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Summary

The KBS-3 canister for geological disposal of spent nuclear fuel in Sweden consists of

a ductile cast iron insert and a copper shielding. The canister should inhibit release of
radionuclides for at least 100,000 years. The copper protects the canister from corrosion
whereas the ductile cast iron insert provides the mechanical strength. In the repository the
hydrostatic pressure from the groundwater and the swelling pressure from the surrounding
bentonite, which in total results in a maximum pressure of 14 MPa, will load the canisters
in compression. During the extreme time scales, ice ages are expected with a maximum ice
thickness of 3,000 m resulting in an additional pressure of 30 MPa. The maximum design
pressure for the KBS-3 canisters has therefore been set to be 44 MPa.

A relatively large number of canisters have been manufactured as part of SKB’s develop-
ment programme. To verify the strength of the canisters at this stage of development SKB
initiated a project in cooperation with the European commissions Joint Research Centre
(JRC), Institute of Energy in Petten in the Netherlands, together with a number of other
partners. Three inserts manufactured by different Swedish foundries were used in the
project. A large statistical test programme was developed to determine statistical distribu-
tions of various material parameters and defect distributions. These data together with the
results from stress and strain finite element analysis were subsequently used in probabilistic
analysis to determine the probability for plastic collapse caused by high pressure or fracture
by crack growth in regions with tensile stresses.

The main conclusions from the probabilistic analysis are:

1. At the design pressure of 44 MPa, the probability of failure is insignificant (~ 2x107).
This is the case even though several conservative assumptions have been made.

2. The stresses in the insert caused by the outer pressure are mainly compressive. The
regions with tensile stresses are spatially very limited provided that the requirements for
the eccentricity and corner radius of the cassette are met.

3. The probability of fracture by crack growth in regions with tensile stresses dominates at
external pressures under 44 MPa. Local plastic collapse dominates at higher pressure.

4. The analysis of plastic collapse only considers the first local collapse event. A total
collapse of the insert will occur at a much higher pressure.

5. The tensile tests of the material in the three inserts gave a considerable spread mainly
in the elongation values. Low elongation could be attributed to the presence of slag
inclusions and areas with low nodularity (roundness) of the graphite and in some
case areas with high pearlite content. As the production methods improve, the failure
probability will be further reduced.
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1 Introduction

For the licensing procedures of repositories for spent nuclear fuel safety analyses are
performed. Among other items it is required to obtain an estimate of the probability of
mechanical failure of canisters even by considering the effects of a possible ice age. At

the end of 2002 a project was initiated to obtain such an estimate. Different activities such
as material testing, stress and strain calculations, full-scale testing as well as probabilistic
analyses have been conducted by different organisations. The work has been initiated and
coordinated by SKB in cooperation with European Commission, DG-JRC, Institute for
Energy in Petten in the Netherlands. In the present report the different activities and conclu-
sions are summarised. The primary reports from the organizations involved are appended to
this report or given in the reference list.

The KBS-3 canister for geological disposal of spent fuel in Sweden consists of a ductile
cast iron insert and a copper shielding, Figure 1-1. The copper protects the canister from
corrosion whereas the ductile cast iron insert provides the mechanical strength. The canister
should inhibit release of radionuclides for at least 100,000 years. In the repository the
canisters will be loaded in compression by the hydrostatic pressure and the swelling pres-
sure from the surrounding bentonite, giving a total pressure of 14 MPa. During the extreme
time scales, several ice ages are expected with a maximum ice-sheet of 3 km resulting in an
additional pressure of 30 MPa. The maximum design pressure for the KBS-3 canisters has
therefore been assumed to be 44 MPa.

4 835 mm

Figure 1-1. Canister for final depository of spent nuclear fuel.



A relatively large number of canisters have been manufactured as part of SKB’s develop-
ment programme. The canister material is the ductile iron grade EN-GJS-400-15U, in
accordance with EN 1563. An issue that caused some concern was that the tensile properties
(in particular the ductility) of the inserts fell below the initial requirements and that there
was a large variation between individual inserts. Therefore the question was raised whether
the relatively poor tensile properties could lead to unacceptable failure probabilities for the
canisters during their design life. A secondary objective was to provide a basis for accept-
ance criteria for defects and material properties. In order to achieve these objectives as well
as acquiring manufacturing experience, three inserts (herein referred to as 124, 125 and

126) were manufactured in accordance with the preliminary requirements by three Swedish
different foundries.



2 Material testing

2.1 Statistical test programme

Specimens for the material characterisation tests were taken in accordance with a statistical
test plan to derive distributions for the material properties to be used in the analysis of the
canister. Specimens from the homogeneous bottom as well as from the top of the insert
with essentially the same cutting plan for all three inserts. The details of the cutting plan are
given in /A/and /B/. The different types of specimens were:

a) Three-point-bend specimens for fracture toughness determination. The fracture
properties were needed for determining defect distributions and for the probabilistic
tensile fracture analysis of canisters.

b) Specimens for tensile testing. The assumption at the start of the project was that casting
defects caused the low values for the elongation. The tensile test data together with the
fracture properties could therefore by used to determine defect distributions as outlined
below.

¢) Specimens for compression testing. The compression data were needed as input to the
plastic collapse analysis.

Figure 2-1 shows a drawing of how different specimens are taken from the upper part
containing the fuel channels.

o960

30

140

180

Figure 2-1. Example of sampling drawing addressing canister insert top segment.



2.2 Testresults
2.2.1 Tensile tests

JRC-IE and the Swedish Foundry Association (Gjuteriforeningen, GF) performed tensile
tests using about 50 specimens from each of the three inserts according to EN 1563. Yield
stress, tensile strength and elongation at fracture were determined. All tests for insert 126
and most of the tests for inserts 124 and 125 were performed with specimens with 14 mm
diameter. The results from JRC and GF were very consistent with respect to the mean and
standard deviation of yield stress, tensile strength and elongation at fracture (Tables 2-1 and
2-2) and also to systematic variation between different inserts and locations of specimen. A
summary of test results and a statistical analysis of these data are given in /3/. The variation
in elongation at fracture between the three inserts and between top (transverse and longitu-
dinal direction) and bottom are also plotted in Figure 2-2. The large variations are remarka-
ble especially for the elongation and in particular that a) insert 125 has a significantly higher
failure strain and different distribution than specimens from inserts 124 and 126 and b) that
the specimens from the bottom slab have a higher failure strain. This is particularly obvious
for insert 124 where the specimens from top and bottom appear as separate populations. The
minimum, maximum, mean, median values and standard deviations for the failure strain are
given in Table 2-2 for the three inserts.

The minimum requirements for these properties stipulated by EN Grade GJS-400-15U are
as follows:

Ry = 240 MPa, R,, = 370 MPa; 45 = 11%.

It is obvious that the ductility requirement was in many cases not met: It should be
remarked that these low tensile strength values could be correlated to the lowest elongation
figures measured. Regarding the yield strength it must be noted, however, that the minimum
value was always met.

The tensile curves measured by JRC were more or less identical until fracture occurs. This
observation suggested that the fracture process was controlled by the nature and size of the
defect(s) present in the specimen tested.

Table 2-1. Mean value and standard deviation of yield stress, tensile strength and
fracture strain for JRC and GF test series.

Organisation Yield stress (MPa) Ultimate tensile Elongation at
strength (MPa) fracture (%)

JRC 310 +6.2 397 26 7.2 +42
GF 316 +58 400 +27 6.9 +53

Table 2-2. Elongation at fracture and for the three tested inserts.

Elongation at fracture A (%)

Canister Min Max Median Mean St dev
124 1.4 247 6.0 11.0 8.8
125 4.7 19.7 11.0 11.2 3.0
126 2.3 19.9 5.6 7.3 4.7

10
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Figure 2-2. Elongation at fracture, mean values and error bars (= + standard deviation) plotted
for 1) canister insert (124, 125, 126), ii/ sampling region (top, bottom) and ii/ specimen orientation
(longitudinal, transversal). The hatches indicated the number of specimens for each data set.

2.2.2 Microstructure

The microstructure of the inserts was investigated by Gjuteriforeningen /C/ after testing at
a location about 10 mm from the fracture surface of the tensile test samples. The nodularity
(roundness of the graphite particles), nodule counts and amount of pearlite are summarised
in Table 2-3a—c. Here o denotes the standard deviation.

Table 2-3a. Microstructural properties of insert | 24.

Property Specification Top Bottom Comments
Nodularity (%) 1) Min 80

Average 90 90 Good
1o +0 +0 Good
Min 90 90 Good
Max 90 90 -
Nodule density 2)  Min 100

Average 93 156 Good
1o + 87 +112 -

Min 35 90 T =low
Max 255 415 OK
Pearlite (%)

Average 1,4 1 Good
Min 0 0 Good
Max 2 1 Good

1) Graphite form V and VI according to EN ISO 945.
2) Number of nodules/mm?.

11



Table 2-3b. Microstructural properties of insert 125.

Property Specification Top Bottom Comments
Nodularity (%) 1) Min 80

Average 75 68 Too low
1o 7 7 -

Min 70 60 Too low
Max 90 80 -

Nodule density 2)  Min 100

Average 132 43 T = Good
10 +103 12 -

Min 40 30 Low

Max 315 60 Large variation
Pearlite (%)

Average 1 1 Good

Min 0 0 Good

Max 3 5 Good

1) Graphite form V and VI according to EN ISO 945.
2) Number of nodules/mm?.

Table 2-3c. Microstructural properties of insert 126.

Property Specification Top Bottom Comments
Nodularity (%) 1) Min 80

Average - 75 75 Too low

10 - + 11 +5

Min value - 60 70 Too low

Max value - 90 85 -

Nodule count 2) Max 100

Average - 181 124 Good

10 - + 126 +37

Min value - 60 40 Somewhat low
Max value - 410 170

Pearlite (%) -

Average - 9.5 8.6 Somewhat high
10 - 4.2 4.5

Min. value - 5 5 Too high

Max value - 15 20 Too high

1) Graphite form V and VI according to EN ISO 945.
2) Number of nodules/mm?.

