keeping track of
the testing. An example is given in Figure 5. Interruption time has been used in place of
failure time since all but three tests were interrupted about 10 hours before final failure. An
explanation for this practice is given in the next paragraph. The reliability of the plot
depends on a consistent way of interrupting the specimens, which in turn means that the
development of both the load line displacement and the PD signal must be closely
monitored when the end of the crack propagation life approaches. Usually it is sufficient to
study the signals once a day in the later stages and the test should be interrupted when it is
9

estimated that less than 10 hours of test time remain. After testing, the resulting data files
have to be collected and prepared for calculation of the CCG crack tip parameter C*.
Obvious data errors are eliminated and the noise in the PD signal is reduced as much as
possible.
To further reduce the noise in the signals and to make processing of the data easier a
polynomial is fitted to the curves, Figure 6. It is possible to use the raw data but by using
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Figure 6

PD and LLD signals before and after the polynomial fit. Note the gap in the
PD signal due to a data logger problem.

1.4.3 Evaluation of the crack length from potential drop
Several ways of obtaining the crack extension from the PD signal has been proposed in the
literature. ASTM E 1457 [15] recommends an analytical solution known as Johnson’s
formula where the potential drop is related to the specimen geometry. Our own experience
with Johnson’s formula is that it gives too short crack lengths by about 20-30% or more.
An advantage is that with Johnson’s formula it is possible to allow the specimen to rupture
and still have a rough estimate of the crack length since it does not depend on
measurements on the specimen after testing. A more correct measurement is obtained if the
10

specimen is interrupted before rupture and the crack length on the specimen is used to
calibrate the value from Johnson’s formula. Details on the mathematical background of
Johnson’s formula can be found in [19] and [20].

Figure 7

Evaluation of the potential measured across the specimen for different values
of the ratio a/W. Note that the almost straight slope between a/W=0.5 to 0.7.
From [20].

Another common method is to convert the PD signal linearly to a crack extension. The
theoretical basis is that the conversion is almost linear for a/W ratios between 0.5 and 0.7,
see Figure 7. For a standard CT25 specimen where W = 25 mm and a =12.5 at the start of
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the testing the maximum crack extension that can be safely allowed using this method is 5
mm, which is sufficient in most cases.
It should however be noted that most studies on crack monitoring using potential drop
techniques have been performed on room temperature fatigue or stress corrosion cracking.
In both cases the microstructural damage resulting from the crack propagation is confined
in a very narrow band around the crack, probably not wider than a few µm. The situation in
creep crack growth is rather different. Creep damage will build-up in front of the crack tip
and around the same, see for example Figure 8. Cavities and microcracks will influence the
resistivity of the material and it is not certain that the analytical solution that forms the
basis for Johnson’s formula is valid under those conditions.

Figure 8

Creep damage around a crack in a CT-specimen. Aged AISI 310 specimen.

σref = 50 MPa, 2137 h, 4.98 mm final crack. (unetched, lightly polished, 50x)

Considering the above it is suitable and common practice to interrupt the testing when the
crack has extended no more than 4 – 5 mm, and that a straight linear fit is used to evaluate
the crack length from the PD signal. The result should also be calibrated against the crack
length measured on the specimen after testing. This has also the added benefit that the
geometrical deformation in the specimen is kept at a minimum. The load line displacement
for a crack extension from 12 to 16 mm is usually below 5 mm for a CT25 specimen.
12

Consequently the stress direction change is small and there is only a small change in the
stress state around the crack while it extends. If the specimen is allowed to rupture, the
geometrical deformations in the specimen in the final stages before rupture is significant
and the process is better described as plastic tear.

1.4.4 The cracking process
The cracking process consists of three parts. The first is an incubation period where the
creep damage builds up in front of the crack tip, but the crack does not actually extend
during this period. The second is a steady state crack process where the crack propagates
through the material at a more or less constant speed. Finally the remaining ligament ahead
of the crack tip can no longer take the load and the creep process accelerates until the
specimen finally fails by plastic tear. The different processes are indicated in the schematic
drawing in Figure 9.
Crack
length

Incubation
period

Steady
state
crack
growth
period

Acceleration
period

Time

Figure 9

Schematic drawing indicating the three main creep crack growth stages in a
CCG experiment.
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The steady state creep crack growth process was illustrated in Figure 4. With the material
ahead of the crack tip consisting of an infinite number of small uniaxial creep specimens.
The ones closest to the crack tip are on the verge of rupturing due to creep damage, and the
ones entering the damage zone from the right are still undamaged. The shape of the creep
crack length extension can therefore be described. During the incubation period the
material in front of the initial starter notch builds up creep damage and the damage bubble
develops. When fully grown the material starts to crack at the starter notch. Then follows
the steady state region when the damage bubble moves through the material but is
essentially of a constant shape and the geometry of the test is the same, i.e. if the crack
extension is small in relation to the load leverage. The cracking speed is therefore nearly
constant with only a small increase due to the change in load line leverage. When the far
end of the damage bubble hits the back of the specimen, the stress and strain state in the
damage zone changes and the test accelerates. This is the third region exhibited by creep
crack growth tests.

1.5 C* analysis
1.5.1 Calculation of C*
Since no concise collection of the equations used to calculate C* for CT-specimens has
been found in the literature the equations are given here.
C* is called the steady state creep fracture parameter and is evaluated as a path
independent contour integral taken in the stress field around a crack tip. A full
characterisation of C* can be found in [21].
Usually the C*-equation takes the form [15, 21]:

Eqn. 6

PV&c
n 
W −a
C* =
 2 + 0.522

Bn (W − a ) n + 1 
W 

P, W and a is defined as in Eqn. 1 above. Bn is the net thickness of the specimen (total
thickness minus the side-grooves) and n is the Norton creep exponent. V&c is the creep part
of the load line displacement rate and is defined as:
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Eqn. 7

a&B
V&c = V& − N
P

 2K 2


+ (m + 1) J p 
 E


where V& is the total load line displacement rate, a& the crack propagation rate and E the
elastic modulus. The stress intensity factor, K, is defined for compact tension specimens as
in Eqn. 8 and Eqn. 9:

P
2+a W
f (a W )
BBNW (1 − a W ) 32

Eqn. 8

K=

Eqn. 9

f (a W ) = 0.886 + 4.64(a W ) − 13.32(a W ) 2 + 14.72(a W )3 − 5.6(a W ) 4

The plastic part of the J contour integral, Eqn. 10 depends of a number of material
constants such as D1, m and h1. D1 and m in Eqn. 7 and Eqn. 10 are defined from the
material stress-strain behaviour in the Ramberg-Osgood equation, Eqn. 13. Please note that
the coefficient m is not the same as in Eqn. 1and Eqn. 2. The coefficient h1 is a function of
the ratio a/W and m and is tabulated in [15].

Eqn. 10


D1h1 (a W , m) 
P


Jp =
m 
( R p 0.2 (W − a ))  1.455 BNα 

Eqn. 11

α = Φ 2 + 2Φ + 2 − (Φ + 1)

Eqn. 12

Φ=

Eqn. 13

 σ 

ε = + D1 
 R p 0.2 
E



m +1

2a
(W − a )

σ

m

In the equations above Rp0.2 is the yield stress. The coefficients can usually be found in
the open literature but especially D1 and m can be difficult to locate. If that is the case, hot
tensile tests have to be performed.

