Svensk Karnbranslehantering AB
Swedish Nuclear Fuel
and Waste Management Co

Box 250, SE-101 24 Stockholm
Phone +46 8 459 84 00




ISSN 1402-3091
SKB Rapport R-09-41

Creep properties of phosphorus
alloyed oxygen free copper under
multiaxial stress state

Rui Wu, Facredin Seitisleam
Swerea KIMAB

Rolf Sandstrém, Swerea KIMAB,
Dept. of Materials Science and Engineering, KTH

October 2009

Keywords: Phosphorus alloyed oxygen free copper canister, Creep, Notch, Notch
strengthening, Multiaxial stress state, FEM-modelling.

This report concerns a study which was conducted for SKB. The conclusions
and viewpoints presented in the report are those of the authors and do not

necessarily coincide with those of the client.

A pdf version of this document can be downloaded from www.skb.se.



Abstract

Phosphorus alloyed oxygen free copper (Cu-OFP) canisters are planned to be used for spent nuclear
fuel in Sweden. The copper canisters will be subjected to creep under multiaxial stress states in the
repository. Creep tests have therefore been carried out at 75°C using double notch specimens with
notch acuities of 0.5, 2, 5, and 18.8, respectively. The creep lifetime for notched specimens is consid-
erably longer than that for the smooth one at a given net section stress, indicating that the investigated
Cu-OFP is notch insensitive (notch strengthening). The notch strengthening factor in time is, for
instance, greater than 70 at 180 MPa for the bluntest notch (notch acuity = 0.5). The creep lifetime is
notch acuity dependent. The sharper the notch, the longer the creep lifetime is. The creep deformation
is to a significant extent concentrated to the region around the notches. Different deformation on the
two notches is observed. Both axial and radial strains on the failed notch are several times larger than
those on the unbroken one. Linear relation between the axial and the radial strains on the notches is
found. Transgranular failure is predominant, independent of stress, rupture time, and notch acuity.
Adjacent to fracture, elongated grains along the stress direction, separate pores and cavities are often
visible. On the unbroken notch, fewer separate cavities and cracks are only seen intergranularly for
the sharper notches (notch acuity > 2).

To interpret the tests for the notched creep specimens, finite element computations have been performed.
A fundamental model for primary and secondary creep without fitting parameters has been used as
constitutive equation. The FEM-modelling could represent the creep strain versus time curves for the
notched specimens in a satisfactory way. In these curves the strain on loading is included. From the
FEM-computations a stationary creep stress could be assessed, which is close to the reference stress. For
a given stationary creep stress, the rupture time can be estimated from the corresponding uniaxial data.
This relation can be used to estimate the rupture time for components exposed to creep.
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1 Introduction

Phosphorus alloyed oxygen free copper (Cu-OFP) copper canisters are planned to be used for spent
nuclear fuel in the Swedish nuclear waste programme. In the repository the copper material will be
deformed by creep at temperatures up to about 100°C. To ensure the integrity of the canisters against
creep deformation, the copper material must have at least 10% creep ductility under the stress states
that appear at critical positions. So far, uniaxial creep testing at Swerea KIMAB has been performed
at various temperatures. However, the canister will be exposed to multiaxial stress states when the
external hydrostatic pressure as well as the swelling pressure from the bentonite are developed.

Failure mechanisms, failure modes and fracture strain (ductility) are found to be affected by the
stress state /1/—/4/. Components under a high state of multiaxial stress can fail prematurely due to the
inhibition of deformation and enhancement in fracture processes /1/.

One established and convenient method of introducing a state of multiaxial stress into laboratory
specimens is to subject circumferentially notched bars to an axial tensile stress /5/. Such notched
bar specimens are relatively inexpensive to manufacture and can be tested in the same machine
used to collect standard uniaxial data. In addition, various states of stress in terms of ratio between
maximum principal stress and effective stress can be obtained and simulated by changing the notch
profile /6/.

With the help of FEM-modelling, the creep deformation of the specimens can be simulated. In this
way the role of the multiaxial stresses can be analysed, and the results can be generalised to other
components.

In design when cracks are encountered, the simplest way is to estimate the average stress on the
remaining section, the net section stress, and compare it with the design stress. A more sophisticated
procedure is to use elastic-plastic FEM-modelling assuming a perfectly plastic material, yielding at
different artificial stress levels. The minimum yielding stress (effective stress) that can support the
external load, the reference stress, can be compared with the design stress. A still more advanced
approach is to include a creep calculation in the FEM-model. The resulting (stationary effective)
creep stresses can be related to the design stress. In the present paper all three methods will be
analysed for notched specimens.

By using notched bar creep specimens, the other purposes of the present project are to study the
creep lifetime and ductility of OFP-copper under multiaxial stress state, to compare creep behaviour
under multiaxial stress state with that under uniaxial stress state, and to examine creep damage
development.



2 Material and experiments

2.1 Material

A forged lid in as-hot worked soft condition made of pure, oxygen-free copper doped with about
50 ppm phosphorus (Cu-OFP) is used in this study. The lid is provided by Svensk Kérnbréansle-
hantering AB (Swedish Nuclear Fuel and Waste Management Company, SKB). Plane cylindrical
creep specimens for uniaxial testing were taken from this lid as well /7/. Chemical composition and
mechanical properties of the material are given in /8/.

Mixed grain size is observed in the forged lid, see Figure 2-1. The grain size is also different at dif-
ferent positions of the lid. The average grain sizes adjacent to the centre and to the outside are 85 pm
and 156 um, respectively, see also Figure 2-1. The hardness (HV2), which is a mean value of three
measurements, is 78.

2.2 Creep specimen

Extraction of the cylindrical, double notched creep specimens is attempted to keep a similar position
as for the plane creep specimens in the lid. Two notches are introduced on a cylindrical creep speci-
men with threaded ends having a diameter of § mm in the gauge length and a total gauge length of
about 51 mm, see Figure 2-2. The introduction of the notches will create a multiaxial stress state at
the notches when subjected to tensile load. The fracture is expected to take place in one of the two
notches, while the other unbroken one should represent the circumstances close to rupture, facilitat-
ing the creep damage investigation.