It is well known that for cast iron, ductility generally increases with nodularity and that it
decreases with pearlite content of the cast iron e.g. /1/. It is reasonable to assume that the
large scatter in failure strain and in particular the low failure strain values are due to casting
defects. To verify such an assumption all specimens tested at JRC were radiographed prior
to testing. For insert 126 radiography revealed that defects could be sized and at least quali-
tatively related to low ductility values whereas for 124 and 125 almost no defects could be
quantified. Fractographic and metallographic studies were performed on broken specimens

12



to check for defects. This was done by first performing a detailed and unbiased analysis for
a number of specimens to screen for defects or microstructural imperfections that might
cause low failure strain.

From this investigation the slag defects with oxidized areas and areas with clustered
graphite were singled for more systematic study as the most likely ones affecting failure
strain; the slag defects are expected to behave similarly to cracks whereas the high-density
graphite areas carry less load. Typical examples fracture surfaces with these defects are
illustrated in Figure 2-3a) and b) respectively whereas Figure 2-3¢) shows a homogenous
graphite structure typical for specimens that failed at high strains. Another important reason
for selecting these defect types was that they could be sized in a quantitative analysis. The
slag defects were sized by two methods; D.., which was taken as the length of the largest
slag defect and D.g;, which was the diameter of a penny-shaped defect with the same area

as the sum of all the slag defects on the fracture surface. The dense graphite area was sized

Figure 2-3. Typical examples of observed fracture surfaces from three specimens. a) Macroscopic
slag defect (oxidation) 124 TM4, A = 3.9%, b) Non-homogenous graphite distribution, 124 TL2,
A = 6.9, c) Defect free and homogenous graphite 124 BTM3, A = 21.9%.

13



in terms of its estimated fraction of the total fracture surface. The measured elongation

at fracture is plotted in Figure 2-4 versus the estimated defect sizes D, and D for the

75 specimens investigated by fractography. There is a clear trend that the failure strain
decreases with increasing defect size. As expected there is quite a bit of scatter but that is
hardly surprising given the difference in elongation at fracture between inserts shown in
Table 2-2 difference in defect shape, the sizing and most importantly the fact that all defect
types mentioned above may affect the failure strain. The failure strain was also plotted
against the clustered graphite area fraction, the pearlite content and nodularity, but there was
no clear correlation. However, clear trends were obvious when data with large slag defects
were filtered out as shown for the nodularity in Figure 2-5 below. This clearly indicates that
all these defect types and microstructural contribute to the variation in elongation but with
slag defects as the dominant one.

2.2.3 Compression tests

The compression test data exhibited very small variations, which was expected since such
data are not controlled by defects. The compressive stress-strain curve exhibited more
hardening than tension as shown in Figure 2-6.
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Figure 2-4. The measured failure strain versus measured size of slag defects using D .. and D
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Figure 2-6. Compressive true stress — true strain curves measured for 124 and 125 together with

two selected tensile true stress — true strain plots (same sampling orientation).
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2.2.4 Fracture mechanics tests

The Royal Institute of Technology (KTH) and JRC performed fracture mechanics tests on
three-point bend specimens using the ASTM E 1820 standard. The tests were performed
mainly at room temperature and to a more limited extent at 0°C, 50°C and 100°C accord-
ing to Table 2-4, where also the results are summarised. The KTH testing of insert 126 is
reported in /D/, while the results for inserts 124 and 125 are reported in /E/. The JRC results
are reported in reference /7/.

In all cases the fracture mechanics tests exhibited ductile behaviour with rising J — Aa
curves as is exemplified in Figure 2-7. Very clearly in these cases the actual initiation
value recorded depends on the particular way of evaluation. The ASTM code prescribes
an evaluation for an estimated crack growth of 0.2 mm.

It can be noted that there is a non-negligible and consistent difference in fracture toughness
between the two test temperatures, which might indicate that there is a change in fracture
mechanism. Examination of the fracture surfaces did not show conclusively, however, a
difference in mechanisms. There is also a difference between the inserts with insert 125
exhibiting the highest fracture toughness according to the testing performed at KTH. This
is different from the JRC test results where the averages from the different inserts showed
smaller differences. At present no explanation for difference in results from KTH and JRC,
respectively, can be offered.

There was no significant difference between the bottom and upper slab or between speci-
mens taken from the transverse or longitudinal directions. Thus it was concluded that the
difference in elongation values was mainly due to differences in inclusions content.

|
|
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,/
|
| IR
£ e
3 AJ//
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Figure 2-7. Example of a J — Aa curve from one of fracture mechanics experiments at room
temperature, J,. = 39 kN/m.
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Table 2-4. Fracture toughness values J,.

Insert number T=0°C T=0°C T=23°C T=23°C T=50°C T=100°C
JRC KTH JRC KTH KTH KTH
JV Jic JV JV JV JV

kNm™ kNm™" kNm™" kNm™" kNm™" kNm™"

124 m =44 m =29 m =42 m = 47 - -
s=4 s=5 s=9 s=10

125 m =39 m =39 m = 39 m =59 - -
s=8 s=8 s=9 s=10

126 m =37 m =21 m =32 m =33 m =25 m =30
s=4 s=5 s= s=4 s=11 s=9
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3  Analysis

3.1 Semi-analytic determination of defect distributions

The object of this analysis (which is comprehensively described in detail in /4/) was to
indirectly determine the defect distribution through the observed elongation behaviour
through the following assumptions:

A) The distribution of the failure strain, /. (€,) is controlled by:

1) A penny-shaped crack-like defects such as thosse used in the FE-analysis described
below and its size distribution, /), (D), in a given reference volume.

ii) The distribution of the material’s fracture toughness, /. (/).

B) The crack tip loading, J, is a function of the applied strain, &,, and defect distribution
fp (D). 1t is a stochastic variable because of the defect distribution. There is no
interaction between cracks.

C) The crack tip loading and the fracture toughness are independent stochastic variables.

D) The defect size is characterized by an exponential distribution. This is a common
assumption for defects and has been supported by many inspections.

An elastic-plastic finite element fracture analysis using the commercial FE-code ABAQUS
was first performed to model the reduction in failure strain with defect size. The tensile
specimen was modelled as an axisymmetric body with a single penny-shaped crack.
Loading was via displacement control. The defect was considered to be flat, i.e. crack-like
and located transverse to the loading direction. This is expected to reasonably, but conserva-
tively, represent the slag defects identified on the fracture surfaces. A Ramberg-Osgood
deformation plasticity model was adopted to describe the material constitutive behaviour
in the analysis. The parameters in the Ramberg-Osgood model were fitted using the room
temperature tensile data given in /6, 3/. J-integral values were then calculated versus load
for different crack lengths. From these results a fracture strain versus defect size could be
inferred for a prescribed fracture toughness.

The computed and experimental relation between elongation at fracture and defect size

are shown in Figure 3-1. Two computed curves are given for 126 and 124 respectively. The
upper one is with crack growth resistance and the lower one without. The agreement with
experiments is rather good. For large defects the computed elongation is below the meas-
ured data due to the inherent conservatism in the defect assumption, whereas for very small
defects the experimental elongation is below the computed values because the other features
become important.

This agreement indicates that observed failure strain values below approximately 6%, are
caused by the crack-like defects as seen on the fracture surfaces. The difference in failure
strain between the three inserts, and between the top and bottom slabs, can be partly
explained by the difference in fracture toughness and the number and size of defects. The
data points with small defects (<2 mm) and low ductility are due to high pearlite content
/4/. The scatter in elongation at fracture for a given defect size seen in Figure 3-1 is mainly
attributed to various shapes of the defects.

19



T T 1
| | I
= [ T A -
= | | |
N [ g iz o
R | O 2% |

- | | |

200)--- =t e e Analysis 126 -
- I I . 1

* - ! ! Analysis 124 !

18 - —
- I 1

- | . o

- | | L

-

1

I 1

| |

I 1

T
********************* [ Y Analysis 126 FEM direct -

Elongation at fracture (%)

Measured D__ (mm

max

Figure 3-1. Computed critical strain for 126 and 124 using mean fracture toughness with and

without crack growth resistance together with measured elongation at fracture versus measured
defect size for insert 124, 125 and 126.

As mentioned above the size of the largest slag defect is believed to be the main reason
for low values and scatter in elongation at fracture. An estimate of the size distribution of

a leading slag defect can then be done from the assumptions A)-D). The probability for
failure, p, can be described by the integral

P, =[F, (), (x)dx, (1)
0

where F). (x) denotes the distribution function for the fracture toughness.

To evaluate the reliability integral the density function /', (x) must be determined. The

stochastic feature of the crack tip loading J results from the distribution of the defect size,
fp (D) and can determined by the transformation,

dD
J)= D) |—| 2)
Si(J)=fpr(D) T
The defect size is assumed to have an exponential distribution, i.e.,
fo(D)=ve™, 3)

where the mean rate of occurrence, v, (mean defect size is 1/v) for a specific insert was
determined by prescribing measured and computed elongation at fracture to be equal.

The computed critical strain depends much more on the scatter in defect size than the
variation in fracture toughness for a particular insert. As a first approximation the fracture
toughness can be regarded as a non-random constant. A slightly more general approach
was to assign a triangular distribution for the fracture toughness. The above procedure
was used to analyse the tensile tests from the three inserts 124, 125 and 126. To assess the

20



sensitivity to modeling aspects five different cases were analysed for insert [26. Model
1263, and 126 assume no variation in the fracture toughness but use the mean value

(32 kN/m) and a value typical after 2 mm of stable tearing (60 kN/m). The method 7267,
differs from /263 in that it uses the triangular fracture toughness distribution. In Model
126" it is postulated that there is only one defect in the specimen, whereas for the models
with subscript N, the number of defects per specimen was determined as part of the problem
(N = 3). The model NLI26, is based on nonlinear J-relation inferred from finite element
results whereas the other cases uses a linear relation.

The computed probability density functions, f; (€,), and cumulative density functions,

F. (&), are depicted in Figure 3-2 versus the applied strain together with the corresponding
test data for 126. There is virtually no difference between the triangular and zero-scatter
fracture toughness distributions. The model with number of defects free gives a much better
overall agreement with the experimental distribution.
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Figure 3-3. Computed distribution of defect size for insert 126 for the five 126 models.