1.5.2 C* representation, curves and tails
The traditional way of presenting C* results is to give the creep crack propagation rate
(da/dt) as a function of C*. This allows for evaluation of the experimentally obtained
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cracking rates against the calculated C*-value. When performing remaining life estimates
for real components in service, the C*-value for the component is calculated and the
predicted cracking rate is taken from the diagram. The rate is then converted to time until
rupture by integrating over the material thickness. The estimate depends on whether plane
strain or plane stress conditions dominate at the crack tip. If the material is creep ductile
and constraint effects are relatively small, the crack tip stress state can be approximated
with plane stress conditions. On the other hand, if the material is creep brittle and the
constraint effects are large, a plane strain condition results. In the laboratory specimen the
constraint effects can be changed by altering the specimen size and by introducing sidegrooves.
It has been shown [22] that for testing and material conditions where secondary creep is
dominant, the relationship between da/dt and C* can be expressed as:
Eqn. 14

a& =

3C *0.85

Eqn. 15

a& =

150C *0.85

(plane stress)

εf

(plane strain)

εf

where ε f is the uniaxial creep ductility at the relevant temperature for short term creep
tests. The coefficient in front of C* is described in [22, 23] and contains a factor that varies
with the stress/strain condition. Lines constructed from Eqn. 14 and Eqn. 15 are customary
included in C* plots to give an appreciation of the stress state at the crack tip. It has also
been shown, [22], that the majority of creep crack propagation results end up between
these lines if the proper creep ductility is used, see Figure 10. The diagram means that if
the creep ductility at temperature is known, the cracking rate can be obtained if the C*
value is known independently of the material. A further assessment has to be made as to if
plane stress or plane strain conditions apply, but with the proper choice of conditions the
calculations are conservative with respect to remaining lifetime [21].
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Figure 10

Material independent engineering creep crack growth assessment diagram
proposed by Nikbin et.al. From [22]. On the y-axis is the crack propagation
rate and on the x-axis is the crack tip parameter, C*.

The shape of the C*-da/dt curve reflects the shape of the crack extension and load line
displacement curves. The load line displacement (LLD) curve usually has a uniaxial creep
curve appearance, Figure 9. The different parts correspond to crack tip damage build-up
(incubation), steady state crack propagation and stress state break-down (acceleration)
respectively. The crack propagation curve is usually measured using potential drop (PD)
methods and can have a more complicated shape. Usually it has an incubation period, a
steady state propagation period and a plastic acceleration period. The incubation period
obtained using PD can either have increasing, constant or decreasing crack lengths, see
Figure 11a. Decreasing initial crack length is unphysical, but stress reorganisation at the
start of the test can have an unexpected influence on the PD-signal meaning that decreasing
signals is not impossible. Increasing crack length progressing into a constant crack length
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is associated with brittle cracking of the corners of the pre-machined crack notch and the
development of a thumbnail crack propagation front. This type of shape is not often seen in
specimens with side-grooves. The most common shape of the incubation period is the
constant crack length and specimens that exhibits decreasing crack lengths are always
edited to a constant start crack length. The minimum crack length showed by the curve is
chosen as the start length.
Load line
displacement

Crack
length

Decreasing
Constant
Increasing

Time

a)

Figure 11

Time

b)

Typical shapes of the; a) creep crack propagation curve calculated using
potential drop methods, b) load line displacement curve.

After processing the C*-da/dt curves exhibit typical curved shapes with a circular path at
the start and a more or less straight slope at the finish, Figure 12. The circular paths are
known as tails in the literature. The straight slope corresponds to the acceleration phase at
the end of testing and is also of less significance to the interpretation of the results and has
as such also been classified as a tail in this work. The terms pre-tails and post-tails refer to
these throughout this work.
The reason behind the circular pre-tails comes from the way C* is calculated. If Eqn. 6 is
studied it can be seen that C* is proportional to V&c , the creep portion of the load line
displacement rate, and to a lesser degree to da/dt through Eqn. 7. If an increasing creep
crack propagation curve is assumed, see Figure 11a, the creep cracking rate da/dt will at
first decrease, then stay constant and finally increase. The same relationship holds for the
load line displacement rate where the initial decrease is followed by a constant value and
finally an increase. Then if the da/dt value continues to decrease while the V&c goes
constant or even starts to increase a little a counter clockwise pre-tail results. If on the
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other hand the V&c continues to decrease while the da/dt goes constant and starts to increase,
a clockwise pre-tail is formed. A detailed analysis of the relationship can be found in [24].
The constant or decreasing incubation period results in a zero or sub-zero cracking rate and
has to be excluded from the evaluation of the results.
The post tail results from the way in which the da/dt and the V&c accelerate during the
breakdown phase of the test but it is also influenced by material constants. From a life-time
assessment point of view the breakdown phase is of less significance since when a crack in
a real component enters this phase it will rupture in a short time. From an experimental
point of view it is difficult to judge when the steady state process ends and the acceleration
phase starts and it is therefore better to allow the test to significantly accelerate before
interrupting the test. All data collected after the steady state process has ended is then
termed as belonging to the post-tail and is excluded from the evaluation and assessment.
A crack in a real component usually develops from the creep damage found on the surface.
When the crack has started to grow the rate by which it grows remains constant as long as
the stress state is unchanged. For components with a substantial wall thickness and
therefore constraints on the overall movement of the material the stress state is more or less
constant irrespective of the presence of a small crack. Only when the remaining ligament
reaches a critical small area the cracking process accelerates until final rupture. This means
that for most of the material thickness the crack is in a steady state creep crack growth
region, and consequently the steady state part of the laboratory tests are the most important
for the life prediction of cracks in components. This view is also published by other
researchers, e.g. [25, 26].
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da/dt

Counter clockwise
pre-tail

Post-tail

Clockwise
pre-tail

C*
Figure 12

Typical shapes of the C* vs. da/dt curve. Pre- and post-tails are indicated.

1.5.3 C* results, sensitivity analysis
The calculations of C* can be performed manually or by using special software such as
ZRATE [17], which is a Fortran adaptation of the basic equations. The same result is
obtained with both methods. In Figure 13 a typical graph is given where the creep crack
propagation rate, da/dt, is plotted as a function of C*. The same graph is given in Figure 14
but only the steady state portions of the graphs have been included.
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da/dt as a function of C*. Calculations performed using ZRATE. Scatter
bands for plane stress and plane strain according to Eqn. 14 and Eqn. 15 has
been included.
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Steady state creep crack propagation rate as a function of C*. Calculations
performed manually. Scatter bands for plane stress and plane strain
according to Eqn. 14 and Eqn. 15 has been included.

The equation for C*, Eqn. 6 depends on several material constants. The Norton coefficient,
the plastic evaluation constants D1 and m, the Young’s modulus and the yield stress at
temperature. To determine these constants a creep test series and a few hot tensile
experiments should ideally accompany every CCG test series. Usually literature data or
data from previous experience has to be used. The Norton coefficient enters as 1/(1+1/n) in
Eqn. 6. This means that a change of the Norton coefficient from n=2 to n=6 could change
the C* value almost a factor of two. The other coefficients, D1, m and Rp0.2, all acts
through the Jp-equation and thus when Jp is small, which is often the case for creep brittle
materials, the effect of these coefficients is negligible.
If the material data is fully known then an assessment of a crack found in a power-plant
can be performed. A C* value has to be calculated for the crack with correct material data.
With the calculated C* value the cracking rate can be read in the C* - da/dt diagram. It
should be noted that an identical crack in two different materials will give two different C*
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values due to the different material data. Hence even if the C*-curves in the relevant C*diagram are superimposed, different cracking rates can be the result of the evaluation. C*
diagrams such as the ones shown in Figure 13 and Figure 14 can therefore not be used for
direct materials selection. Several hypothetical crack geometries have to be evaluated
before a choice can be made.