Four different notch acuities are chosen. The notch acuity, a/R, is set to be equal to 0.5, 2, 5 and 18.8,
respectively. The parameter a is the radius of the specimen at the base of the notch position, and R
the notch root radius. As an example, the cylindrical, double notched creep specimen with a notch
acuity a/R = 0.5 is shown in Figure 2. According to the definition of the notch acuity a/R, the larger
the a/R value, the sharper the notch.

The ratio of b/a is set to V2. The parameter b is the gross radius of the specimen, see also Figure 2-2.
The dimension of the specimen corresponds to that recommended in the code of practice for notched
bar testing /5/.

Figure 2-1. Grain size distribution in the forged lid (noting different scales). (a) Adjacent to the centre and
(b) adjacent to the outside.



2.3 Creep testing

By using single specimen, constant dead load creep testing machines the cylindrical, double notched
creep specimens are isothermally tested at constant temperature of 75°C at different initial net sec-
tion stresses, see Table 3-1. The net section stress is the applied axial load divided by the minimum
cross section at the notch. Uniaxial load is axially applied on the specimens with measurement of
the displacement over the whole gauge length. The tests are allowed to run to rupture. The tests may
however be interrupted if an unreasonable long test duration appears.

2.4 Post test metallography

After creep testing, the failed specimens are longitudinally sectioned in the middle, mounted, ground
and polished to 0.25 um, and finally etched in a solution containing 40 g CrO;, 7.5 g HN,CI, 50 ml
H,SO,, 50 ml HNOs; and 1,900 ml H,O. Creep cavitation investigation is then carried out on the
etched metallographic samples using light optical microscope (LOM).
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Figure 2-2. Double notched cylindrical creep specimen. a) dimension, and b) a specimen having notch
acuity a/R = 0.5 prior to test. The specimen has a diameter of 8 mm in the gauge length and a gauge length
of 51 mm. The notch acuity is determined by the ratio of a/R, where the parameter a is the radius of the
specimen at the base of the notch position, and R the notch root radius.
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3 Results

3.1 Creep tests

Creep testing matrix and test results under multiaxial stress state at 75°C are shown in Table 3-1.
Totally, there are 20 tests. As of reporting, 8 tests are failed, 9 tests are interrupted, and 3 tests are
running. All the interrupted tests are due to an unforeseen long test duration.

Creep strain as a function of time for all the tests at a given notch acuity is exhibited in Figures 3-1
to 3-4. Creep strain accounts for overall deformation within the gauge length since it is impossible
to just measure the axial strain within the notch, and the axial strain within the notch is not uniform
either. From Figures 3-1 to 3-4 it is seen that the primary, secondary and tertiary creep are obvious
for the ruptured tests. Creep strain at rupture is larger for the blunt notch (/R = 0.5) than that for the
sharper notches.

Creep lifetime in terms of interrupted time and time to rupture is plotted as a function of net section
stress in a double logarithmic scale in Figure 3-5. The creep lifetime under uniaxial stress condition
is also included for comparison /7/. It can be seen that

1. the creep lifetime under multiaxial stress state for a given notch acuity increases linearly with
decreasing net section stress.

2. the creep lifetime under multiaxail stress state is longer than that under uniaxial stress state,
indicating notch strengthening (or in another word notch insensitivity). The notch strengthening
factor in time is, for instance, greater than 70 at 180 MPa for the bluntest notch (a/R = 0.5).

3. the sharper the notch, the longer the creep lifetime is. At higher net section stresses, the sharpest
notch (a/R = 18.8) has a lifetime of about 10* times longer than that for the bluntest notch (a/R = 0.5).

Table 3-1. Multiaxial creep testing results of copper at 75°C.

Specimen R, mm alR Net sections Interrupted/rupture Axial strain under Comment
designation stress, MPa time, tyr, h loading, %

Cu-0.5-1 5.64 0.5 170 16,782 0.294 Interrupted
Cu-0.5-2 180 12,148 0.732 Interrupted
Cu-0.5-3 200 1,133 1.376 Ruptured
Cu-0.5-4 215 8 1.685 Ruptured
Cu-0.5-5 195 2,492 1.1 Ruptured
Cu-2-1 1.41 2 170 16,107 0.145 Interrupted
Cu-2-2 180 12,145 0.312 Interrupted
Cu-2-3 200 13,551 0.372 Interrupted
Cu-2-4 215 15,417 0.777 Ruptured
Cu-2-5 230 565 4.018 Ruptured
Cu-2-6 225 685 3.294 Ruptured
Cu-5-1 0.56 5 170 16,107 0.127 Interrupted
Cu-5-2 180 11,949 0.169 Interrupted
Cu-5-3 200 13,550 * Interrupted
Cu-5-4 215 9,701 1.162 Interrupted
Cu-5-5 230 7,149 — 1.876 Running
Cu-5-6 245 20 4.032 Ruptured
Cu-18-1 0.15 18.8 230 7,146 — 1.96 Running
Cu-18-2 240 6,526 — 3.073 Running
Cu-18-3 255 147.5 6.086 Ruptured

a/R The notch acuity. The parameter ‘a’is the radius of the specimen at the base of the notch position, and R is the
notch root radius.

* One extensometry malfunctioned under uploading.
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Figure 3-1. Creep strain as a function of time for specimens having a notch acuity of 0.5 at 75°C. Two
tests at 170 and 180 MPa are interrupted.
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Figure 3-2. Creep strain as a function of time for specimens having a notch acuity of 2 at 75°C. Three tests
at 170, 180, and 200 MPa are interrupted.
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Figure 3-3. Creep strain as a function of time for specimens having a notch acuity of 5 at 75°C. Four tests
at 170, 180, 200, and 215 MPa are interrupted. The test at 230 MPa is running, indicated by an arrow.
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Figure 3-4. Creep strain as a function of time for specimens having a notch acuity of 18.8 at 75°C. The
tests at 230 and 240 MPa are running, indicated by arrows.
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Figure 3-5. Creep lifetime under multiaxial stress state (multi) as a function of net section stress for
notched Cu-OFP at 75°C. Notch acuities are 0.5, 2, 5 and 18. Running tests are indicated by arrows,
interrupted tests are in brackets. Creep lifetime under uniaxial stress state (uni) using smooth specimen is
included for comparison.