The probability that the modelled defect is larger than a specific defect size D is given by
1-Fp (D), where Fp, (D) is the cumulative defect distribution. This is shown in Figure 3-3 for
the 126 models for single specimen and all 44 tested specimens. Note that the five models
give different values of the mean defect size.

Corresponding results for the inserts 124 and 125 are reported in /4/. The agreement between
computed and measured data for distribution of elongation at fracture and its dependence
on the defect size is remarkably good given the various idealizations. There is, however,
clearly scope for improving the model further by also accounting for other microstructural
features and to account for defect shape and crack growth resistance. Computed mean
defect distribution corresponding to “one defect per specimen” was used as input to the
probabilistic analysis below.

3.2 Stress and strain FE-analysis of the canister

A large number of Finite Element (FE) analyses (reported in /E/) with aid of the programme
ANSYS were performed in order to provide input to the subsequent probabilistic analysis.
Since the amount of computational work was very large, the bulk of the analyses were per-
formed on two-dimensional models. In order to verify the relevance of these a comparison
with full three-dimensional analysis was conducted. The results of this comparison showed
that the two-dimensional computations gave satisfactory accurate results.
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From the base model variation of the following properties of the model were made.
a) Influence of internal channel corner radius.

b) Influence of eccentricity of steel cassette. This influence was simulated by changing
the outer radius of the canister.

¢) Influence of change of the material properties i.e. yield strength and ultimate tensile
strength.

The total parameter matrix is summarised in Table 3-1.

In all cases the stress state of the insert was mainly compressive, but there was also a
region with tensile stresses at the fuel channel facing the outside of the insert. The size of
the region with tensile stresses increased with the applied pressure and also increased as
the corner radius became smaller. The total maximum strain could differ by several orders
of magnitude at the maximum design load depending on the assumed geometry and yield
stress. In Figures 3-4 and 3-5 the maximum strain and stress, respectively, are shown as
function the pressure for different corner radii and in Figures 3-6 and 3-7 for different
eccentricities.

These results led to the requirement that the corner radius must be between 15-25 mm and
that the eccentricity must at most be + 5 mm.

Apart from the small regions around corners discussed above, all stresses were compressive
and thus not of any direct interest for considerations of tensile fracture. The critical condi-
tion under compression was in the probabilistic analysis assumed to be the attainment of a
critical equivalent strain. The computations of the strain levels were performed according to
the parameter set in Table 3-1.

Table 3-1. Values of varied parameters.

Parameter Variable Index Number 1 2 3 4 5 Unit
Outer radius ry 1 4 4745 469.5 4645 459.5 mm

Corner radius r 2 3 15 20 25 mm

Yield stress Rpo2 3 5 200 250 270 290 350 MPa
Ultimate tensile strength R, 4 5 400 450 475 500 550 MPa
Total number of combinations (analyses) 300

SKB, rx31-33, Rp0.2 =270 MPa, Rm = 480 MPa

—@— rx31,R1=4745,R2=15
—&— x32, R1 =474.5,R2=20
—A— rx33, R1 =474.5,R2=25

14%

12% 1

10% 1

8% |

6% 1

4% 1

total max strain [%)]

2%

0% A—p— AN AR =4 %

0 5 10 15 20 25 30 35 40 45 50 55 60
p [MPa]

Figure 3-4. Maximum strain as a function of pressure for different values of the corner radius.
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Figure 3-5. Maximum effective stress as a function of pressure for different values of the corner
radius.

SKB, xx32-35, Rp0.2 =270 MPa, Rm =480 MPa
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Figure 3-6. Maximum effective stress as a function of pressure for different values of the
eccentricity.
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Figure 3-7. Maximum strain as functions of pressure for different values of the eccentricity.
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2t Probabilistic analysis of canister

Based on the different sets of data obtained from the above-discussed activities, probabil-
istic analyses were performed using both the FORM and the Monte Carlo methods. These
analyses are described in detail in /6/. The material data in Table 4-1 were used throughout
the entire investigation. These data were taken from the investigations /C/, /3/ and /4/.

A crucial property for the fracture mechanics analysis is the defect distribution. The
exponential distribution derived in /4/ was used for this purpose. It is important to realise
what these data represent. The theoretical development in /4/ assumes that this defect size
distribution represents the largest defect in a tensile specimen (diameter 14 mm). Thus the
probability of occurrence of a defect in a specimen is unity. The probabilistic analysis in
/6/ considers the failure probability due a single crack situated at the apex of a corner. This
leads to that the so calculated failure probability is that of a slice of the cassette containing
the corner and of a thickness roughly corresponding the tensile specimen diameter d. Along
the entire length of the cassette L, n = L/d such slices can be considered. Assuming statisti-
cal independence the combined failure probability of one corner (there are eight) will be

tot

pit =1-(-pg)" = npy, 4)

the latter since pr << 1. Using d = 14 mm will also be a conservative assumption since the
crack size distribution will contain cracks that can not be contained in a 14 mm cylinder.
In the analysis an exponential distribution was chosen for the crack depth. An aspect ratio
(crack length/crack depth) of six and an expected value of the crack depth equal to 1.9 mm
were chosen for the basic set of analyses.

There is another extreme assumption as compared to the assumption of statistical indepen-
dency inherent in (4). This is to assume that all the material properties are constant in the
cassette and only the crack size is variable. The results of for instance /5/ indicate that such
an assumption in general leads to somewhat smaller estimates of the failure probability than
assuming independency.

The failure probability calculations were performed for the different combinations of input
data shown in Table 4-1. The results are shown in Table 4-2. Again the importance of limit-
ing possible eccentricity is demonstrated by the values of the failure probabilities.

The combined probability of initiation of crack growth is therefore estimated to be
peombired =1 98x107 (for the baseline case using p = 44 MPa, Foome: = 20 mm, §,yg0e =

initiation

0 mm).
The corresponding probabilities for plastic collapse are given in Table 4-3. It is clearly seen

that at design pressure and lower, the probabilities for tensile fracture dominate over the
collapse probability.
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Table 4-1. Material properties used in probabilistic analyses.

Property Type of distribution Expected value Standard deviation
K Normal 83.5 MPaym 11.8 MPavm

O v, in compression. Normal 270 MPa 6 MPa

Also assumed in tension.

O urs, COMpression Normal 478 MPa 6 MPa

€ wiure Deterministic 10% -

Table 4-2. The combined probability of initiation of crack growth when p = 40-50 MPa.
Results using reomer = 15-25 mm, O..500ne = 0-15 mm and ., = 1.9 mm.

PIMPa  loomelMM & e =0 MM Oossore =5 MM Ocagsere = 10 MM Basere = 15 mm
15 2.22x10°° - - -

40 20 2.01x10° 2.05x107° 1.24x10°8 4.81x10°
25 2.05x10° - - -
15 2.72x10°° - - -

44 20 1.98x10-° 2.04x10-° 6.17x10°7 1.78x10-%
25 2.16x10°° - - -
15 2.88x10° - - -

45 20 1.99%x10-° 2.04x10-° 1.67x10°° 4.42x10°3
25 2.19x10°° - - -
15 1.49%10° - - -

50 20 3.11x10°° 2.16x10* 3.11x10°2 2.00x10
25 2.03x10°° - - -

Note: Empty cells represent combinations that were not part of the sensitivity study.

Table 4-3. Probability of plastic collapse when p = 40-50 MPa. Results for reomer =
15-25 mm and &..ssette = 0—15 mm.

PIMPa  reomedMM & . ie =0 MM  Oiosoore =5 MM Oeagsere = 10 MM Oaseore = 15 mm
15 1.13%10-20 - - -

40 20 1.96x10-4 3.78x10- 2.28x10 0.142
25 <1.10x10- - - -
15 1.56x107

44 20 1.40x10-2! 7.53x10-1 0.264 1.00
25 2.39x104
15 2.30x105 - - -

45 20 3.47x10-7 6.85x10° 0.751 1.00
25 7.37x10-% - - -
15 0.877 - - -

50 20 1.09x10 1.00 1.00 1.00
25 2.28x10-1 - - -

Note: Empty cells represent combinations that were not part of the sensitivity study.
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5 Discussion

The resulting failure probabilities are so low that their significance can be debated.
However, if the resulting failure probability would have been so high as to be within
interpretable ranges, these would have shown up in the computations performed.

When performing probabilistic assessments, then preferably the data assumed should be

as accurate as possible i.e. all uncertainty should be covered by the assumed distributions.
Unfortunately this is almost never possible to achieve and therefore deterministic conserva-
tive assumptions are mostly introduced. In the present study a number of such conservative
assumptions were used.

* The R6 method for calculating J is a conservative approach.
» No credit has been taken for possible risk reducing effects of non-destructive testing.

* The load bearing capacity of the steel cassette and the copper cylinder has been
neglected.

* The results of the present report are based on manufacturing of trial canisters. As the
production methods improve, the failure probability will be further reduced.
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6

Conclusions

The regions with tensile stresses are very spatially limited provided that the requirements
for eccentricity and corner radius are met. In spite of this the probabilities of tensile
fracture dominates at the design pressure and lower.

The low elongation values for some of the samples could conclusively be attributed
mainly to the presence of slag inclusions and also to low nodularity and to high pearlitic
content. A simple probabilistic model for the elongation distribution could be success-
fully connected to the observed inclusion distribution.

The fracture mechanics tests exhibited a ductile character. Some questions remain
regarding the interpretation of the fracture toughness results. This is, however, of no
concern for overall failure probability.
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SUMMARY

Within the project uniaxia tensile and compression tests as well as fracture tests will
be performed. All testing will be planned, but a detailed planning is first done for
insert 126. The detailed test plan for the remaining tests will be based on the outcome
from the first test series.

1 BASIC CONDITIONS

The inserts, labelled 124, 125 and 126 respectively, will be manufactured during the
spring 2003. The specimen will be taken from at least two slabs of each insert, one
from the bottom and one from the top. The bottom slab is homogeneous with a
thickness of at least 80 mm, whereas the top slab has a thickness of at least 230 mm
and contains holes. Gjuteriféreningen receives half a slab, with thickness about 40
mm, from top and bottom slab respectively to manufacture specimens. Specimens to
be tested by KTH and JRC will be manufactured from the remaining parts.