1.5.4 Evaluation according to time to a given crack depth methods
C* has been shown to be rather material independent and if no sufficient resolution
between different materials can be reached using C* other methods has to be used. British
Energy has for example recently published studies regarding the so called creep toughness
parameter, JT, that is evaluated for small creep crack increments [27]. This represents a
step away from the traditional C* approach in the sense that it does not involve material
data in the evaluation of the results. Only geometrical quantities enter into JT.
Another way of representing the results that has been shown to work well for the creep
crack propagation study shown in Figure 13 is to calculate the time it takes for a crack to
grow to 0.5 mm, 1.0 mm, 1.5 mm and so forth. Time to 1.0 mm crack length plotted
against reference stress is given in Figure 15. Good correlation with the expected result
from Figure 5 is shown and the different materials all seem to show the same slope in the
graph. This type of representation could well be used to differentiate between materials
when full short term material data is not available.
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Figure 15

Time to 1 mm crack extension for both new and aged specimens of 253 MA
and AISI 310. Note that the two specimens of new AISI 310 that do not
conform to the common slope of the materials ruptured before they could be
stopped. The exact time they took to reach 1 mm is therefore somewhat of an
estimate [18].

1.6 Conclusions
The work in this chapter has focused on the influence of microstructures on creep crack
growth in weld.
•

The creep damage development in welds has been identified and the common lifetime

assessment methods have been indicated.
•

The method of testing the creep crack propagation properties using CT-specimens is

reviewed. Special considerations for crack measurement and the σ-reference concept are
given.
•

The reason for pre-tails and post-tails in the traditional C* vs. da/dt curve has been

investigated.
•

Alternative methods of evaluating the creep crack propagation results are discussed
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Chapter 2 - Creep of oxygen free copper
intended for nuclear waste disposal
2.1 Background
Copper is a most interesting metal. It is one of the earliest metals known to man, and also
one of the most used. The first known use of copper is as material for weapons. Copper
weapons were found to be more durable than edged stone weapons and also possible to
resharpen when dulled by use. Body armour could also be made from copper and in both
of these uses the ductility of pure copper was the key property. Later copper was used to
make among other things nails for shipbuilding, cooking pots and personal jewellery. The
properties used here were in addition to the ductility, the toughness, the high thermal
conductivity and the ability to be polished to a high sheen. Today the most important use
for copper is in electrical appliances where the high electrical conductivity is the main
material property.
An early use for copper was also as a protective sheathing material for ship hulls. Initially
the intent was to stop the growth of seaweeds and other biomaterial by using the slight
biotoxic nature of copper. However, it was noted that the copper also resisted corrosion to
a great extent. A good quality copper sheathed hull could remain intact for several decades.
Copper is a relatively inert metal in most environments and more specifically in water.
Only if the water is fast flowing, the corrosion process is accelerated. The good properties
in water, make it an ideal material for corrosion protective containers.
Copper has since the beginning of modern science been used as a model material for
experiments. One of the properties studied was creep of metals and much of the early
knowledge of dislocation movements and grain boundary sliding comes from studies of
copper specimens [28]. These early studies of copper creep behaviour were incorporated in
the deformation map published by Frost and Ashby [29] in 1983.
The operation of nuclear power plants produces radioactive waste that has to be treated and
disposed in such a way that is does not harm the environment. Spent nuclear fuel remains
highly radioactive for more than 100 000 years. A safe way must be found to dispose of
this waste and the planned method in Sweden is the so-called KBS-3 concept, where the
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spent nuclear fuel is placed in canisters, Figure 16, that are deposited at 400 to 700 m down
in the bedrock, Figure 17.
The canisters have an inner load carrying insert made of nodular cast iron with quadratic
channels where the nuclear fuel elements are placed. The cast iron inserts are then placed
inside thick walled, 50 mm, copper shells that are sealed by welding. Copper is chosen
because it is immune to corrosion under reducing conditions in the bedrock and also
because of its high ductility. The waste packages are placed in drilled holes in the bedrock
and embedded by a bentonite clay buffer. As the surrounding ground water seep into the
buffer over a period of many years, the bentonite will swell and increase the hydrostatic
pressure. Due to this pressure the canister will deform plastically by creep. The
deformation will continue until the existing gap between the copper shell and the cast iron
insert is closed.

Figure 16

Nuclear waste disposal canisters of the Swedish design. (SKB)
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Figure 17

The proposed Swedish method of canister repository. (SKB)

2.2 Start of research
Research in Sweden on the waste package for used nuclear fuel started in the mid 1970s. It
was soon decided that a package with an outer shell of copper should be the main option.
The reason was that safe corrosion properties could be anticipated due to the
thermodynamic stability of copper in the repository. Creep properties of copper were not
an issue initially. It was not until the public enquiry about the disposal concept in 1983 that
the first discussions about creep took place. Such a public enquiry has taken place every
third year since then.
During the 1970s it had been discovered that failures in structures and plants exposed to
creep mainly take place in weldments. During this period a vast number of creep cracks
and failures were observed in fossil fired power plants. There are three reasons for this.
First the creep properties are different across the welds, since the weld metal, the heat
affected zone, and the parent metal almost invariably have different creep properties and
this gives rise to stress concentrations. Second, the creep ductility and strength are often
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lower for welds than for parent material. Third, the creep properties were rarely taken into
account in design in those days.
In the beginning of 1980s, the Swedish Institute for Metals Research (now Swerea
KIMAB) was together with British CEGB the internationally leading organisations in the
study of creep in weldments. Tests were performed on uniaxial specimens as well as tubes
under internal pressure. The experiments were successfully combined with FEM-modeling
[30]. It was therefore proposed to SKB to study weldments in the copper canisters. Pure
copper had been used extensively as a model material for creep studies on materials
aspects as well as on design. Although most of these investigations were at temperatures of
300 ºC and above and thus well outside typical design temperatures for copper, no one
anticipated the serious problem with the extremely low creep ductility that would appear
later.

2.3 Creep testing techniques
2.3.1 Materials sampling
All materials to be creep tested have to be extracted from the larger delivered pieces.
Uniaxial creep tests are performed with plain cylindrical tests specimens. The smaller
specimen has a gauge length of 50 mm and a gauge diameter of 5 mm, the lager specimen
a gauge length of 75 mm and a gauge diameter of 10 mm, Figure 18.
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Bofors creep specimen
5/8'' thread, 10 mm diameter, 13.5 mm knife edge

SIMR
Creep specimen 5K50
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a) Creep specimen type 5K50. The same specimen design is used in a similar
specimen called 5K25 where the gauge length is 25 mm. b) Creep specimen
type Bofors. The same design is used with gauge lengths from 50 to 100 mm
by altering the distance between the knife edges.

To be able to manufacture specimens the blanks cut from the copper pieces have to be
bigger than the final dimensions of the specimens, 9x9x90 mm and 17x17x180 mm,
respectively.
The placement of the specimens is important. If the material has a texture due to rolling or
extrusion, specimens are usually taken along the working direction. If the material contains
a weld, specimens can be taken from either the weld metal, the base metal, the heat
affected zone (HAZ), or in a cross-weld position. An example of the extraction of
specimens from a weld is shown in Figure 19.
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Figure 19

An example of the extraction of specimens from a friction stir weld.
Specimens from the base metal lid and tube as well as the cross-weld, weld
metal and heat affected zone specimens are marked in the image. Taken from
the study of friction stir welds at 75 °C [Paper VI].