3.2 Deformation of notch

Notch dimension for all the ruptured tests before and after creep test has been measured on both
notches, failed and unbroken, see Figure 3-6. The measurements are given in Table 3-2. The same
measurements have also been carried out for all the interrupted tests and the results are shown in
Table 3-3. Width of notch varies with varying notch acuity prior to creep test. The sharper the notch,
the smaller the width is, see Table 3-2. The nominal diameter of the notches has a fixed value of
5.64 mm prior to creep test, independent of notch acuity, see Figure 2-2 and Tables 3-2 and 3-3.

It is seen from Table 3-2 that considerable creep deformation has occurred on both notches during
creep test. This is even more pronounced on the failed notches. The local axial strain within the
notch, &,, represents the notch width increase. The local radial strain within the notch, €, represents
the reduction of area. For the same notch acuity at the same test condition on the failed notch, €, and
g, are usually more than 3 times larger than those on the unbroken one. This indicates an uneven
deformation on different notches. €, on the failed notch increases with increasing notch acuity. For
the bluntest notch (a/R = 0.5), €, is about 60%, see Table 3-2. For the sharpest notch (a/R = 18.8),

€, can be as high as 780%. The ¢, on the all failed notch seems to be similar, approximately 80%,
independent of notch acuity.

Unequal deformations in terms of ¢, and €, on two different notches are also found for interrupted
tests, see Table 3-3. Although only minor differences in €, and €, are sometimes observed between
the two notches after long term testing, differences in both ¢, and ¢, do exist.

Plotting &, against €, see Fig 9, it is clear that €, approximately increases linearly with increasing &,.
This linear relation is notch acuity dependent and can be expressed as:

£ =a+be, (Eq. 3-1)

In fact, a can be taken as zero. The notch acuity dependency, described by the slope b, is illustrated
in Figure 3-7. ¢, increases faster than ¢,, if » > 1. This is the case for blunt notch, i.e. a/R =0.5.
Otherwise, ¢, increases slower than ¢, if » < 1. This is true for sharper notches, i.e. a/R > 2.
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Table 3-2. Dimension and deformation of notch before and after rupture.

Specimen Failed notch Unbroken notch
Width (mm) Diameter (mm) Width (mm) Diameter (mm)
Before After Axial Before After Radial Before After Axial Before After Radial
creep creep strain creep creep  strain* creep creep strain creep creep  strain
test test €, (%) test test g (%) test test €, (%) test test & (%)

Cu-0.5-4 7.009 8.659 23.5 5597 1.895 6.967 ** 5.614 4.623

215 MPa/

8 hrs

Cu-0.5-3  6.897 11.1 60.9 5.637 ** 7.349 7.88 7.2 5621 4.907

200 MPa/

1,133 hrs

Cu-0.5-5 7.071 > 5.624 2.181 7.224 8.241 141 5.621 4912

190 MPa/

2,492 hrs

Cu-2-6 2.832 5.998 111.8 5.652 2.315 2.813 3.773 341 5.704 4.946

225 MPa/

685 hrs

Cu-2-4 2.790 6.070 1176 5.631 2.359 2.816 3.369 19.6 5.654 5.042

215 MPa/

15,417 hrs

Cu-5-6 1.369 4.009 192.8 5.881 2.643 1.343 1.975 471 5.802 5.232

245 MPa/

20 hrs

Cu-18-3 0.324  2.851 779.9 5.748 2.699 0.325 1.364 319.7 5.728 4.764

255 MPa/

148 hrs

* Reduction in area

** Notch has been sectioned for metallographic examination prior to measurement.

T T

Width of neach

Diameter of notch

Width of notch

Cu-5-6

Figure 3-6. Width and diameter of notches after creep test for two failed creep specimens.
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Table 3-3. Deformation of notch before and after interruption (unbroken specimens).
Specimen Notch 1 Notch 2
Width (mm) Diameter (mm) Width (mm) Diameter (mm)
Before After Axial Before After Radial Before After Axial Before After Radial
creep inter- strain creep inter- strain creep inter- strain creep inter- strain
test ruption &, (%) test ruption & (%) test ruption g, (%) test ruption & (%)
Cu-0.5-1 7.017 7.132 1.64 5612 5.395 7.161 7.239 1.09 5593 5.374
170 MPa/
16,782 h
Cu-0.5-2 7.142 7.656 7.20 5.623 5.074 7.284 7.872 8.07 5.607 5.070
180 MPa/
12,148 h
Cu-2-1 2.835 2.844 0.32 5.625 5.535 2.859 2.87 0.38 5.643 5.51
170 MPa/
16,107 h
Cu-2-2 2765 2.847 297 5662 5426 2.798 2.951 547 5.667 5.513
180 MPa/
12,145 h
Cu-2-3 2747  2.992 8.92 5.646 5.367 2.777 3.047 9.72 5.641 5.369
200 MPa/
13,551 h
Cu-5-1 1.148 1.161 1.13 5.643 5.558 1.135 1.148 1.15 5.661 5.572
170 MPa/
16,107 h
Cu-5-2 1.094 1.185 8.32 5.616 5.565 1.056 1.125 6.53 5.623 5.578
180 MPa/
11,949 h
Cu-5-3 1.042 1.159 11.23 5.666 5.513 1.042 1.206 15.74 5.635 5.474
200 MPa/
13,550 h
100
80
S
“f 60 —
=
[
(7]
1 40—
<
g B cuos
20 ¢ cu2
Cu-OFP, 75°C A cus
0 1 1 I 1 1 1 1 I 1 1 I 1 1 1 1
100 150 200 250

AXIAL STRAIN, €, (%)

Figure 3-7. Local axial strain within the notch, €, as a function of local radial strain within the notch, &,
The values of €, and €, are taken from both interrupted and ruptured tests at 75°C. Both notches are taken
into account.
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3.3 Post test metallography

All the failed specimens are metallographically examined. Transgranular failure is predominant,
insensitive to stress, rupture time, as well as notch acuity, see Figures 3-8a, 3-8b, 3-9a, 3-9d, 3-10a,
3-11a, and 3-12a. Adjacent to fracture, elongated grains along the stress direction and separate pores
and cavities to a small extent are observed, see Figures 3-8b, 3-8c, 3-9a, 3-9d, 3-10a, 3-11a, and
3-12a. On the unbroken notch, there is no creep damage visible for the bluntest notch (a/R = 0.5), see
Figure 3-8d. For the sharper notch (a/R > 2), separate cavities to a small extent are observed on the
grain boundary on the unbroken notch, see Figures 3-9b, 3-9c, 3-10b, 3-11b, and 3-12b. The cavities
are usually found approximately 0.5—1 mm below the outer surface, c. /- Figure 3-9b. For the long
term testing, intergranular crack is found on the unbroken notch, see Figure 3-9 (e).