960mm

230mm

3
2
1LT o w
Figure 1. Top slab from insert

2 REFERENCE TESTING, 3PB-SPECIMENS

A reference curve to be used as a basis for the fracture tests will be derived in the
temperature interval 0°C to 100°C. This reference curve will be used to select an
optimal test temperature for the fracture tests. Specimens for the reference tests will be
taken from insert 126. Three-point bend (3PB) is proposed as specimen geometry
because it is easier to control the cooling with this geometry compared to CT-
specimens.

For non-linear testing the ligament as well as specimen width must satisfy the
following size criterion:

t,a>M Jic .

p0.2

Assessment of previous tests resulted in @ minimum value for R, =240 MPa and
for E =160000MPa. Testing of corresponding cast material indicates that
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K, =50MPa/m. For cleavage M is set to 200 (M =200), which results
t,a>0.013 m. Specimen with dimension140x 30x 15 will be used, see Figure 2.

Q

140.0mm

Figure 2. Schematic drawing of three-point bend specimen

The specimen will be oriented such that the 30 mm-direction coincides with the axial
direction of the insert. In total 24 in-plane specimens will be taken from the top dlab as

indicated in Figure 3 to Figure 5.

0960

B B L R :
o = o N .
\ym 204
7 \\_/ 102 )
\\

Figure 3. Schematic drawing of in-plane 3PB- specimen with numbering from top
layer (Layer 1). The half of the slab above the red line will be sent to

Gjuteriforeningen.

In order to have a sufficient number of specimens, specimens will be taken from
several layers, see Figure 4. The cutting clearance is estimated to be about 7 mm.
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[ [ [ | [ Layer1
[ Layer2

T

|

I I I

! |

! —~— | Layer3
| 1

Figure 4. Schematic drawing of axial cross-section.

230

150mm

2960

30

180

Figure 5. Schematic drawing of layer 2 with specimen numbering. T# indicates in-
plane tensile specimens.

In addition eight axial specimens (i.e. paralel to the axial direction of the insert) will
be taken out to investigate whether the material properties have a direction
dependency. The location of these specimensisindicated in Figure 6 together with the
in-plane specimens.
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20960

30

180

Figure 6.  Schematic illustration of the axial 3PB- specimens as well as tensile and
compression specimen with numbering, (layer 3). The Prefix L stands for
axial tensile specimens and C for compression specimens.

From the bottom slab of insert 126, 24 specimens will be taken as seen Figure 7. 3PB-
in-plane specimens will be taken from locations similar to those in the top slab and
with corresponding numbering. The thickness of the bottom plate is not sufficient to
accommodate axial specimens but the number of specimens is considered sufficient.

0960 0960

)

Figure 7. Location and numbering of specimen in layer 1 and 2 of bottom slab, (cf.
Figure 8).

!

[ Layer 1
Layer 2

80mm

I \ 960mm \
I 1

Figure 8. Schematic drawing of axial distribution of specimen in bottom slab.
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Sixteen 3PB specimens will be used for the reference tests, where 10 tested are at 0°C
and 3+3 at the two other temperatures. From the remaining 3PB specimens KTH will
conduct tests at the selected temperature; JRC will perform some complementary tests
and some are kept as reserve specimens. The fina distribution of the specimens will
be determined after assessment of the reference test series. The number of specimens
taken out from the inserts 124 and 125 will be reduced if the 126 test series indicate a
very limited scatter and/or no dependence of material direction. The order in which
the 3PB tests will be conducted as shown in Table 1 to Table 3 has been determined
from a random procedure. The reference test series is given in Table 1, whereas the
remaining Tables are only indicative until the assessment of the reference tests has
been performed

Table 1. Randomly determined order for 3PB-tests, reference test series

Provordn. Nr| Provstavl Temperatur [°C]
1 126 512 0
2 126 203 0
3 126 402 0
4 126 305 0
5 126 506 0
6 126 _411 0
7 126 303 0
8 126 103 0
9 126 502 0
10 126 301 0
11 126 403 50
12 126 412 50
13 126 509 50
14 126_409 100
15 126 108 100
16 126 209 100
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Table 2. Randomly determined test order for 3PB tests (not reference test

series)

Provordn. Nr| Provstav| Temperatur [°C]
17 126 511 reserv
18 126 508 reserv
19 126 210 reserv
20 126 507 reserv
21 126 105 reserv
22 126 207 reserv
23 126 501 reserv
24 126 101 reserv
25 126 106 | provtemperatur
26 126 202 | provtemperatur
27 126 111 proviemperatur
28 126 401 proviemperatur
29 126 204 | provtemperatur
30 126 112 | provtemperatur
31 126 102 | provtemperatur
32 126 410 | provtemperatur
33 126 302 | proviemperatur
34 126 510 | provtemperatur
35 126 304 | provtemperatur
36 126 211 proviemperatur
37 126 505 | provtemperatur
38 126 307 | provtemperatur
39 126 201 provtemperatur
40 126_404 | proviemperatur
41 126 504 JRC
42 126 104 JRC
43 126 405 JRC
44 126 208 JRC
45 126 503 JRC
46 126 306 JRC
47 126_408 JRC
48 126 212 JRC
49 126 206 JRC
50 126 109 JRC
51 126 110 JRC
52 126 406 JRC
53 126 205 JRC
54 126 308 JRC
55 126 107 JRC
56 126_407 JRC
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3 TENSILE TESTS

Two dightly different tensile specimens will be used. The specimen shown in Figure 9
will be used by Svenska Gjuteriféreningen AB, and the specimen shown in Figure 10
will be used by JRC.

‘ 70.0 |

— = 15.0mm 15.0mm
R4.0rj“m : = ~

i<

14.0

25.0

100.0mm

138.0mm

Figure 9. Tensile specimen to be used by Gjuteriforeningen.

18.0mm

18.0mm

R10.0 ﬁ re

14.0

M24.0x2

85.0mm

138.3

Figure 10. Tensile specimen to be used by JRC.

The specimens will be taken from the slabs as indicated in Figure 5 and Figure 6.
Sixteen tensile specimens will be taken from each top slab, with eight in the axia
direction and eight in the in-plane direction. The labelling of the eight in-plane tensile
specimens from the bottom plate is the same as in the top slab but with a prefix B.
Because the specimen length exceeds the thickness of the bottom, specimens in the
axial direction will only be taken from the top slab.
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Table 3. Randomly determined test order for tensile tests

Provordn. Nr | Provstav
1 126 T1
2 126 L8
3 126 T7
4 126 BT7
5 126 BT6
6 126 L5
7 126 L1
8 126 BT8
9 126 BT4
10 126 L6
11 126 BT3
12 126 L7
13 126 T5
14 126 T2
15 126 T4
16 126 L2
17 126 BT2
18 126 T3
19 126 BT5
20 126 L4
21 126 T6
22 126 BT1
23 126 L3
24 126 T8

In addition to the specimensin Table 3, Gjuteriféreningen will receive 22 specimens.

4 COMPRESSION TESTS

Compression specimens as defined in ASTM E9 will be used with dimensions given
in Figure 11.

60.0
020.0 | |

N\

)
/

Figure 11. Specimen geometry for compression test.

These specimens (with prefix C) will be taken from the insert from the top and bottom
slab as shown in Figure 6 and Figure 7 respectively. Because of the limited thickness
of the bottom slab, the compression specimens will here be taken from an in-plane
direction instead.
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Table 4. Randomly determined test order for compression tests

Provordn. Nr [ Provstav
1 126_C5
2 126 BC7
3 126 BC6
4 126 C8
5 126 C6
6 126 BC8
7 126 BC5
8 126 _BCH1
9 126 BC4
10 126 BC2
11 126 C4
12 126 CH
13 126 C3
14 126 C7
15 126 BC3
16 126 C2
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SUMMARY

Within the project, uniaxia tensile and compression tests as well as fracture tests will
be performed. Testing has been perfomed for insert 126, and the detailed test plans for
insert 124 and 125 are presented in this report.

AFIS-report B757
Svensk Kérnbranslehantering AB
2003-10-22

1 BASIC CONDITIONS

Specimens will be taken from two slabs of each insert, one from the bottom and one
from the top as illustrated in Figure 1. The bottom slab is homogeneous with a thick-
ness of at least 90 mm, whereas the top slab has a thickness of at least 300 mm and
contains holes. Gjuteriforeningen has received half a slab, with athickness of about 40
mm, from top and bottom slab respectively. Specimens to be tested by KTH and JRC
will be manufactured from the remaining parts.

Page 3 (11)

Frén rdd O (noll

_B’Tl 4695 /;’aau.- swer p‘é‘f“d'géc‘-}af) 98
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62,
R
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P C | ] ) o e e S AT - .
* 33_11 50
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5260 Svarvlingd
5700
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Figure 1. Sketch of canister insert with definition of top and bottom part.
960mm
£
&
Figure 2. Top slab from insert
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2 3PB-SPECIMENS

From the evaluation of test resuls from insert 126, it is decided that the following tests
will be performed at 0°C temperature as well as at room temperature. Three-point
bend (3PB) specimens with dimension 140- 30- 15 will be used, cf. [1]. The speci-
men dimensions areillustrated in Figure 3.

Q

140.0mm

Figure 3. Schematic drawing of three-point bend specimen

In order to have a sufficient number of specimens, specimens will be taken from three
layers, see Figure 4. The cutting clearance is estimated to be about 7 mm, but some
extra clearence is added.

} ‘ 960 ‘ | @i
| B <4‘;FLayer1

—~— lLayer2

—— Layer3

300mm
187mm 18

|
i
|
|
T
T
!
|
|
|
|
|
|
|
L

B

Figure 4. Schematic drawing of axial cross-section.

In total 14 in-plane 3PB-specimens will be taken from the top slab as indicated in
Figure 5 and Figure 6. The in-plane specimens will be oriented such that the 30 mm-
direction coincides with the axial direction of the insert. In addition, five axia speci-
mens (i.e. parallel to the axial direction of the insert) will be taken out. The location of
these specimens (301-305) isindicated in Figure 7.