Specimens from either the weld constituents or the base metal give information on the
properties of homogenous material. Cross weld specimens tend to accentuate the part of
the weld that is weakest. They cannot be used for ductility estimation since the gauge
length is undetermined if only a part of the specimen is straining during testing.

2.3.2 Test procedures
All creep tests performed until 2008 were conducted on standard dead weight, lever creep
test rigs. All test rigs work in a similar manner even if the individual design varies. A
schematic drawing of the principle is given in Figure 20. Swerea KIMAB has over 70 of
these test rigs of different configurations all equipped with high temperature furnaces,
Figure 21.
The set-up of a creep test is as follows. The load train is calibrated by placing a calibrated
load cell in the test rig instead of the specimen. Lever arms have a ratio of 1:16, 1:20 or
1:25 but by using the actual lever arm and load with actual weights until the correct
reading is reached on the load cell, an individually correct load is obtained for each test.
The weights are then removed until later. The specimen is placed inside the furnace and
preloaded with the empty lever arm, yielding a load of approximately 100 N. Thermo30

couples are tied to the gauge length and the specimen is heated to test temperature. The
thermocouples, known as type S (Pt/PtRd wires) are made from certified metals and new
metal is used for the thermal junction for each new test. After a soaking time of at least 2 h
during which the temperature gradient is adjusted and minimised, the previously calibrated
weights are loaded onto the lever arm and the test started. The maximum tolerances
allowed are ± 1 °C for temperature stability and ±2 °C axial gradient. The load is, for all
tests up to 2006, applied within 2 minutes.

e

a

d

Gauge
length

b
c
f

Figure 20

The principle of creep testing. At the left is a schematic drawing of a creep
test rig, and on the right a creep specimen. a: furnace with specimen, b:
extensometer transducer, c: weights and lever arm, d: specimen, e:
thermocouples, f: transducer. The gauge length is marked in the right image.

If the creep strain in the specimen is sufficiently large, the lever arm must be reset to
ensure that it has an approximately horizontal position. During the reset the specimen is
temporarily unloaded by insertion of a manual lever arm between the fulcrum and the
weights. The weights are lifted and the nut on the top of the load train adjusted until the
angle of the lever arm again is + 5°. The weights are lowered and the load slowly reapplied
to the specimen. The specimen temperature is not changed during this operation.
Strain and temperature are logged automatically using extensometers mounted on the knife
edges just outside the gauge length on the specimens, Figure 20. In the case of the small
31

specimen, Figure 18, the knife edges are mounted on the adapters in which the specimens
are mounted. The extensometer rods are fed to capacitive transducers that measure the
strain in the specimen. Usually two transducers are used for each test. The signals from the
transducers are logged along with the specimen temperature and the ambient temperature
by a computerized logging system. The logging interval can be individually adjusted. the
standard interval is 1 hour. As a backup system the measurements are noted on paper
protocols once every workday.
The main attractive feature of capacitive transducers is their inherent ability to avoid the
signal to drift from the correct measurement. The signal only depends on the dielectric
properties of the medium between the electrodes, in the current application laboratory air.
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Figure 21

The creep laboratory with creep rigs visible. Insert: a close-up on the lever
arm.
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The creep laboratory is climate controlled and kept at a constant temperature and humidity,
meaning that the signals from the transducers are also constant apart from strain
measurement. They are also linear and the theoretical accuracy is 10 nm, but 100 nm is the
practical limit. If a mechanical malfunction occurs it usually only affects one of the two
transducers which can be removed and repaired while the test is monitored by the other
transducer.
One drawback of the dead weight lever creep testing is that it is not compensated for the
lever arm movement. The horizontal distance between the fulcrum and the load application
point depends on the angle of the arm. This error can with confidence be neglected for
small angle shifts and the used testing machines allow max ± 5° arm travel. The standard
procedure is thus to start the test with the arm at the top limit and to reset the arm as the
angle reaches the bottom limit. In practice this means a maximum travel of 5 mm at the
specimen end of the lever. Depending on gauge length the test has to be reset every 5 or
10% engineering strain. In 2007 newly developed test machines were put into operation
where the load is applied using a step motor connected to a gearbox. The equipment allows
for 35 mm travel of the load arm without the need for unloading of the specimen. The load
can also be applied very slowly. In the repository, the load is applied over a period of many
years, and the testing performed in the new test rigs is aimed at emulating this slow loading
process.

2.3.3 Testing – plastic strain on loading
A creep experiment is started by placing the specimen in the furnace and heating it to the
test temperature. The load is then applied as smoothly as possible until the desired stress
has been reached on the specimen. During the loading process the specimen is strained by
the load. This is not really true creep strain since the timescale is several minutes rather
than hundreds of hours. Early experiments did not distinguish between this plastic strain
and the subsequent creep strain. Most testing at the creep laboratories up to this point had
been made on ferritic steels where the initial strain is low, typically below 2%. In the case
of copper, and especially annealed copper, the initial plastic strain can be as much as 15%,
and thus a substantial part of the total strain. Later experiments recorded the initial strain
but it was not included in the reported creep strain. This means that early and late creep
results are not fully comparable, and the later results from 1999 and onwards are
conservative with respect to ductility.
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In the repository, the canister is exposed to a hydrostatic pressure from the ground water.
At a depth of 500 m the hydrostatic pressure is 5 MPa. In addition there is a swelling
pressure from the bentonite. When it is fully soaked with water, the pressure is 5 to 13
MPa. Thus, the total pressure on the canister can reach 10 to 18 MPa. Depending on the
hydraulic conductivity of rock and the associated rate of the water inflow, it can take up to
one hundred years before the bentonite is fully soaked.
During the loading phase the stresses in the canisters will be so low that the secondary
creep rate is negligible. Until a pressure of about 15 MPa has been reached, the secondary
creep is not of importance. However, the strain on loading and the primary creep can still
be significant. Tests are presently carried out to study the creep deformation during gradual
increase of the load.

2.3.4 Testing – resets
Nearly all of the test rigs that have been used for creep testing of copper work according to
the dead weight lever principle. Standard practice is to keep the arm ± 5° from the
horizontal. As a result of this allows a maximum amount of strain before the lever arm has
to be raised to keep it off the floor. The strain can be either 5% or 10% depending on test
rig. Since the total strain in many copper creep tests is 40% or more, the lever arm has to
be reset several times. Some tests have been reset as many as five times. Annealed or close
to annealed copper exhibits a creep tests curve that consists of almost exclusively primary
and tertiary creep with almost no steady state secondary creep in between. The behaviour
during a reset is that if the material is in a primary or early tertiary stage, new primary
creep is initiated. This shows up as a series of bumps on the creep curves. A probable
cause for this phenomenon is that during the reset the specimen is temporarily unloaded,
and the dislocation substructure is relaxed. When the load is then reapplied a new
dislocation substructure is created, yielding a new primary stress redistribution stage. If the
specimen is reset well into the tertiary stage an accelerated tertiary stage is developed and
the specimen rupture is accelerated.
Since so many of the tests have been reset several times it is imperative to know the effect
of the unloading/reloading on the creep properties. It can be argued that the continuous
unloading/reloading introduces a hot deformation into the specimen and the creep life is
increased. But it could just as easily be argued that the unloading/reloading shortens the
creep life by fatigue action on the specimen. In both cases modeling of the creep behaviour
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is made more difficult by this. For instance it is not clear as to which curve a model should
be applied, the unbumped one that is not complete or the envelope of the bumped curve. In
the not yet completed study on extremely slow creep loading the newly developed test rigs
do not need to be reset. Creep tests can thus be allowed to continue uninterrupted to
rupture even if the creep strain approaches 100%. Modeling of the results and
extrapolations of the results should be made easier by this approach. As a general
recommendation the number of resets should always be kept to a minimum.