(d) 200X

Figure 3-8. LOM images showing (a) Specimen Cu-05-5, 195 MPa, failed after 2,492 hrs, elongated grains
adjacent to fracture. (b) Same as (a), few pores and cavities. (c) Specimen Cu-05-3, 200 MPa, failed after
1,133 hrs, elongated grains and few pores and cavities adjacent to fracture. (d) Same as (c). Unbroken
notch. Deformed grains and damage-free.
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(a) 50X

(b) 100X

() 400X T (d)200%

(e) 500X

Figure 3-9. (a)—(c) specimen Cu-2-5, 235 MPa, failed after 565 hrs. LOM images showing (a) elongated
grains and few pores and cavities near fracture. (b) Unbroken notch. Few separate cavities at grain bound-
ary, indicated by arrows. (c) Same as (b), but higher magnification. (d)—(e) specimen Cu-2-4, 215 MPa,
failed after15,417 hrs. LOM images showing (d) elongated grains and few pores and cavities near fracture.
(e) Unbroken notch. Intergranular crack.
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Figure 3-10. Specimen Cu-2-6, 225 MPa, failed after 685 hrs. LOM images showing (a) elongated grains
and few pores and cavities near fracture. (b) Unbroken notch. Few separate cavities at grain boundaries,
indicated by arrow.

@100 h' (b) 200X

Figure 3-11. Specimen Cu-5-6, 245 MPa, failed after 20 hrs. LOM images showing. (a) elongated grains
and few pores and cavities near fracture. (b) Unbroken notch. Few separate cavities at grain boundaries,
indicated by arrow.

(a) 100X

Figure 3-12. Specimen Cu-18-3, 255 MPa, failed after 148 hrs. LOM images showing. (a) elongated grains
and few pores and cavities near fracture. (b) Unbroken notch. Few separate cavities at grain boundaries,
indicated by arrow.
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4 FEM Simulations

4.1 Constitutive equation

The notched bar creep tests have been analysed with the help of FEM simulations. The principles
followed in the analysis are described in /9/—/11/. A FEM program that allows large deformations has
been used. A fundamental equation for stationary creep in pure copper is the basis for the constitutive
equation /12/

3 ob’ —Q[1—(
2bc; Dyobt; ( © oksT, RT
m kBT aGb

)2]
Eopp = Cimax 1) £ = h(c) (Eq. 4-1)

The interpretation of the parameters in Equation 4-1 can be found in Table 4-1. &opp is the creep
strain rate of Cu-OFP, o the applied stress and 7 the temperature. An abbreviation 4(c) is introduced
for the expression in Equation 4-1.

In our previous FEM analysis of the copper canister, a primary creep model based on the ® model
has been used /12/, /13/. In the present analysis a recently developed fundamental model is applied
instead. A fundamental model for tensile and compressive flow stress curves is the starting point
/14/.

0=0y + (Gcreep - Gy)(l ) (Eq. 4-2)

where o, is the yield strength, G, the stress giving the same creep rate as in the tensile test and © a

constant. For a given strain rate and temperature, G, is found by iteration from Equation 4-1. Also

the yield strength is temperature and strain rate dependent. An expression for this dependence can be
found in /14/. ® is given by /14/

1

m
0= _O’Iint(2 -

Eq. 4-3
b ) (Eq. 4-3)

Aslip

m is the Taylor factor (= 3.06), d,, the interaction distance between dislocations (=2.5 b) and ny;, the
number of independent slip systems (= 12 for fcc-metals). The resulting value is ® = 14.66. From
Equation 4-3 the creep stress G, can be determined. It is inserted into Equation 4-1

—€
d . O0—-0ye
&zh(cye ey Y
dt 1-e™®®

(Eq. 4-4)

Table 4-1. Interpretation of parameters and values used in Equation 4-1.

Parameter description Parameter Value

Burgers vector b 2.56:10"°m

Taylor factor m 3.06

Boltzmann’s constant ‘B 1.381-10-% J/grad
Shear modulus G G=4.7510-17TMPa, TinK
Dislocation line tension L 7.94-10®* MN at RT
Coefficient for self diffusion Dso 1.31-10° m%s
Activation energy for self diffusion Q 198,000 J/mol
Strain hardening constant °L 57

Constant a 0.19

Max back stress Gimax 257 MPa

Influence of phosphorus P 3,000 for T < 125°C
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The factor e* takes into account the fact that engineering stresses are assumed to be used in
Equation 4-4 instead of the true stresses in Equation 4-2. Equation 4-4 is a differential equation for
the creep strain as a function of time. It has been used to successfully to represent uniaxial creep
curves for Cu-OFP in the temperature interval 75 to 250°C /15/.

The models Equation 4-1, Equation 4-2, and Equation 4-4 are referred to as fundamental. The reason
is that they are based on fundamental physical principles and that no fitting parameters are involved.

With the help of Odqvist’s equation, Equation 4-4 can be transformed to multiaxial stress states
de, 3 et ¢
dt 2 dt o eff

where g, is the creep strain tensor, o, the effective (von Mises) stress and o' the stress deviator
tensor. The effective creep strain rate is given by

(Eq 4-5)

—€
Ocff — Gye

d eff B
L ) (Eq 4-6)

dt 1—e ®®
Equation 4-5 was used in the FEM creep analysis below. To determine the direct effect when the
specimens are loaded, elasto-plastic analysis was applied. Equation 4-2 was used to describe the
stress strain curve.