48



Page5 (11)

AFIS-report B757
Svensk Kérnbranslehantering AB

2003-10-22

960

140mm

2 %,
Ymﬂ 202@
1 . vl s J
\\

Figure 5. Schematic drawing of in-plane 3PB- specimen with numbering from top
layer (Layer 1). The half of the slab above the red line belongs to

Gjuteriféreningen.
960

30

180

Schematic drawing of layer 2 with specimen numbering. T# indicates in-

Figure 6.
plane tensile specimens.
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180 30

R21

36mm

24mm

Schematic illustration of the axial 3PB- specimens as well as tensile and
compression specimen with numbering, (layer 3). The Prefix L stands for
axial tensile specimens and C for compression specimens.

From the bottom slab, 16 3PB-specimens will be taken as seen Figure 8. The speci-
mens will be taken from locations similar to those in the top slab and with correspond-
ing numbering. No axia specimens will be taken from the bottom plate.

960

Figure 7.

960

BTM7| BTMS NTMG
150

14

EH 504@ :r,
i g !
5 501 503 °
BTM:?&S H BTM1 BTM2 H BTM4
] ST

Location and numbering of specimen in layer 1 and 2 of bottom slab, (cf-

Figure 9).

Figure 8.
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=~ Layer1
—~ [ Layer2

90

960mm

Figure 9. Schematic drawing of axial distribution of specimen in bottom slab.

Both KTH and JRC will test 16 3PB specimens, where eight will be tested at 0°C and
eight at room temperature. The number of specimens taken out from the inserts, 124
and 125, are reduced compared with the 126 test series. The order in which the 3PB
tests will be conducted is shown in Table 1, and has been determined from a random
procedure.

Table 1. Randomly determined order for 3PB-tests

| Test order| Test spec.| Temp. [°C] | test institute] | Test order | Test spec.| Temp. [°C] | test institute|

1 124_205 0 KTH 1 125_407 0 KTH
2 124 503 0 KTH 2 125 202 0 KTH
3 124 303 0 KTH 3 125 410 0 KTH
4 124 105 0 KTH 4 125 401 0 KTH
5 124 404 0 KTH 5 125 204 0 KTH
6 124 502 0 KTH 6 125 406 0 KTH
7 124 101 0 KTH 7 125 305 0 KTH
8 124 405 0 KTH 8 125 301 0 KTH
9 124 204 | room temp. KTH 9 125 _405 | room temp. KTH
10 124 501 | room temp. KTH 10 125 403 | room temp. KTH
11 124 302 | room temp. KTH 11 125 409 | room temp. KTH
12 124 408 | room temp. KTH 12 125_504 | room temp. KTH
13 124 206 | room temp. KTH 13 125 304 | room temp. KTH
14 124 108 | room temp. KTH 14 125 502 | room temp. KTH
15 124 103 | room temp. KTH 15 125 104 | room temp. KTH
16 124 104 | room temp. KTH 16 125 505 | room temp. KTH
17 124 406 0 JRC 17 125 107 0 JRC
18 124 107 0 JRC 18 125 _106 0 JRC
19 124_305 0 JRC 19 125_501 0 JRC
20 124 102 0 JRC 20 125 408 0 JRC
21 124 407 0 JRC 21 125 103 0 JRC
22 124 203 0 JRC 22 125 101 0 JRC
23 124 505 0 JRC 23 125 503 0 JRC
24 124 504 0 JRC 24 125 105 0 JRC
25 124 401 | room temp. JRC 25 125 201 | room temp. JRC
26 124 301 | room temp. JRC 26 125 404 | room temp. JRC
27 124 506 | room temp. JRC 27 125 108 | room temp. JRC
28 124 410 | room temp. JRC 28 125 302 | room temp. JRC
29 124 402 | room temp. JRC 29 125 102 | room temp. JRC
30 124 409 | room temp. JRC 30 125 506 | room temp. JRC
31 124 403 | room temp. JRC 31 125 402 | room temp. JRC
32 124 202 | room temp. JRC 32 125 205 | room temp. JRC
33 124 106 reserve 33 125 303 reserve

34 124 201 reserve 34 125 203 reserve

35 reserve 35 125 206 reserve

3 TENSILE TESTS

Two dlightly different tensile specimens will be used. The specimen shown in Figure
10 will be used by Svenska Gjuteriféreningen AB, and the specimen shown in Figure
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12 will be used by JRC. Additionaly, JRC will investigate size effects by testing
specimens of different cross section areas, using the specimen geometries defined in
Figure 11 and Figure 13.

‘ 70.0
— =~ 15.0mm 15.0
o 91 ’e mm
R4.0mm ¥

¢ y
o
Yo}
AN

- ~

100.0mm

138.0mm

Figure 10. Tensile specimen to be used by Gjuteriféreningen.

"

A M16x1.5
9.5+0.05
5
10

|

e R - M24x2

14+0.05 - - 1{x45°
8 =20
141

Figure 12. Medium sized tensile test specimen, denoted TM# or LM# in the sketches.
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\ R153/

. — L K L -~ M36x1.5

T ~

12 —— ——— 1x45°

-2 (|

187

Figure 13. Large tensile test specimen, denoted TL# or LL# in the sketches.

The specimens will be taken from the dlabs as indicated in Figure 6 and Figure 7.
Eight large, eight medium, and eight small tensile specimens will be taken from the
top slab, with four of each size in the axial direction and four of each in the in-plane
direction. From the bottom slab, eight medium sized specimens are taken from the
axial direction. As the specimen length exceeds the thickness of the bottom, no longi-
tudinal specimens can be achieved. The labelling of the specimens from the bottom

plate is similar to the top slab but with a prefix B. The test order for the tensile testsis
presented in Table 2.

53



AFIS-report B757 Page 10 (11)
Svensk Kérnbranslehantering AB
2003-10-22

Table 2. Randomly determined test order for tensile tests

Test orderl Test spec. I24| Test spec.l25| Temperature [°C]
1 124 BTM8 125 LM2 room temperature
2 124 TM3 125 BTM8 room temperature
3 124 LM4 125 LM3 room temperature
4 124 LM3 125 TM4 room temperature
5 124 BTM6 125_BTM7 room temperature
6 124 BTM3 125 BTM1 room temperature
7 124 LM2 125 _TM2 room temperature
8 124 TMA1 125 BTM2 room temperature
9 124 BTM5 125 BTM6 room temperature
10 124 LM1 125 TM1 room temperature
11 124 BTM1 125 BTM3 room temperature
12 124 BTM4 125 TM3 room temperature
13 124 BTM7 125_BTM5 0
14 124 BTM2 125_LM4 0
15 124 TM2 125_BTM4 0
16 124 TM4 125 LM1 0
1 124 TL4 125 TS1 room temperature
2 124 _TL3 125_LS2 room temperature
3 124 LL2 125 LS3 room temperature
4 124 TL2 125 LL3 room temperature
5 124 LS3 125 LS4 room temperature
6 124 LL1 125 TS4 room temperature
7 124 TLA1 125 LS1 room temperature
8 124 1L.S1 125 LL4 room temperature
9 124 LS4 125_TS2 room temperature
10 124 TS3 125 TL3 room temperature
11 124 TSA1 125 TL2 room temperature
12 124 LL3 125 LL1 room temperature
13 124 TS4 125 TS3 room temperature
14 124 TS2 125 TL4 room temperature
15 124 1.S2 125_TLA1 room temperature
16 124 LL4 125 LL2 room temperature

4 COMPRESSION TESTS

Asthe results of the compression tests from insert 126 showed little scatter, only afew
tests will be performed for inserts 124 and 125. Compression specimen as defined in
ASTM E9 will be used, with dimensions given in Figure 14. These specimens (with
prefix C) will only be taken from layer 3 of the top slab of the inserts, as shown in
Figure7.

60.0
20.0 | |

N\

]
/

Figure 14. Specimen geometry for compression test.
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Table 3. Randomly determined test order for compression tests

| Test order | Test spec.| Temperature [°C] |
124 _C6 room temperature
124_CA1 room temperature
124 _C3 room temperature
124 _C2 room temperature
124 _C5 room temperature
124 C4 room temperature
125_C3 room temperature
125 _C1 room temperature
125_C6 room temperature
125 _C2 room temperature
125_C4 room temperature
125_C5 room temperature

DA |WIN[=IO || |WIN |-

5 REFERENCES
[1] S Carlsson. Test plan. AF-IS report B729 rev 01, 2003.
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Mechanical properties of the cylinder for nuclear fuel storage

1 Background and test materia

Cylinders have been cast at three different foundries (designated numbers 124, 125, and
126). Each foundry selected the casting method, melt handling, etc., that they
considered suitable based on earlier trials.

Samples were taken perpendicular to the cylinder's axis for examination of mechanical
properties and microstructure. Two slices were cut from each cylinder. Thetop sliceis
marked "T" and the lower diceis marked "U".

Eleven test samples were taken from each slice as shown in Appendix 1. The samples
were photographed and tested for tensile strength, hardness, and microstructure.
Machining of the samples and testing was done by the Swedish Foundry Association.
The results are documented in three reports:

- Materials properties of nodular cast iron insert 124, Examination number
19250-2, 2003-08-25,

- Materials properties of nodular cast iron insert 125, Examination number
19250-3, 2003-08-26,

- Materials properties of nodular cast iron insert 126, Examination number
19250-1, 2003-08-26.

2 Mechanical properties

The results from the measurements that were carried out are summarized in Appendices
2 through 6. SKB has established a requirement of a minimum value of 370 MPafor
Rm, a minimum of 240 MPafor RP0.2, and a minimum value of 11% for A5. No
foundry hasfilled SKB's current requirements.

Only 124 (for the bottom part) has acceptable values for ultimate strength, yield
strength, and elongation at fracture. The top part has failed mostly with respect to
ultimate strength and elongation at fracture. Thiswas caused by defects in the form of
slag inclusions and flotation graphite. Theyield strength isalittle too low, but can be
increased by adjusting the chemical composition. See Appendices 2 and 3 for more
details.

125 has good RPO.2 values with very little variation despite a graphite structure that is
not fully acceptable. On the other hand, the ultimate strength is not entirely satisfactory,
nor isthe elongation at fracture. These two properties seem to be more affected by the
graphite shape. See Appendices 2 and 4.
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Itisclear that 126 has high values for Rm, RP0.2, and HBW. Thereason that 126 has
high values for these properties is because especially the Si, Mn and Ni contents are
high. On the other hand, the toughnessis low, which is caused by the poor shape
(roundness) of the graphite and the high pearlite content (because of high Mn content).
See Appendices 2 and 5.