2.3.5 Testing – geometrical considerations
Creep testing of copper has been performed using two different types of specimens. The
early experiments concentrated on the 5 mm diameter specimen shown in Figure 18. The
gauge length has varied but usually a gauge length of 50 mm was used. Later experiments
had predominately used standard Bofors 10 mm diameter specimens with a gauge length of
50 to 80 mm. The difference between these two specimen designs is in the manufacturing
of the specimens. When a slender 5 mm specimen is turned on the lathe, work hardening
can result from the vibration of the specimen when the cutting tool is applied to the
surface. The 10 mm specimens are much bulkier and resistant to vibration. The end result
is that the 5 mm specimens are slightly cold worked and exhibits a longer creep life than
10 mm specimens even if they are made from the same block of material. This was shown
by a series of experiments in [31]. When the 5 mm specimens were annealed for 5 minutes
at 600 °C followed by a water quench, the creep results became similar to the 10 mm
specimens. The 10 mm specimens were tested as-machined. The recommendation for
future testing is to use 10 mm specimens when possible and to anneal all 5 mm specimens
before testing.

2.3.6 Temperature
In the creep testing performed at the institute, test temperatures in the copper creep tests
have varied from a maximum of 600 °C to a minimum of 75 °C. In the real repository the
temperature may be as high as 125 °C in the cast iron insert and about 100 ºC in the copper
shells for the initial years and then slowly decrease to room temperature over many
hundreds of years [32]. It is therefore interesting to creep test copper at the temperatures
that is relevant to the repository. Copper is known to creep at room temperature and above,
but for practical reasons test times must be kept to a reasonable length and the creep test
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has to be accelerated. There is two possible ways to accelerate a test, increase temperature
or increase applied load. Both have been used in the investigations referred in this work.
The earlier testing concentrated on raised temperatures of 175-250 °C. This produced creep
lives that could be fitted into the project timeframe. When the temperature is increased
above the intended service temperature there is always a risk of having the test results
exhibiting a creep damage accumulation behaviour that is different from the one at service
temperatures. Partly for this reason the later work moved towards temperatures around 75
°C that is a reasonable average of the temperature of the copper over the first years in the
repository.
The resulting creep strain curves and the creep ductility at rupture were similar for the test
series at higher and lower temperatures. This does not apply to the Norton exponent, which
is the slope of the strain rate versus stress curve. As the temperature decreases the Norton
exponent rises, which is referred to as power-law breakdown. Physically this means that
dislocation glide controls the creep rate, rather than climb. It also means that extrapolation
to longer creep times is more difficult. A slope of 3-5 that is typical in power-law creep
makes it easier to extrapolate data to longer times than a slope of 50 or 70. A small mistake
or scatter in the results gives a very big change in the extrapolated rupture time results.
Power-law breakdown is the dominating creep mechanism in the repository. At very low
stresses below 40 MPa where the secondary creep rate is totally negligible, some
contribution to the primary creep can still be obtained. Below 40 MPa the creep exponent
can be estimated to 3 to 6, which is in the power-law regime. The creep models that have
been developed and that are presented later in the report can handle both the power-law
and power-law breakdown regimes. Climb and glide of dislocations are controlling the
deformation also at very low stresses.

2.4 Creep test results
2.4.1 Oxygen free high conductivity copper, Cu-OF
Creep testing of copper was started at the institute in the 1980s. A literature survey was
performed to identify the relevant temperature and stresses for the first creep test series
[33]. The first creep tests were performed on Oxygen Free High Conductivity copper (CuOF) [34, 35]. Base metal, weld metal, cross-weld and simulated heat affected zone (HAZ)
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specimens were tested for electron beam welds. The best match for the real heat affected
zone was found to be 800 °C for one hour and then air cooling. A total of 30 creep tests
were conducted and 29 of these ruptured. The standard 5K50-specimen with 50 mm gauge
length and 5 mm diameter was used, Figure 18. The results from the testing can be found
in Figure 22.
ε& = A0 exp(−

Eqn. 16

Q n
)σ
RT

The Norton exponent, n in Eqn. 16, is found to be between 10 and 27, indicating a powerlaw breakdown behaviour. Measured elongation for the creep tests was strongly dependent
on the applied stress with up to 30% ductility for higher stresses, but most measurements
was found to be between 5 and 15%. The simulated HAZ showed the lowest ductility
values.
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Figure 22

Influence of applied stress on creep rupture time for Cu-OF at 75 to 145 ºC
[34]. PM parent metal, CW cross weld, Sim HAZ simulated HAZ, WM weld
metal.

The next creep tests on Cu-OF were published in 1992-94 [36]. Oxygen free copper was
studied both in forged (000-series), extruded (200-series), and electron beam welded (100series) state.
The results from the creep testing are given in Figure 23. The extruded material had
significantly longer creep life than the forged material. Norton exponents were between 4
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and 7, which is in the power-law regime. The forged material showed almost no ductility
with most measurements below 3%. This has dramatic consequences because this makes
Cu-OF unacceptable as materials for nuclear waste canisters. The extruded material has a
modest creep ductility of about 10%.

000 forged Cu-OF 180 °C
000 forged Cu-OF 215 °C
000 forged Cu-OF 250 °C
100 forged Cu-OF EB-weld 215 °C
200 extruded Cu-OF 215 °C
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Figure 23

Influence of applied stress on creep rupture time for Cu-OF at 180 to 250 ºC
[36].

In the 600-series, electron beam welded (EB-welded) specimens were cut from a Cu-OF
block [37, 38]. All 600-series specimens are from the weld metal taken either
longitudinally along the weld or transverse through the weld depth. The results from the
testing can be found in Figure 24. No significant difference could be measured for
longitudinal and transverse specimens, but compared to previously tested materials both
creep life and ductility were considerably lower. In the same graphs the results from testing
of catalytically deposited copper are given (series 800). The directions, longitudinal and
transverse, do not signify a special grain orientation as in the weld specimens but rather
specimens taken in two different directions in the received slab. The results were poor and
no further testing was performed on catalytically deposited copper.
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Figure 24

Influence of applied stress on creep rupture time for EB-welds and cathode
deposits for Cu-OF [34, 35].

2.4.2 Phosphorus doped copper, Cu-OFP
Extensive creep testing on Cu-OFP was performed for two batches called 400 and 500
[39]. The material tested was extruded Cu-OFP and the temperatures varied from 200 to
450 °C. The prime purpose of the testing was to demonstrate that the low creep ductility
found for Cu-OF was not present in Cu-OFP. In Figure 25 and Figure 26 the results are
given in graphical form.
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Figure 25

Influence of applied stress on creep rupture time for Cu-OFP (400 series)
[36].
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The creep strength of Cu-OFP is much higher than that of Cu-OF. Note the strong
dependence on temperature for both series 400 and series 500. The Norton exponent falls
between 5 and 17 for both series.
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Figure 26

Influence of applied stress on creep rupture time for Cu-OFP (500 series)
[39].