4.2 Creep curves

In the FEM analysis of the notched bars, the cylinder symmetry is taken into account. The geometry
of the specimens is given in Figure 2-2 and Table 3-1. It has also been assumed that the specimens
are symmetric on both sides of the notches. This is only approximately correct. The specimens
contain two notches and there is no perfect symmetry around each notch. Since a large number of
creep calculations have been performed for each of the 20 specimens, this approximation has been
chosen. The number of degrees of freedom in the computations has been about 30,000.

On loading there is a pronounced stress concentration at the notch. This is exemplified in
Figures 4-1a and 4-2a. The stress distributions in Figures 4-1a and 4-2a have been determined with
elasto-plastic analysis.

<10 von Mises stress, MPa 210"
. — 180 . =180 180
180
170 . 170 180
4 170
160 wl=a
. 160 - 140
e 1507 =150
150 22
2 2
o 1.4 140 =t 140
100
1 o !
e 130 =1
z1]
n 120 0
bt {200 120
10 -, - - o0
P Cu-05-4 215 MPa A Cu-05-4 213 MPa, o =182 MPa
i i i i " s 1D L 1 L . p e A ]
a 0 1 2 3 4 5 - o 1 2 S ~ £
10 107
a) b)

Figure 4-1. von Mises stress distribution for specimen Cu-05-4 with an acuity of 0.5 and a net section
stress of 215 MPa. The radial and axial coordinates r and z are on the axes with origin at the centre of the
notch. a) Directly after loading, b) after a stationary creep stress 6.=182 MPa has been reached.
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Figure 4-2. von Mises stress distribution for specimen Cu-5-5 with a notch acuity of 5 and a net section
stress of 230 MPa. The radial and axial coordinates v and z are on the axes with origin at the centre of the
notch. a) Directly after loading, b) after a stationary creep stress 6.=175 MPa has been reached.

This type of stress distribution gives rise to inhomogeneous creep. Outside the notch there will
hardly be any creep deformation. In the notches the creep rate would be very high if these local areas
could be deformed independently. Since this is not possible, stress relaxation will take place and the
remainder of the section will take a higher load. Eventually stress redistribution occurs and in a band
across the specimen, the effective stress becomes almost constant. This is illustrated in Figures 4-1b
and 4-2b. This process is typically fast and appears after about #/100, where # is the rupture time.

For specimens with the acuity 0.5, the band with the constant stress lies across the centre of the notch,
see Figure 4-1b. On the other hand for the specimens with acuities of 2, 5 and 18, the band takes
almost a spherical form, see Figure 4-2b. In both situations the band is fairly wide. When this station-
ary situation is reached, the specimens are free to creep in the axial direction. It should be noticed that
the width of the band in the axial direction is fairly constant, which helps the creep deformation.

The model results are compared to the experimental data for specimens with notch acuity of 0.5 in
Figure 4-3. Except for the test with the lowest net section stress, the model seems to underestimate
the creep rate. In the model only primary and secondary creep is taken into account, so the tertiary
creep observed in three of the tests with the highest net section stress is not covered.

As is evident from Figure 4-1b, the creep deformation is much higher in the centre of the notch than
elsewhere. The specimen appears to be softer at the notch, which gives rise to early necking. This is
not taken into account in the model, and can be the reason why the model underestimates the creep
rate at higher stresses.

The model overestimates the strain on loading at the lowest net section stress but gives reasonable
values at the higher stresses.

In Figure 4-4 creep curves for specimens with notch acuity of 2 are analysed. The model gives a fairly
accurate representation of the creep rate, i.e. the slope of the curves. The strain on loading is however
overestimated at low net section stresses and underestimated at higher net section stresses. This reason
for the deficiency is not known. The predicted strain on loading agrees with that obtained from elasto-
plastic analysis.

The model values for the creep strain are compared to the experimental data for specimens with
notch acuity of 5 in Figure 4-5. In the same way as for an acuity of 2, the creep rate is predicted in an
acceptable manner. The loading strain is however underestimated for the lower net section stresses.

In the specimens with an acuity of 18.8, the notch is quite sharp. Its radius is only 0.15 mm. In spite
of this, the creep model can reproduce the experimental creep strain data quite well, Figure 4-6. The
creep rates are in good agreement and the loading strains only differ significantly at the highest net
section stress.
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Figure 4-3. Creep strain versus time for the five specimens with a notch acuity of 0.5. The model in
Equation 4-5 is compared to experimental data. The specimen designation and net section stress are given

in the figures.
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Figure 4-4. Creep strain versus time for the six specimens with a notch acuity of 2. The model in
Equation 4-5 is compared to experimental data. The specimen designation and net section stress are given

in the figures.
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Figure 4-5. Creep strain versus time for the six specimens with a notch acuity of 5. The model in
Equation 4-5 is compared to experimental data. The specimen designation and net section stress are given
in the figures.
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Figure 4-6. Creep strain versus time for the three specimens with a notch acuity of 18.8. The model in
Equation 4-5 is compared to experimental data. The specimen designation and net section stress are given
in the figures.

4.3 Creep rupture

In the previous section it was demonstrated that the creep model Equation 4-5 could represent the
creep strain versus time curves in a satisfactory manner. Since tertiary creep is not included in the
model, it cannot be used to predict rupture. Instead the stationary creep stresses o, will be used.

o. is the stationary effective stress that is reached after the initial redistribution of stresses, see
Figures 4-1b and 4-2b. The creep exponent of Cu-OFP is about 65 at 75°C. This high creep exponent
implies that the creep rate is approximately constant for a constant ..

o. is compared with uniaxial creep rupture data in Figure 4-7. The o, values are listed in Table 4-2.
The uniaxial data are for forged and extruded Cu-OFP at 75°C /7/. The values for notched bars are
grouped in two categories. For specimens with notch acuity of 0.5, a homogeneous stress distribu-
tion is obtained at the centre of the notch. This is referred to as waist deformation, see Figure 4-1b.
For the higher acuities 2, 5, and 18.8 the constant stress appears in a spherical band, see Figure 4-2b.
This is referred as to band deformation.