In Appendix 6 the connection between tensile strength and elongation at fracture can be
evaluated. Ultimate strength increases when elongation at fracture increases, while
yield strength isrelatively independent of this. Yield strength is thus independent of
defectsin the graphite, but not of slag inclusions. A calculation of the difference
between ultimate strength and yield strength combined with a comparison of elongation
at fracture, table 1, is agood measure of the influence of defects. A high value for the
difference and for the elongation at fracture shows that the number of defectsis small
and the microstructure is good. As seen, the bottom slice of 124 has clearly the best
results.

Table 1  Difference between ultimate strength and yield strength compared with
elongation at fracture for top (T) and bottom (U) slices. One value is given in
parentheses because of many defects in the material.

Insert Rm— Rpo,2 (MPa) A (%)
T U T u
24 (22) 119 3,5 22,2
|25 102 98 10,3 11,8
| 26 77 92 2,7 9,0

3 Chemical composition

The chemical analyses were carried out by the respective companies and gave the
following results:

Table 2 Chemical composition based on the respective company's own results.
Element Insert No
124 125 126
C 3.66 3.78 3.56
Si 2.31 2.08 2.39
Mn 0.15 0.21 0.52
P 0.026 0.006 0.03
S 0.009 0.008 0.010
Mg 0.050 0.035 0.063
Cr 0.03 Not reported Not reported
Ni 0.27 0.50 0.73
Mo 0.01 Not reported Not reported
Cu 0.11 Not reported Not reported
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The most important differenceisfor Si, Ni, and Mn, which for foundry 126 are highest.
This difference would give, according to the literature and our own research, about 58
MPa higher yield strength than for 125, table 3. A comparison of 124 and 125 gives the
results shown in table 4 below. The measured differences agree well with the
calculated.

Mn and Cu also raise the properties of ferrite, but too high a content these causes
pearlite to form in the base material. The Mn content in 126 is high and a high content
of pearliteisfound in its samples. Anincreased pearlite content lowers the material's
toughness, but increases the yield strength and ultimate strength.

Table 3 Analysis comparison between 126 and 125 with 125 as the basis and the
effect that the difference in analysis would give on yield strength.

Element Analysis difference. Rpo.2 % K Increase in
% Rpo.2 (MPa)
Si 0.31 110 34
Mn 0.31 ? ?
P 0.024 449 11
Ni 0.23 50 - 60 12-14
Total 57 - 59

Y Data from the literature and our own research given as the change in Reg2 by % in element analysis.

Table4  Comparison between measured and calculated yield strength. ARp means
the difference in value with 125 as the basis. The theoretical value is calculated
according to Table 3. One value was set in parentheses because of many defects in the
material.

Insert Average Analysis Teoreti- | Measured results
Reo2 (MPa) % cal ARpg » (MPa)
ARpoyg | 25 = Bas
T u Si Mn [P Ni Cu (e |1 u

basis

124 (257.3) |288.5 2.31 0.15 0.026 0.27 ? +21 (-10) 26

125 267.4 262.7 2.08 0.21 0.006 0.50 ? 0 0 0

| 26 316.2 315.9 2.39 0.52 0.03 0.73 0.11 +58 49 53

4 Structure and defects

Microstructure samples were taken about 10 mm from the tensile test fracture. The
structure results are summarized in Appendices 3-5.

124 (Appendix 3)

124 has the best graphite shape (90% nodularity). The extensive
inclusion of slag strings and flotation graphite (which also locally
gives poorer nodularity) has greatly weakened the strength
propertiesin the top dice (T).
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In all the samples (both from T and U samples) except for U7 and
U11 thereis about 10% degenerated graphite. This has, however,
no influence on the mechanical properties according to what one
can see from the values obtained from the U samples.

An interesting observation is that U7 and U11 show considerably
higher nodule count than the other samples. A closer examination
shows that in just these positions the steel reinforcements that
anchor the tube are found. These have increased the speed of
solidification and given afiner structure.

125 (Appendix 4)  The nodularity is between 60 - 90%. In samples U1 and U3, there
is degenerated graphite with a"chunky" appearance. For the rest of
the sampl es the graphite particles are more of Form Il graphite
(according to ISO 945). The reason for the poor graphite shapeis
the low Mg content.

126 (Appendix 5)  The nodularity varies (apart from samples T1 and T3 that have
better nodule development and nodul e count) between 60 - 85% of
FormV and VI shape. The remainder (about 15 to 40%) is
degenerated graphite, probably chunky graphite. In six of the
examined cross sections (both T and U samples) local regions with
totally degenerated - chunky - graphite were found.

5 Summary

No foundry has totally fulfilled SKB's requirements.

Only insert 124 (for the lower part, U) has achieved acceptable values for ultimate
strength, yield strength, and elongation at fracture. The top part (T) has failed mainly
with concern to ultimate strength and elongation at fracture. Thiswas caused by defects
in the form of strings of slag inclusions and flotation graphite. Theyield strengthis
somewhat low, but can be raised by adjusting the chemical composition.

Foundry 126 has reached high levels for Rm, RP0.2, and HBW, which is due to the high
content of especially Si, Mn and Ni. On the other hand, the toughnessis low because of
the poor shape (nodularity) of the graphite. The Mn content is also high and has caused
arelatively high content of pearlite, which lowers the material's toughness.
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Cross section of the cylinder that shows the distribution of samples (filled rectangles)
perpendicular to the symmetry axis. The unfilled squares are steel pipesthat only are
found in the top dlice.
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Specification T U Comments
Rpo2 (MPa) Min. 240
Mean 257 289 U — Good
Std. Dev. +18.1 2.8 T — Not acceptable
Rm (MPa) Min. 370
Mean 299 408 U - Good
Std. Dev. +36.3 7.1 T —Too low, large spread
As (%) Min. 11
Mean 3.5 22.2 U- Very good
Std. Dev. 1.6 3.2 T —Too low
HBW
Mean 136 144
Std. Dev. 4.1 3.0

Specification T U Comments
Nodularity (%)1) | Min. 80
Mean 90 90 Good
Std. Dev. +0 10 Good
Min. 90 90 Good
Max. 90 90
Nodule count 2) Min. 100
Mean 93 156 Good
Std. Dev. 87 112
Min. 35 90 T - low
Max. 255 415 OK
Pearlite (%)
Mean 1.4 1 Good
Min. 0 0 Good
Max. 2 1 Good

1) Graphite Form V and VI according to EN ISO 945

2) Number of nodules/mm?
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FOUNDRY 125

Specification T U Comments
Rpo2 (MPa) Min. 240
Mean 267 263 Good
Std. Dev. 2.0 2.0 Good
Rm (MPa) Min. 370
Mean 370 360 Too low
Std. Dev. 9.0 4.2 OK
As (%) Min. 11
Mean 10.3 11.8 Not entirely acceptable
Std. Dev. 3.4 1.4 Good
HBW
Mean 139 133
Std. Dev. +3 +1

Specification T U Comments
Nodularity (%)1) | Min. 80
Mean 75 68 Too low
Std. Dev. 17 17
Min. 70 60 Too low
Max. 90 80
Nodule count 2) Min. 100
Mean 132 43 T — Good
Std. Dev. +103 12
Min. 40 30 Low
Max. 315 60 Large variation
Pearlite (%)
Mean 1 1 Good
Min. 0 0 Good
Max. 3 5 Good

1) Graphite Form V and VI according to EN ISO 945

2) Number of nodules/mm?
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Specification T U Comments
Rpo.2 (MPa) Min. 240
Mean 316 316 Good
Std. Dev. 7.4 4.1 OK
Rm (MPa) Min. 370
Mean 393 408 Good
Std. Dev. +26.5 +25.9 Large variation
As (%) Min. 11
Mean 4.8 9.0 Too low
Std. Dev. 2.7 6.5
HBW
Mean 157 155
Std. Dev. +2.0 +0.8
Specification T U Comments
Nodularity (%)1) Min. 80
Mean 75 75 Too low
Std. Dev. +11 15
Min. 60 70 Too low
Max. 90 85
Nodule count 2) Min. 100
Mean 181 124 Good
Std. Dev. +126 37
Min. 60 40 Somewhat low
Max. 410 170
Pearlite (%)
Mean 9.5 8.6 Somewhat high
Std. Dev. 4.2 4.5
Min. 5 5 Too high
Max. 15 20 Too high

1) Graphite Form V and VI according to EN ISO 945

2) Number of nodules/mm?
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450 124 Top

4(x'),

350 | —8

Sm,

250,

zm,

R s LGS VISRV S S S VI

100 o T 2ame | 2413 [ 2474 | 2475 | 24To | 2417 | 2478 | 2479 | 24T10 24711 | Neod
——R02| 275 | 277 | 279 | 287 | 243 | 271 | 242 | 233 | 264 | 269 | 240 | 2573
~®-Rm | 358 | 363 | 324 | 268 | 81 | 22 | 266 | 260 | 316 | 289 | 274 | 2992

A 56 | 66 | 39 | 27 | 36 | 23 | 27 | 24 | 50 | 10 | 31 | 35
—S—HBW | 140 | 141 | 143 | 132 | 136 | 137 | 133 | 132 | 133 | 132 | 132 | 1355

| 24 Bottom

450

3&),

0| oo+, + o+ —+—

250

Z(X),

180 | e h— NN N H—X |

100

241 | 242 | 24U | 24U4 | 24U5 | 24U | 24U7 | 24U8 | 249 | 24U10 | 24U11 | Medel

——R02| 267 | 287 | 288 | 20 | 287 | 20 | 292 | 284 288 | 286 | 24 | 2885
~®-Rn | 402 | 403 | 401 | 407 | 402 | 409 | 419 | 407 | 402 | 411 | 42 | 4077