The lower Norton exponents were obtained at the higher temperatures indicating that at
temperatures over 300 °C the creep mechanism is predominately power-law creep, and at
lower temperatures the creep shows progressively more and more power-law breakdown
behaviour. Creep ductility was found to be dependent on applied stress with up to 50-60%
elongation for most tests. Below 300 ºC the creep elongation exceeded 30% which is
satisfactory. For the 500 series two specimens were annealed for 5 minutes at 600 °C [37].
The annealed specimens have similar creep lives as the unannealed ones, but the ductility
has risen by approximately 15% at the cost of a slight increase in grain size.

The dependence on specimen size and annealing before testing was investigated in [40].
Specimens with a 10 mm diameter have been compared to specimens with a 5 mm
diameter, both annealed and as-machined. The annealing process was chosen as 5 min at
600 °C followed by a water quench. The conclusion is that annealed 5 mm specimens give
similar results to as-machined 10 mm specimens. As-machined 5 mm specimens show
lower ductility measurements and longer creep lives. Tensile tests are affected in a similar
manner. The reason for the lower ductility in as-machined 5 mm specimens is attributed to
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cold work during the machining process. The recommendation is to use annealing on 5 mm
specimen for creep studies, or to use 5 mm specimens and view the results as inherently
conservative in ductility.

2.4.3 Influence of grain size, sulphur and phosphorus content (Paper V)
In Paper V a creep study was carried out on 20 mm extruded bars with different
phosphorus and sulphur contents to evaluate the threshold level for the effect on creep
ductility. The effect of grain size was also investigated. The following phosphorus contents
were studied 0 (P free), 30, 60, 65 and 105 ppm. Six grain sizes were covered 300, 350
450, 800 and 2000 µm. All test series except one had a sulphur content of 6 ppm. One
series with 12 ppm S showed the same creep properties as the corresponding heat with 6
ppm S. All testing was performed at 175 °C and the results from the testing can be found in
Figure 27 and Figure 28.
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Phosphorous variation
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Compared to previous testing of Cu-OFP the results generally show longer creep lives and
higher ductility. The testing also identifies the requirements on the material to achieve this
increase in creep properties, a phosphorus content above 30 ppm and an average grain size
below 800 µm.

2.4.4 Electron beam and friction stir welds (Paper IV, Paper VI)
Previously all testing had been performed on either electron beam welds or base material.
In Paper IV friction stir welds (FSW) were included as well. Base metal, weld metal, crossweld and heat affected zone FSW-specimens were tested. For the EB welds only crossweld specimens were tested. The creep test results are given in Figure 29 and Figure 30.
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Figure 29

Creep rupture time plotted against applied stress for base metal and electron
beam weld specimens [Paper IV].
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Figure 30

Creep rupture time plotted against applied stress for friction stir weld
specimens [Paper IV].

The results from this work show that frictions stir welds are more suitable than electron
beam welds for the canister weld, and the friction stir welds have adequate properties for
the nuclear repository application. The properties are in fact so good that it is difficult to
distinguish between friction stir weld specimens and the base metal specimens.

Subsequently in 2005 friction stir welding was chosen as the preferred welding method.
The work presented in [Paper IV] had used hot rolled plate. Extruded material was much
more likely to be used as a canister material and a study was initiated to evaluate the creep
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response of thick wall FSW welds in extruded tube. The test temperature was also chosen
as 75 °C, since this was the temperature most relevant for the repository. The welding
process had by now been developed and a real circular weld was used for the test
specimens, [Paper VI]. The specimen extraction diagram for the FSW welds have been
presented before in Figure 19 and both base metal from the lid and from the tube was
tested along with weld metal, heat affected zone and cross weld specimens.

The results in Figure 31 show that the good ductility of phosphorus alloyed copper is also
present at 75°C and in welds made in the extruded material. The creep ductility exceeds
40%.
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Rupture elongation friction stir welds at 75 °C [Paper VI].

2.4.5 Weld reduction factors
A weld is often a weak part in any construction. Therefore a weld reduction factor must be
applied when designing a component. The factor is usually extracted from laboratory tests
of base and weld material. The weld reduction factor is then used for calculating allowable
stresses in the component along with a safety factor.
The European Creep Collaborative Committee (ECCC) has developed guidelines for
evaluating weld reduction factors, Eqn. 17 [41]. These were applied to the electron beam
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and friction stir weld results obtained in Paper IV and Paper VI and the result is included in
Paper VI. The resulting factors were found to be moderate, especially for the friction stir
welds, Table 1.
Eqn. 17

SRF (t / T ) =

Ru / t / T − Ru ( w) / t / T
Ru / t / T

where Ru/t/T is the stress to achieve a given rupture time of the base metal at a given
temperature, and Ru(w)/t/T is the same for a weld specimen. The results for the welds are
presented in Table 1. Note that the given factors are for 1000 h creep rupture, but since the
curves are roughly parallel, the same factors are valid for a wider range of rupture times.
As can be seen from Table 1, the weld reduction factors are modest, in particular for
friction stir welds.
Table 1

Weld creep strength reduction factors for creep rupture after 1000 h.

Weld type

75 °C

125 °C

175 °C

Friction stir weld

5.7%

6.1%

2.1%

Electron beam weld

14.2%

12.1%

16.3%

2.5 The role of phosphorus in copper creep
It is known from the published literature, as well as the work presented in this thesis, that
phosphorus has a profound effect on the creep properties of oxygen free copper. It does
however not have the same effect on short term properties such as yield strength or rupture
strength. A mechanism of the effect must exist that allows for change of the long term but
not the short term. The possible mechanisms are solid solution strengthening, solute drag
and Cottrell atmosphere dislocation breakaway. All of these have been fully analysed in
[42, 43]. The main arguments are presented here.

2.5.1 Solid solution strengthening
When a foreign atom is inserted in a complete lattice of base metal atoms the lattice is
strained around the intruder. Phosphorus is large enough to be a substitution atom in
copper, and the lattice misfit parameter, ε, has been calculated as 0.1651 [44]. If the
Labusch-Nabarro model is applied, the increase in yield strength may be written as [45],
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Eqn. 18

∆Rp0.2 = K LN ⋅ ε b4 / 3 ⋅ c 2 / 3

where KLN is a constant and c is the atomic fraction of the solutes. KLN is calculated as,
Eqn. 19

K LN = 1.1 × 10 −3

mα 4 3 w1 3G
b1 3

where m is the Taylor factor for fcc metal, α is a constant, w is the interaction distance
between solute and dislocation, b is the Burgers vector and G is the shear modulus. If w is
chosen as 2-5b and α chosen as equal to 16, a value of the yield increase from solid
solution strengthening is reached as 0.6 to 0.8 MPa. Burgers vector and shear modulus for
copper are used. The increase is small enough to be unnoticeable in practice and tabulated
data gives no difference in tensile properties for copper with and without phosphorus
added [46]. It could still have an effect during creep on the progress of a moving
dislocation line through the lattice, a process called solute drag.