In the case of band deformation, the stationary stresses o, fall approximately on the band for the
uniaxial data in Figure 4-7. In this case if o is inserted in the uniaxial creep rupture curve, an
approximate time to rupture is obtained. Since o, lies slightly above the uniaxial curve, this approach
should be conservative.

In the case of waist deformation, o.lies 3 to 5% below the uniaxial curve. With the type of stress
distribution in Figure 4-1b, the creep deformation is strongly concentrated to the centre of the notch.
This will give rise necking and early plastic collapse of the specimen. This is believed to be the
reason for the lower rupture stresses.
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Figure 4-7. Creep stress versus rupture time. The experiments are uniaxial data for Cu-OFP at 75°C /7/.
For notched bar specimens the stationary stress o, is given as function of rupture time. Waist deformation
represents notch acuity of 0.5, and band deformation notch acuities of 2, 5, and 18.8.

If the creep exponent n = oo, the steady state stress field giving stationary creep deformation has the
same form as the stress field at plastic collapse for a rigid plastic solid, but with the yield strength o,
replaced by the reference stress ...

Oy (Eq. 4-7)
(e} f = q -
re A

P is the applied load and P; is the limit load for a rigid plastic material yielding at the yield strength.
Reference stress values for the notched specimens are given in Table 4-2. Since the creep exponent is
very high n = 65 in the present study, the stationary creep o, is quite close to the reference stress

GO¢ = Oref (Eq. 4-8)

For uniaxial specimens the reference stress is equal to the applied axial stress. In Figure 4-8 the
relation between the reference stresses and the observed rupture times is shown. It is obvious that the
reference stress can be used to estimate the rupture times.

Running and interrupted specimens are included in Figure 4-8. The relation between the reference stress
and the rupture time was unknown before the start of the project. In retrospect it can be concluded that
the applied load on the interrupted specimens was too low to reach rupture in reasonable time.

Reference stress is quite a useful concept for many components with simple geometry. However,

it is difficult to apply to components with more complex geometry. First the net section stress can

be considered instead. If it does not exceed the uniaxial rupture stress, failure is very unlikely, see
Figure 3-5. Second, in the case when stationary creep stresses are established, the failure will take
place where the stationary stresses are highest and significant tensile stresses are present. Using these
stresses the rupture time can be estimated with the help of a rupture plot of the type in Figure 4-7. If
stationary stresses are not established, the creep damage has to be integrated as a function of time at
critical positions using the effective stress.
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For comparison uniaxial data for Cu-OFP at 75°C are included /7/. Running and interrupted specimens are
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4.4 Shape changes

Observed shape changes in the notched bar specimens during creep testing can be found in

Table 3-3. They are also summarised in Table 4-2 together with the model results. Values are given
for the displacement and reduction of area across the notches. As expected both the displacement
and the reduction in area increase with increasing net section stress. The experimental values for

the ruptured notches are in general larger than for the corresponding unbroken notch on the same
specimen. This is a pronounced effect at larger stresses, which is likely to be due to necking. Since
necking is not taken into account explicitly in the computation, the model values should primarily be
compared with the data for the unbroken notches.

Two types of model values are given: i) those computed with the creep model Equation 4-5 repre-
senting the total creep deformation at rupture or when the test was interrupted; ii) the deformation
on loading that is computed with elasto-plastic analysis. Since the creep model includes the loading
strain, the creep result represents the total deformation, and that is the value that should be compared
to the experimental values (for the unbroken notch).

Concerning the displacement across the notches (increase in width) the model values give a reason-
able estimate of the observed deformation. The main exception is the specimens with the lowest net
section stress. The experimental values are then considerably smaller. They are even smaller than the
values from the elasto-plastic analysis. The loading strain gives always a significant contribution to
the total creep strain.

The observed values for the reduction in area are in most cases well reproduced by the model. The
deviations are primarily for the largest experimental values. The influence of necking is the probable
cause of these deviations. Contrary to the case with the displacements, the loading strain only plays a
minor role.
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Table 4-2. Observed and modelled shape changes.

Displacement across notch, mm

Reduction in area, %

Experiment Model Experiment Model Experiment Model
Specimen Net section Rupture kr Reference Stationary creep Ruptured Unbroken Creep On loading Ruptured Unbroken Creep On loading
stress, MPa time, h stress G5, MPa stress c., MPa notch notch notch notch

Cu-05-1 170 16,782 -1 143.4 143 0.115 0.078 0.42 0.21 7.58 7.68 10.5 3.0
Cu-05-2 180 12,148 -1 151.8 151 0.514 0.588 0.6 0.24 18.57 18.24 13.5 3.4
Cu-05-5 195 2,492 1 164.5 165 - 1.017 0.76 0.29 85 23.6 19 41
Cu-05-3 200 1,133 1 168.7 169 4.203 0.531 0.84 0.31 - 23.8 21 4.3
Cu-05-4 215 8 1 181.4 182 1.65 0 0.85 0.37 88.5 32.2 22 5.0
Cu-2-1 170 16,107 -1 132.3 130 0.009 0.011 0.13 0.10 3.17 4.66 4.3 0.8
Cu-2-2 180 12,145 -1 1401 140 0.082 0.153 0.17 0.12 8.16 5.36 5.3 1.0
Cu-2-3 200 13,551 -1 155.6 155 0.245 0.27 0.36 0.21 9.64 9.41 8.5 1.9
Cu-2-4 215 15,417 1 167.3 169 - - 0.78 0.26 - - 14.5 23
Cu-2-6 225 685 1 1751 178 3.166 0.96 0.49 0.29 83.2 24.8 16 2.5
Cu-2-5 230 565 1 179.0 178 - - 0.96 0.30 - - 18 2.7
Cu-5-1 170 16,107 -1 128.0 125 0.013 0.013 0.28 0.11 2.99 3.12 2.5 0.7
Cu-5-2 180 11,949 -1 135.6 135 0.091 0.069 0.3 0.13 1.81 1.59 3.1 0.9
Cu-5-3 200 13,550 -1 150.6 150 0.117 0.164 0.36 0.18 5.33 5.63 5.4 1.2
Cu-5-4 215 9,701 -1 161.9 165 - - 0.36 0.22 - - 7.5 1.6
Cu-5-5 230 3,953 0 173.2 175 - - 1.1 0.26 - - 13 1.9
Cu-5-6 245 20 1 184.5 185 2.64 0.632 0.87 0.30 79.8 18.7 10.5 2.2
Cu-18-1 230 3,952 0 165.6 165 - - 0.84 0.24 - - 6 1.5
Cu-18-2 240 3,331 0 172.8 175 - - 1.29 0.26 - - 8 1.7
Cu-18-3 255 147.5 1 183.6 182 2.527 1.039 1.51 0.31 78 30.8 9 21