A B3 | B3 | 241 | 243 | 219 | 189 | 246 | 247 | 146 | 197 | 246 | 22
S—HBW | 140 | 142 | 140 | 143 | 143 | 144 | 145 | 143 | 143 | 150 | 148 | 1437
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124 Top
450
400
350
300
o ~ /\
200
w \
150 \
100
o e . . . e
0 —4 A A & & & A A : £ A——A
24T1 | 24T2 | 24T3 | 24T4 | 24T5 | 24T6 | 24T7 | 24T8 | 24T9 |24T10|24T11| Medel
——Nodularity | 90 | 90 | 90 | 90 | 90 | 90 | 9 | 9 | 9 | 90 | 9 |
—#—Nodul count | 240 | 180 | 255 | 50 | 70 | 40 | 40 | 40 | 35 | 35 | 35 | 93
—— % pearlite 1 1 1 2 1 2 1 2 1 1 1,4
| 24 Bottom
- A
300 A
200 |
100 1 * *
24U1 | 24U2 | 24U3 | 24U4 | 24U5 | 24U6 | 24U7 | 24U8 | 24U9 | 24U10 | 24U11 | Medel
—— Nodularity 0 0 0 0 0 0 0 0 0 0 0 0
—m—Nodulcount | 100 | 100 | 95 | 105 | 9 | 110 | 345 | 135 | 100 | 125 | 415 | 156
—— % pearlite 1 1 1 1 1 1 1 1 1 1 1 1,0
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450 125Top

4m,

31),

ey ST ———————

20

0 %% %% % % %

100

5T | B2 | B3| B4 | 55| 56 | B17 | 518 | 2519 | 5710 | 5T11 | Mecd

—~—R02 20 | 21 20| 24| 66 | 280 | B | X7 | X7 | 67 | 65 | B4
~®-Rn | 3% | ¥FH»B | I 377 30| 31| 30| 3B | IB| B 3 | 37

A 9 | 51| 64 157 163 | 119 | 101 | 93 | 89 | 91 11 | 103
S—HBW | 43 | 141 14 | 139 | 137 | 19| 18| 17 | 1B | 136 | 136 | 1385

| 25 Bottom

450

4&),

0 | —y +—F—F——8—3—8——3 3

31),

oy | ¢ ——————————+

Z’D,

| [ VANV SV S VT VAV S S

100 AT NN

X | B | BB | BH| BB | BB | 87 | BB | BB | B0 22U | Mecd

—~—R02 28 | B | B4 | B | B4 B3| Bl | BB B | X5 | Bl | 287
B-Rn 3| M 3P| W| | B | B | B F| D A2

A 96 | 106 | 109 | 11,7 | 129 | 183 | 10 | 119 | 133 | 133 | 12 | 118
SHBW | 1% | 131 | 12| 1B | 1R | 18| 134 | 135 | 1B | 1B | 1% 131

67




SWEDISH FOUNDRY ASSOCIATION

REPORT
APPENDIX 4 12 (15)

Lars-Erik Bjorkegren 2003-12-10 19072
LEB/a
125Top

400

300 -

200 1

100 . } :!: 5 : :,: :/.

O R TR 20 [ 2] 25 | 26 | 517 | 2% | 2% | 20| 241 Vot
—— Nodularity 8 70 70 70 80 70 70 70 D 80 70 7
——Noduoount| 315 | 270 | 280 75 100 55 & 7 40 100 55 132
—— % peariite 1 1 1 1 1 1 1 1 3 1 1 1,2
| 25 Bottom
400
300
200
100 -

T AE e NESENEGENENE O
——Nodularity 60 60 70 75 60 70 70 80 60 70 70 68
—=—Nodul count| 35 50 30 60 b 30 50 55 30 40 60 43
—— Yo peariite 5 1 1 1 1 1 1 1 1 1 1 14
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450 126 Top

%,

290

ZD,

150 | ¥————H——H—H——H—H— " —%——%—X

100

T T2 T3 T4 1) T6 T7 T | TI0O | T | Medd

——R02| 30 07 | 3B | 318 | R4 | 311 | 3B | 1 | 310 | I3 | 319 | 3162
——-Rn | 48 | 42 42 | 333 | 3N 3D | 456 3H7 | 422 | 378 | 3B1

A 99 | 79 | 84 | 37 | 41 3 29 16 | 29 54 | 34 | 48
—>—HBW | 156 | 155 | 155 | 1% | 1% | 157 | 1% | 158 | 162 | 188 | 156 | 1568

| 26 Bottom

450

400 | ./.\./.\.\./._'_.\./.\.

3&),

0 P — e S S S Sy WHEED S S—

250

2([),

1504 % % X% A3 X% X% % % X% % ¥——X

100

Ut w U3 W 03] U5 074 s W uto | U1 | Mede

——R02| 31 327 | 316 | 315 | 314 | 318 | 314 | 316 | 314 | 315 | 315 | 3159
—B-Rm | 383 | 412 | 379 | 434 | 384 | 369 | 435 | 437 | 436 | 401 | 415 | 407,7

A 41 4 36 | 126 | 41 33 | 199 | 183 | 163 | 56 76 90
—>—HBW | 155 | 156 | 156 | 154 | 155 | 155 | 154 | 154 | 155 | 155 | 154 | 1548
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126 Top
400 |
300 |
200 |
100

0 +—&

| 2| B | | B ™ 7| B T9| T0| T | M
——Noddaity 90 | 0 | 9 | 70| 70| 60 | 70| 8 | € | 0 | 70| 7
B Nocloout| 410 | 25 | 38 | 70 | 60 | 40 90 | 16 | 175 | 75 | 130 | 181
——%peaite | 5 | 5 5 | 15| 15 10| 15| 5 | 10| 10 | 10 | 95

| 26 Bottom

—#—Nodul count | 75 40 120 135 | 140 | 150 | 124

W
——Noddaity | 70 | 55| 70 | & | &
170

—d—%peaite | 10 | 20 | 10 | 5
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Stockholm 031021

Fracture toughness testing of nodular cast iron

Fracture mechanics testing of a nodular cast iron has been performed. A first test according to ASTM
E 399 / E 1921 showed that non-linear testing according to ASTM E 1820 or similar is required. Pre-
tests at 0 °C, +50 °C and + 100°C were performed and after that two more extensive series at 0 °C and
+23 °C. The results are given in tables below and on enclosed diagrams.

Test specimens

Blocks of cast iron were delivered by the SKB. The blocks were marked with 3 digit numbers and inter-
nal laboratory identifications were added.

The blocks were milled to 15.0 mm x 30.0 mm x (about) 155 mm. Integral edges and straight
notches, width 0,3 mm, depth 15 mm, were machined by sparkerosion. Side grooves, 1,5 mm deep, were
milled after precracking.

Test equipment

Computer controlled servohydraulic testing machines, MTS 100 kN equipped with digital controllers,
INSTRON 8500+, were utilized for precracking. The finals test were run in machine MTS 100 kN, 1.2.
The integral transducers for load and piston position were used as well as a clip gage, INSTRON model
2670-120, S/N 4884. All data were stored in a connected pc.

Infrared heaters along the sides of the specimens were used at raised temperatures. To achieve 0 °C the
specimens were immersed in isopropanol, cooled with liquified nitrogen. The temperature was in both
cases measured with thermocouples welded to the specimens in the vicinity of the crack tip.

Testing and evaluation

The precracking started at AK 16 MPam'/? after which the load levels were gradually shedded to about
13,5 MPam'/? at the final depth, 18 mm.
Also the final tests were performed under computer control with unloadings for compliance crack

measutements each time the J-value was increased 3 kN/m.

The evaluation was made using an in-house computer program, SENB7820.

KTH Solid Mechanics, Hans Oberg - Osquars backe 1, SE-100 44 Stockholm, SWEDEN.
Phone: +46 8 790 7547. Fax: +46 8 411 24 18. e-mail: hob@hallf.kth.se
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After the final test most of the specimens were heat tinted at about +400 °C during at least 0,5 h,
fatigued at AK 23 MPam!/? for some mm crack extension and opened.

The fatigue crack front and the final crack front were measured using a microscope provided with a hair
cross and attached to a device with digital position read out.

Comments

Tests were performed, to begin with, at different temperatures according to the proposed test program.
The very first test, 9719, showed such ductility that non-linear testing was determined.

The final crack front was in many cases very difficult to distinguish. The crack surfaces were at the
higher test temperatures very irregular. Fatigue, the standard method for crack front marking, did not
work satisfactory why heat tinting was added.

As no obvious variation of the fracture toughness could be found from the first tests some tests were
performed at room temperature which normally yields better controlled testing. However, now the aver-
age values of the fracture toughness turned out to be higher at +23 °C than at 0 °C why further tests
were performed at 0 °C, where the lowest fracture toughness in the actual temperature range was antic-

ipated.

Difficulties to obtain valid values arose mainly due to discrepancies between the start crack length calcu-
lated according to ASTM E 1820 and the physical length. This is partly due to that the type of cutve that
shall be fitted does not correlate well with actual measured data. The errors have however been small,
close to acceptable values (with some exception).

Another problem was that the final crack length measured with the compliance method in many
cases was to short compared to the optically measured crack front but this may be due to the difficulties
to distinguish the final crack front. The crack may grow in an irregular way, with “islands” of broken lig-
ament in front of the crack front an bridges behind. This may also cause the problems with the start
crack lengths.

Note that the compliance measurements of the start crack length that are prescribed in ASTM
E 1820 were successful, with a scatter that in general was 5 to 10 times lower that required. Any prob-
lems with the measuring are thus less plausible.

At 0 °C the problems with crack fronts that are difficult to define and discrepancies between optically
measured crack lengths and such measured using the compliance method have been less pronounced in
contrast to what normally is observed. Different failure mechanisms at room temperature and at 0 °C
may be one explanation.
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Results

Test temperature + 0°C.

No Mark Jic / KN/m | Comments
9720 | 203 28

9721 | 402 14 a0q not valid
9722 | 305 26

9723 506 16

9724 | 411 24

9725 303 14 a0q not valid, too irregular crack fronts
9726 | 103 24

9727 502 20

9728 301 20

9802 | 210 25

9803 | 507 15 a0q not valid
9804 | 105 23

9805 207 27

9806 | 501 17

9807 | 101 24

Test temperature + 23°C.

No. Mark Jic / KN/m | Comments

9801 508 34

9808 | 106 32

9809 | 202 26

9810 | 111 36 not valid, (0,078 mm too much Aa, error)
9811 401 36 not valid, (0,050 mm too much Aap error)

too few points in ag,-calc.)