2.5.2 Solid solution strengthening during creep
Solid solution strengthening has effect also during creep. A dislocation that encounters a
solute can either climb over it or glide past it. The energy spent during climb or glide
retards the creep rate. This can be analyzed analytically by introducing the interaction
energy between solute and dislocation [42]. Choosing the elastic approximation the
maximum energy is given as
Eqn. 20

E=−

1 (1 + ν)
Gv a ε b
2π (1 − ν)

where v is Poisson’s number, and va the atomic volume for copper. Inserting values for
pure copper gives a value on the energy of approximately -2.5x10-20 J.
Using knowledge of the diffusion rates of copper and solute and the relative increase in
time can be expressed as
b3 Dsσ app
ttot
= e k BT +
t0
2 DP k BT
|E|

Eqn. 21
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where Ds is the self diffusion coefficient, Dp is the diffusion coefficient for the phosphorus
solutes in copper, kB is Boltzmann’s constant, T is the temperature and σapp is the applied
stress. Numerically, the second term is very small and can be neglected. The result is an
increase in the time a dislocation takes to pass a solute by a factor 179, 93 and 56 at 75,
125 and 175 ºC respectively.

2.5.3 Solute drag
A solute that attracts dislocations is said to have a Cottrell atmosphere. For a moving
dislocation this can create a drag force called solute drag. The term drag force is used
because if the dislocation is moving slowly enough, the atmosphere of solutes is dragged
along with the dislocation, thus effectively slowing its velocity. The static solution for a
dislocation that is not moving is given by [47]

Eqn. 22

cPstat = cP 0e

−

W
k BT

where cPstat is the concentration of solutes around the dislocation, cP0 is the average
concentration of solutes in the material and W the interaction energy between the solute
and the edge dislocation given by:
Eqn. 23

W =−

2bE
y
3 x2 + y2

where (x, y) is the position of the solute relative to a dislocation that is climbing in the ydirection or gliding in the x-direction. The general result from Eqn. 23 is shown in Figure
32 for climb and glide respectively. For a climbing dislocation solutes above the
dislocation are repelled and solutes below the dislocation are attracted. For a gliding
dislocation solutes are attracted to below the dislocation. If a Cottrell atmosphere is
assumed around the moving dislocation line, the dynamic phosphorus concentration is
given as
W ( y)

Eqn. 24

W ( y ') vy '

vy

−
−
+
y
vc
cPdyn = P0 (e kT DP ) e kT DP dy '
−∞
DP

∫
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where v is the velocity of the dislocation. If Eqn. 24 is integrated over a suitable range
around the dislocation, in this case ± 5b, the drag stress that retards the dislocations can be
estimated.
σ drag =

Eqn. 25

yR

∫y

cP ( −

L

∂W
)dy
∂y

The results show that the drag stress is at less than 1 MPa for a gliding dislocation at 75
°C. This increase in stress is not in practice measurable.
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2.5.4 Dislocation breakaway
As stated above, phosphorus has a large effect on the creep properties of copper. Solid
solution strengthening cannot explain this as the effect is in the order of 1 MPa both for the
static case and for moving dislocations. But the dislocation lines can break away from their
Cottrell atmosphere if the applied stress is high enough. Peach-Koehler formulated the
force on a 2L segment of a dislocation line as F=σbreak2Lb. The consumed energy is then
Fb/2 and an energy balance gives
Eqn. 26

σbreak Lb 2 = E (1 − σapp / σm )
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where the energy E is calculated according to Eqn. 20. The factor in the parenthesis makes
the break stress vanish when the applied stress reaches the tensile strength. The influence
of L, which is the average distance between the solutes, can be taken into account in the
following way
Eqn. 27

σ break =

E
b3

(1 − σ app / σ m )

yR

∫y L cPdyn dy

where cPdyn is given by Eqn. 25. Values for the break stress varies from 15 to 40 MPa
depending on temperature and if glide or climb is assumed. This stress has to be added to
the applied creep stress for oxygen free copper to achieve the same creep properties for a
phosphorus doped copper. Dislocation movement is usually assumed to be glide controlled
in the temperature range of 75 – 175 °C.

2.5.5 Stationary stress model
A model for the stationary stress state is developed in [43]. In this model the climb velocity
and the diffusion rate in oxygen free copper is combined to give an expression for the
expected creep rate. Climb is thought to be the controlling mechanism at high temperatures
above half the melting point of the metal. For copper this temperature is about 400 °C. The
testing presented in this thesis is performed at lower temperatures where instead glide is
believed to be controlling. According to [48] the strain rate due to glide of dislocations can
be expressed as

Eqn. 28

Q 
σ q1 
−
) 
1−(
RT
σ
2
imax



q2

dε
= fσ e
dt

where Q is an activation energy, σimax the maximum back stress, and f, q1 and q2
constants. q1 = 2 and q2 = 1 have been chosen previously in the literature for copper. A
difficulty with Eqn. 28 is that the values of the other constants are not known. In [43] Eqn.
28 has been developed to a more general form where the values of the parameters are
readily available.

Eqn. 29

ε& OF =

3

2bcL Ds 0bτL  σ 


m
k BT  αGb 

Q 
σ 2
σb3
−
) 
1−(
RT  σimax 
k BT
e
e
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The expression in Eqn. 29 is valid for copper without solutes. If phosphorus doped copper
is considered the lower creep rate of copper as described previously has to be taken into
account. The following relation is used [42].

Eqn. 30

fP =

ε&OF K1 exp(K 2 e −k 3T ) TC > 75o C
=
ε&OFP
K0
TC ≤ 75o C

where TC is the temperature in Celsius, and K0 = 3000, K1 = 0.1695, K2 = 55.73, and k3 =
0.005 1/ºC are constants. In deriving Eqn. 30 it has also been taken into account that the
creep rate ratio is about unity at 400ºC. If Eqn. 29 and Eqn. 30 are combined a new
expression for the creep rate in phosphorus containing copper is reached

Eqn. 31

ε& OFP =

2bcL Ds 0bτL  σeff 


m
kBT  αmGb 

3

σ eff 2 
σ eff b 3 Qeff 
−
) 
1− (
RT  σ imax 
k BT
e
e
g

rate / f P

Experimental results have been compared to the model in Figure 33. It is evident that the
models describe the creep adequately.

Figure 33

Comparison of Eqn. 31 (OFP Climb and Glide) including the ratio Eqn. 30
and Eqn. 21 to creep data from Paper VI. Calculations using Eqn. 29 with
the break stress concept, Eqn. 27, are also included.

The main feature of Eqn. 29 is that the constants and parameters used in the equation is not
calculated using experimental data to which equations have been fitted. Instead it has been
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developed using theoretical arguments and fundamental constants. In Table 2 the
parameters included are listed by how well known they are. In the first category we have
one fundamental constant and three physical property values that can be measured with
high accuracy. In the second category there are material parameters that can be measured
directly or evaluated with good precision.

Table 2.

Values of constants used in the model in Eqn. 31.

Category

Parameter description

Parameter Value

Accurately known

Burgers vector

b

2.56·10-10 m

fundamental

Taylor factor

m

3.06

parameters

Boltzmann’s constant

kB

1.381·10-23 J/grad

Shear modulus

G

G = 4.75 ⋅ 10 4 − 17T
MPa, T in K

Well established

Dislocation line tension

τL

7.94·10-16 MN at RT

metallurgical

Coefficient for self diffusion

Ds0

1.31·10-5 m2/s

parameters

Activation energy for self Q

198000 J/mol

diffusion
Strain hardening constant

cL

57

Constant

α

0.19

Max back stress

σimax

257 MPa

2.6 Conclusions
•

Creep testing of Cu-OF and Cu-OFP demonstrates that copper with phosphorus
content in the interval 30 to 120 ppm has higher creep strength and much better creep
ductility than copper without phosphorus.