ks = —1 interrupted, kg = 0 running, ks = 1 ruptured



5 Discussion

5.1 Creep strain and notch deformation

Due to difficulty in measuring axial strain just within the notch during creep test and non-uniform
deformation over the notch and the specimen, the overall axial strain measured within the gauge
length of 51 mm is used to present behaviour of deformation versus time, see Figures 3-6. The local
strain in the notch is of course much larger than average overall strain. The significance of Figures 3-6
is however to show the primary, secondary and tertiary creep in relation to stress and notch acuity.

The local deformation at rupture within notches is measured and the results in terms of local axial strain
€, and local radial strain ¢, are given in Table 3-2. As expected, significant deformation takes place within
the notches, e.g. the ratio between ¢, and the overall axial strain can be as high as 200 for the sharpest
notch (a/R = 18.8) at 255 MPa. Comparing to the unbroken notch, both ¢, and ¢, are several times larger
on the failed notch, see also Table 3-2. This implies that the notches may deform unevenly.

Unequal deformation on two notches can also be verified by measuring €, and €, for the interrupted tests,
see Table 3-3. The fact that obvious differences in g, and g, between two notches are found on the failed
tests indicates that considerable deformation occurs on smaller notches at later stages of creep test.

Linear relation between ¢, and ¢, see Figure 3-7, makes it possible to estimate &, if €, is known, or
vice versa. It is also noted that the relation is notch acuity dependent. The sharper the notch, the
faster the ¢, increases.

5.2 Notch insensitivity/strengthening

An important result in the present investigation has been that the tested Cu-OFP material is insensi-
tive to notches at 75°C, see Figure 3-5. This is the case for all the studied notch acuities. In fact, the
creep lifetime under multiaxial stress state is longer than that under uniaxial stress state, indicating
notch strengthening. The notch strengthening factor in time is greater than 70 at the net section
stress of 180 MPa for the bluntest notch (a/R = 0.5). If the lifetimes are compared at given reference
stresses the uniaxial and the multiaxial results are similar. This is in agreement with results for the
same type of creep tests for 9 CrIMo steel /16/.

Notch strengthening has been observed in some other studies /17/~/19/. In /17/, the creep notch sensitivity
by using round notched bar specimens with @/R = 13.3 has been investigated for a low alloy steel ASTM
A508 and a cold worked microalloyed 0.15 C1.2Mn steel at 360°C. Both steels show a pronounced

notch strengthening effect and the effect is somewhat stronger for the ASTM A508 than for the cold
worked microalloyed steel. For another low alloy steel (BS 1501-271) /19/, round notched bar specimens
with a/R = 15 were taken from as-received material and simulated coarse grained heat affected zone
(SCGHAZ) across a weldment. The creep test results at 360°C exhibited a considerable notch strengthen-
ing. Post test metallography showed that for the notched tests carried on the SCGHAZ, transgranular and
intergranular crack initiation and growth dominate at shorter and longer failure time, respectively.

Notch strengthening may be affected by ductility. The studied Cu-OFP is very ductile. Under
uniaxial stress state, the creep strain at failure is around 50% /7/. Even higher strain has been locally
obtained under multiaxial stress state, see Tables 3-2 and 3-3 as well as Figure 3-7. Considerable
plastic deformation will change notch dimension, or notch acuity, which in turn alters the stress
state. Actually, notch dimension/acuity starts to change from uploading. Overall axial strain at

full load measured within the nominal gauge length of 51 mm as a function of net section stress

for all the notch acuities is exhibited in Figure 5-1. Apparently, the overall axial strain at full load
increases with increasing net section stress. At net section stresses greater than 180 MPa, the overall
axial strain at full load exceeds in most cases 0.5%, implying occurrence of plastic deformation.
Supposing the local axial strain within the notch is much larger than the overall one, cf Figures 3-6
and 9, notch dimension/acuity, and thereby stress state and stress concentration factor, may have
been altered at full load, as the creep test begins.
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Figure 5-1. Overall axial strain at full load as a function of net section stress for all the notch acuities.

The numerical simulations could represent the behaviour well and also provided explanations to the
notch strengthening.

In the creep investigation, the net section stress gives quite a conservative estimate of the lifetime if
compared with a uniaxial creep rupture curve. But this result can still be used in design to give a first
estimate of safety when a crack is present. A more accurate estimate is obtained if elastic plastic FEM-
modelling is performed for a perfect plastic material. The resulting reference stress can be compared
to the uniaxial creep rupture data. This estimate is not fully conservative. Some of the rupture stresses
are found up to 5% below the uniaxial rupture line. A still more accurate approach is to include

creep in the FEM-model. A prerequisite is that precise constitutive equations are available. For the
investigated creep specimens the largest creep stresses can be found in a homogenous band around
the notches. In this case the maximum stationary creep stresses are close to the reference stress, and
the same conclusions about conservatism apply. However, if the creep stresses are varying across a
component the results can be quite different in comparison to elasto-plastic analysis. The area with the
largest stresses should be considered in design. These largest stresses should not exceed the uniaxial
design stress.

5.3 Stress state

The significant stress parameters in the multiaxial stress rupture criterion (MSRC) /20/ have been
considered to be: the maximum principal stress, 6;, and the von Mises effective stress, c., where
stress directs intergranular creep damage dominates; the mean or hydrostatic stress, 6, and 6. where
continuum hole growth is the dominant fracture mechanism. The creep cavitation investigation on
unbroken notch of failed specimens has shown that cavities are mainly found on the grain bounda-
ries, see Figures 3-9b, 3-9¢c, 3-10b, 3-11b, and 3-12b. Due to the presence of very few cavities it is
likely that the rupture is controlled by ductile processes.

Assuming that the MSRC is determined by both o, and o, then, the rupture life under multiaxial
stress state, has traditionally been expressed by a mixed parameter control in the following two
frequently used ways /21/—/24/:
c(T)
MR = v (Eq. 5-1)
[o-0p +(1-a)o]"Y
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and

t = () (Eq. 5-2)

MR = . q. >-
Gly . GeVU v

where C(7) is a function of temperature, vy the stress exponent under uniaxial stress state, o and

v are failure mechanism control parameters. Equation 5-1 is proposed by Sdobyrev /21/ and the

constant o usually has a value close to 0.5. Equation 5-2 has been demonstrated in some studies

/22/-/24/. y is a significant parameter controlling the MSRC and it lies in the range 0 <y < vy.

Equations 5-1 and 5-2 are only of interest in the present context if the introduction of fitting
parameters can be avoided. For Equation 5-1 this is possible if C(7T) and vy are assumed to be given
by the uniaxial data and that a takes the value 0.5. For Equation 5-2 this is not possible because v is
an arbitrary parameter. Thus, we disregard Equation 5-2.

It would be tempting to use Equation 5-1 to the data for the specimens with waist deformation in
Figure 4-7, since Equation 5-1 would raise the values. Unfortunately, the equation strongly overcom-
pensates the effect and cannot be applied to Cu-OFP.

Extended from plastic deformation of perfectly plastic materials, Bridgman /25/ gave an analytical
solution of the von Mises effective stress o, across the notch throat in the steady state creep as below:

Onet
2R a
1+ ) In(l+—
( a) ( 2R)

Oc = (Eq. 5-3)

It is of interest to check if Equation 5-3 gives reasonable values for the present tests. This is
illustrated in Figure 5-2.

As can be seen from Figure 5-2, Equation 5-3 gives the right order of magnitude for stress ratio 6,./c. for
specimens with the lowest acuities 0.5 and 2, but gives too high values at the higher acuities. Obviously,
Equation 5-3 is not applicable in the present case.

2.5 T T T T T T T T —t
© 24 ®»  FEM computation 7
] +  Bridgeman's farmula
— 22F n
el
&
o 2F 4
Q 1.5
i 3 r -
m +
| S—
o 16} ]
)
D a4l 4 . x
et ®
D [
1.2 Fm i
+
1 1 1 1 1 1 1 1 1 1
a 2 4 =] 10 12 14 16 18 20

5]
Notch acuity

Figure 5-2. Comparison of Bridgeman's formula (Eq. 5-3) to results of the FEM analysis.
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6 Recommendation for future work

The present investigation has demonstrated that the creep tested Cu-OFP material is not susceptible
to notches at 75°C, possibly due to sufficient ductility which allows adaption of notch dimension/
acuity during creep. It should be noticed that the tested material is in as-hot worked soft condition, or
annealed condition.

A recent study reports that cold work in both tension and compression in the same material as the
present one reduces creep ductility considerably at 75°C, i.e. from 40% to 10% /26/. The reduced
creep ductility may affect notch susceptibility and creep behaviour under multiaxial stress state.
In fact, geometrical changes including notches are frequently associated with cold work caused by
manufacturing and machining processes.

It is therefore recommended to study the effect of multiaxial stresses on creep properties of cold
worked Cu-OFP.
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7 Conclusions

The influence of multiaxial stresses on creep properties of Cu-OFP at 75°C has been studied by
using double notch specimens with notch acuities of 0.5, 2, 5, and 18.8, respectively. The following
conclusions can be drawn

1. The investigated Cu-OFP is insensitive to notch at 75°C. Actually, the creep lifetime under multi-
axial stress state is longer than that under uniaxial stress state, indicating notch strengthening at
the given net section stresses. The notch strengthening factor in time is, for instance, greater than
70 at 180 MPa for the bluntest notch (a/R = 0.5).

2. The sharper the notch, the longer the creep lifetime at the given net section stresses. At higher
net section stresses, the sharpest notch (a/R = 18.8) has a lifetime about 10* times longer than the
bluntest notch (a/R = 0.5) does.

3. The local deformation within the notch is measured and evaluated. Significant deformation takes
place within the notch, e.g. the ratio between local axial strain within notch and overall axial
strain within gauge length can be as high as 200, implying a strong underestimation of local
deformation by the overall axial strain.

4. Unequal deformation on the two notches is observed. Both axial and radial strains on the failed
notch are several times larger than those on the unbroken one. Linear relation between the axial
and the radial strains on the notch is found.

5. Transgranular failure is predominant, independent of stress, rupture time, and notch acuity.
Adjacent to fracture, elongated grains along the stress direction, few separate pores and cavities
are often visible. On the unbroken notch, fewer separate cavities have been observed in several
cases. In one specimen exposed to long term testing an intergranular crack was observed, prob-
ably as a result of linking of individual cavities. The observed metallography is consistent with
the high creep ductility of Cu-OFP also under multiaxial stress states.

6. Using a fundamental creep model without fitting parameters, it has been possible to represent the
creep strain curves for the notched specimens quite well. This is the case in spite of the very large
difference in lifetime in comparison to uniaxial specimens at given net section stresses.

7. In the FEM-modelling of the creep deformation a stationary stress state was soon obtained. The
highest stresses appeared in a band of constant stress around the notch. This constant stationary
creep stress is close to the reference stress. For the blunter notch this band was at the centre of the
notches, whereas for the sharper notch the band had a spherical form. In the band a main part of
the creep deformation takes place.

8. Net-section stress can safely be used in design by verifying that it does not exceed the design
stress. This gives, however quite a conservative estimate of the lifetime. A more accurate estimate
is obtained if the elasto-plastic reference stress is used. A still more accurate procedure is to
determine the stationary creep stress using FEM-modelling. In the case of a component where
the creep stresses vary across it, the use of the maximum stationary creep stress is the best way of
estimating the lifetime.

9. If the stationary stress was used the stress versus rupture times approximately fell on the same
rupture curve as for the uniaxial data. In this way the rupture time of components can be predicted.
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