•

Sulphur contents of 6 to 12 ppm gave no difference in creep properties.

•

Electron beam welds performed in Cu-OFP does superficially have large ductility, but
since the strain is localised to just the narrow weld metal, undesirable strain
concentrations might occur.
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•

For friction stir welds the base metal tests show the longest creep life with respect to
applied stress, followed by weld metal and finally heat affected zone specimens. The
maximum difference in strength is 10 MPa at 75 °C.

•

The Norton creep exponent has for most tests series 175 °C and under to over 20 and
as high as 73, well inside the power law breakdown area.

•

Parent metal and friction stir welds of Cu-OFP have adequate creep ductility for
application in copper canisters. All tests below 300 ºC have given a creep rupture
elongation of at least 30 %.

•

The creep ductility in materials with different grain size show an inverse relationship
to the grain size with the largest grain size showing the lowest ductility. The largest
grain size also gave reduced creep strength.

•

Creep models using solid solutions strengthening and solute drag has been developed
that to a high degree emulate the creep behaviour of phosphorus containing copper.

•

Weld reduction factors have been produced for both electron beam welds and friction
stir welds. The reduction factors were found to be moderate for both weld types but
especially for friction stir welds
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Chapter 3 Summary of the included papers
Paper I: Creep crack growth in ex service weld metal of 0.5CrMoV
In this paper, weld metal specimens cut from service exposed 14MoV 6 3 steel have been
tested. Both creep crack growth tests and uniaxial tests were performed. Data from the
uniaxial tests was used to calculate C* for the creep crack growth specimens. It was found
that the result for the weld metal corresponded well to literature data for new and service
exposed parent metal of the same steel as well as literature data for simulated tempered
heat affected zone (HAZ), Figure 34. Literature data for experiments on simulated coarse
grained HAZ, referred to in the paper, shows a much higher crack growth rate for the same
C* than the experiments performed in this work. Also included in the paper is an
assessment of a defect in a steam pipe made from this steel. The assessment was performed
according to the R5 method [14] developed by Nuclear Electric, UK. Recommendations
for how long such a defect could be left in the component are given.
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Figure 34

Creep crack growth rate da/dt vs. C* for the CT-specimens at 550 °C. The
specimens are identified by the reference stresses, 126.6 to 146 MPa, used to
start the tests. Published data for new and ex-service 0.5Cr0.5Mo0.25V is
also included. References are given in the paper.
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Paper II: Structural changes in 12 – 2.25% Cr weldments – an experimental and theoretical
approach

In this paper the diffusion processes across the weld interface in dissimilar metal welds
have been simulated using the software DICTRA. It is found that the different carbon
activities on either side of the weld interface yield an uphill diffusion of carbon from the
lower alloyed steel to the higher alloyed weld metal. The result is a carbon depleted zone
in the low alloyed HAZ characterised by very large grains and a low density of carbides,
and a corresponding carbon enriched zone in the high alloyed weld metal. The simulations
also show the probability for different carbides at different distances from the weld
interface, Figure 35. Creep tests performed on cross weld specimens show that the carbon
depleted zone is a weak part of the weld. Metallographic and transmission electron
microscopy (TEM) studies of real welds show a good correlation with the simulations. It is
also found that the probable reason for the extensive grain growth in the low alloyed HAZ
is the absence of the M23C6-carbide in a band close to the weld interface. The absence was
predicted by the simulations and confirmed by the TEM studies.
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Figure 35

Calculated fraction of the different carbides as a function of the distance

from the fusion boundary. Profile after welding and complete heat treatment

Following the work presented in the paper, new welds were made using the findings to
minimise the carbon depleted zone. Specimens from these welds were then tested and
found to have significantly higher creep strength than the original weld [25].
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Paper III: Creep crack growth in service-exposed weld metal of 2.25Cr1Mo
In this paper weld metal cut from a service exposed T-piece was creep tested. The material
was a common heat resistant steel (2.25Cr1Mo) that had been in service for 110 000 hours
at 530 °C and both uniaxial and creep crack growth tests were performed. The results from
the uniaxial creep testing show a reduction in creep life compared to virgin material of the
same type. Metallographic examinations performed after testing revealed creep cavitation
ahead of the crack tip and this cavity density was successfully modeled. An example of
how the experimental measurements of the cavity density compare to the model values is
given in Figure 36. The material data extracted from the uniaxial tests was used to
successfully model the increase in crack propagation rate for the service exposed material
compared to published new material data, Figure 37.
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Figure 36

Cavitation in front of the crack tip measured after testing. Data for test
specimens with cavitation before testing (high, series A) and specimens
without significant cavitation before testing (low, series B) are included,
along with the model results. Details of the model are given in the paper.
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Figure 37

Creep crack growth rate da/dt versus C* for the CT-specimens for the
service-exposed weld metal with cavities (series A) and without cavities
(series B) at different stresses. The specimen designation is a letter denoting
the material condition and a number identifying the individual specimen. For
comparison data for new parent material and new heat affect zone material
are also included [49].
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Paper IV: Creep testing of thick-wall copper electron beam and friction stir welds
In this paper specimens cut from 50 mm thick friction stir welds (FSW) and electron beam
welds (EB) has been creep tested at 75, 125 and 175 °C. From the friction stir welds crossweld, heat affected zone, weld metal and base metal specimens were tested. All specimens
all show sufficient ductility, over 30%. No significant difference between the weld
constituents could be detected, Figure 38. The electron beam welds showed large
deformation localised to the weld zone and almost no deformation outside this zone. The
large grain size in the weld metal can explain the lower creep strength in the electron beam
welds when compared to the friction stir welds.
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Figure 38

Creep rupture time plotted against applied stress for friction stir weld
specimens.
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Paper V: Influence of phosphorus, sulphur and grain size on creep in pure copper
In this paper the effects of phosphorus content, sulphur content and grain size on creep of
copper are studied. It is shown that the addition of at least 30 ppm phosphorus increases
creep ductility and increases creep life, Figure 39. Large grains sizes are detrimental to the
creep life and ductility with an inverse linear relationship between the grain size and the
measured elongation at rupture. Sulphur content at the levels tested in this work, 6 and 12
ppm, has no significant effect on either creep strength or ductility. The recently developed
model for phosphorus effect on creep in copper was applied and the experimental results
were consistent with the model.

Phosphorous variation

Stress (MPa)

160
150

140

130
0 ppm P
29 ppm P
58 ppm P
106 ppm P

120

1

Figure 39

10

100
1000
Rupture time (h)

10000

100000

Creep rupture time plotted against applied stress for friction stir weld
specimens.
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Paper VI: Testing and modelling of creep in copper friction stir welds
In this paper friction stir welds are creep tested at 75 °C. The welds have been made in
extruded copper using the proposed method for nuclear waste disposal. The weakest part
was shown to be the intermixing zone, or heat affected zone. The strongest part was the
base metal and the weld metal specimens ended up in between. Creep ductility was good
with over 40% measured for all specimens. The recently developed model for phosphorus
effect on creep in copper was applied and the experimental results verified the model.
Weld reduction factors for both frictions stir welds and electron welds was computed using
data from this study and from the study published in Paper IV.
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Creep rupture time plotted against applied stress for the 2007 creep test
study on friction stir welds. All testing was performed at 75 °C.
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