9812 | 204 33

9813 | 112 38

9814 | 102 32

9815 | 410 36 not valid, (0,175 mm too much Aa,, error)
9816 | 302 34

9817 | 510 31

not valid, (0,055 mm too much Aap error)
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No. Mark Jic / kKN/m | Comments

9818 | 304 36

9819 | 211 29

9820 | 505 ©) not valid, bridges in crack surfaces

9821 | 201 29

9822 | 404 25 not valid, (0,1 mm too much Aa,, error),
too few points in ay-calc.)

Test temperature + 50°C.

No Mark Jic / kKN/m | Comments
9729 | 403 25 not valid
9730 | 412 36 not valid
9731 | 509 13 not valid
Test temperature + 100°C.
No Mark Jic / kKN/m | Comments
9732 | 409 36 not valid
9733 108 30 not valid
9734 | 209 20 not valid

Hans Oberg

Senior research engineer
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Appendix E

Printed 05-08-22
Report SKB0401rep

Stockholm 040429

Fracture toughness testing of nodular cast iron, 124 and I25

Fracture mechanics testing of a nodular cast iron from two canisters, 124 and 125 has been performed.
at 0 °C and room temperature (RT, +23 °C). The results are given in tables below and on enclosed dia-
grams.

Test specimens

Blocks of cast iron were delivered by the SKB. The blocks were marked with 3 digit numbers and inter-
nal laboratory identifications were added.

The blocks were milled to 15.0 mm x 30.0 mm and sawed to a length of about 140 mm. Integral
edges and straight notches, width 0,3 mm, depth 15 mm, were machined by spark erosion. Side grooves,
1,5 mm deep, were milled after precracking.

Test equipment

Computer controlled servohydraulic testing machines, MTS 100 kN equipped with digital controllers,
INSTRON 8500+, were utilized for precracking. The finals test were run in machine MTS 100 kN, 1.2.
The integral transducers for load and piston position were used as well as a clip gage, INSTRON model
2670-120, S/N 4834. All data were stored in a connected pc.

To achieve 0 °C the specimens wetre immersed in isopropanol, cooled with liquified nitrogen. The tem-
perature was measured with thermocouples welded to the specimens in the vicinity of the crack tip.

Testing and evaluation

The precracking started at AK 16 MPam'/? after which the load levels were gradually shedded to about
13,5 MPam'/? at the final depth, 18 mm.

Also the final tests were performed under computer control with unloadings for compliance crack
measurements each time the J-value was increased 3 kN/m.

The evaluation was made using an in-house computer program, SENB7820.

KTH Solid Mechanics, Hans Oberg - Osquars backe 1, SE-100 44 Stockholm, SWEDEN.
Phone: +46 8 790 7547. Fax: +46 8 411 24 18. e-mail: hob@hallf.kth.se
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After the final test the specimens were heat tinted at about +400 °C during at least 0,5 h, fatigued at AK
23 MPam'/? for some mm crack extension and opened.

The fatigue crack front and the final crack front were measured using a microscope provided with a hair
cross and attached to a device with digital position read out. In some cases the crack surface was very
rough and the crack tip difficult to identify and then a stereo microscope was used to facilitate the meas-
urement of the crack dimensions.

Comments

The final crack front was in many cases very difficult to distinguish and not possible to define without
uncertainty. In many of those cases no valid Jj.-values were obtained.

Difficulties to obtain valid values arose mainly from discrepancies between the start crack length calcu-
lated according to ASTM E 1820 and the physical length and bad correlation between measured J-Aa-
pairs and the best fitted function suggested in the standard (noted as alq not valid in the table below).
The errors have however been small, close to acceptable values (with some exception).

Another problem was that the final crack length measured with the compliance method in a few cases
was to short compared to the optically measured crack front but this may be due to the difficulties to
distinguish the final crack front. The crack may grow in an irregular way, with “islands” of broken liga-
ment in front of the crack front and bridges behind. This may also cause the problems with the start
crack lengths.

Note that the compliance measurements of the start crack length that are prescribed in ASTM
E 1820 were successful, with a scatter that in general was 5 to 10 times lower that required. Any prob-
lems with the measuring are thus less plausible.

At 0 °C the problems with crack fronts that are difficult to define and discrepancies between optically
measured crack lengths and such measured using the compliance method have been less pronounced in
contrast to what normally is observed. Different failure mechanisms at room temperature and at 0 °C
may be one explanation.
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Results

I 24. Test temperature + 0°C.

No Mark Jic / KN/m | Comments

10178 101 27 a0g not valid

10181 105 28 final crack front too curved, very rough crack surface
10184 205 25 a0q not valid

10187 303 34

10188 404 37 a0g not valid

10189 405 25

10192 502 28

10193 503 24

Average 28,5 kN/m. Standard deviation 4.6 kKIN/m

124. Test temperature + 23°C.

No. Matk | Ji./ kKN/m | Comments
10180 104 31 two few unloadings before max load.
10182 108 42
10183 204 52
10185 206 48 a0g not valid
10186 302 65
10190 408 50
10191 501 39
10194 104 50 crack extension measurement 0.106 mm too high

Average 47.1 kN/m. Standard deviation 10.0 kN/m
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Results

I 25. Test temperature + 0°C.

No Matk | Ji./ kN/m | Comments

10195 202 29 final crack front too curved
10196 204 31

10197 301 40

10199 305 34

10200 401 38

10203 406 54

10204 407 38 a0g not valid

10206 410 45

Average 38.6 kN/m. Standard deviation 8.0 kN/m

I 25. Test temperature + 23°C.

No. Matk | Ji./ kN/m | Comments

10194 104 50 crack extension measurement 0.106 mm too high
10198 304 44

10201 403 64

10202 405 74

10205 409 51

10207 502 62 crack extension measurement error

10208 504 56

10209 505 66

Average 58.5 kN/m. Standard deviation 9.9 kN/m

Hans Oberg

Senior research engineer
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AF-SReport B794 Rev.1 Page 4 (45)
Swedish Nuclear Fuel and Waste Management Co
2004-12-17

1 BACKGROUND

SKB has chosen geographical disposal as the main alternative for storage of spent
nuclear fuel. The spent fuel is put in canisters consisting of a cast iron cylinder
surrounded by a copper shielding for corrosion protection. These canisters are
packaged in bentonite, 500-700 meters down in the rock ground. The requirements say
that these canisters shall prevent leakage for a period of 100 000 years. This means
that they shall be able to withstand three ice ages. The resulting load on the canister is
summarized below.

I 7MPa hydrostatic pressure at a storage depth of 700m
ii. 7MPa swelling pressure from the surrounding bentonite.

iii. A pressure corresponding to the weight of an inland ice layer of up to
3000 meters. An ice density of 900 kg/m® gives an additional pressure of
about 30 MPa.

The total outer pressure on a canister will consequently be about 45 MPa. It is difficult
to handle these loads with deterministic methods. First of al, there is a considerable
spread in the material data, which is the reason for the interest in probabilistic analysis
methods.

1 050 mm

4 B35 mm

Fig. 1. Canister for terminal storage of spent nuclear fuel
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2 SUMMARY

A number of different analyses have been performed with the purpose to get input
data for the probabilistic analysis. The main uncertainty parameter has been the
material data, which however became clearer during the working procedure. This is
the reason why material data with much larger spread was used in the early analysis
compared to the latter.

A 3-D model of the “compression test nr 1 specimen” [9] has been analysed. The
agreement between the FEM and the test was good.

A comparison between 2-D and 3-D shows that the 2-D analysis is sufficient when it
comes to deliver input data to the probabilistic analysis.

Analysis has also been performed on geometrical deviations. The internal channel
corner radius can vary depending on manufacturer, manufacturing method and SKB
specification value. The complete steel cassette can be more or less eccentrically
oriented relative to the iron insert.

Some test analyses were performed on a material model that can handle different
material characteristics in compression and tension. The results show that even if the
tensile yield strength and ultimate tensile strength are very low they do not affect the
results. Considering this it is enough to use only compression test data in the fina
analysis asinput data for the probabilistic analysis.

Tests including the surrounding copper cylinder were also performed. The results
show that only at very high pressures, over 80 MPa, it had a significant influence.
Therefore, the copper cylinder is excluded in the final analyses.

The analyses regarding the geometrical deviations, show that different values of the
eccentricity for the steel cassette has the largest impact on the results, whereas the
radius has less but not a negligible influence.

The parameters that were varied in the final analyses were the corner radius,
eccentricity, yield strength and ultimate strength (table in chapter 10.2).

All FEM-analyses are performed using ANSY Sversion 7.1 and 8.1.
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3 GENERAL

3.1 MATERIAL MODEL

The analyses have been performed using an elastic-plastic material model of bilinear
type (BISO), except for the copper and the steel, which were defined using a multi
linear material model (MISO).

3.2 MATERIAL NOMENCLATURE
Young's modulus = E [N/mm?]

Tenslestrength= R,02[MPa]
R
Strain at Rp0.2 = gj-y ZPTQZ

Ultimate strength = R,,[MPed]

Yield limit (Rpo2)

R —R
— _m p0.2
Tangent modulus= tanmod = Er = ———"==
gS’ll - €S'
‘ sy
Ultimate strain= ¢
3.3 MATERIAL CURVES
SUESS Yied Point
!
/
)
/ \“\\Pmpmunw Limit

|._ Plastic Swain “.l Swan

Fig. 2. General stress-strain curve
700
600 /é

—
500 //j ; é/’
Doy L] Slope of the curves

200 tanmod = tan(angle)
100

0

0 1 2 3 4 5 6 7 8 9 10
strain [%]
Fig. 3. Used type of curves.
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3.4 BOUNDARY CONDITIONS 2-D

The following boundary conditions are true for al 2-D analyses.

o Evenly distributed outer pressure.
o The symmetry sections are constrained in tangential direction.
o Thecentre node is constrained in the xy-plane.

zﬂiiiiiiiiiiiiiEEEEEEEEEE L

e LR

o

Fig 4. Boundary conditions 2D
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4 VERIFICATION 3D -2D

The analyses are performed in order to verify that 2-D analyses gives adequate results
compared to complete 3-D analyses. The results from the analyses show that the
difference between 3-D and 2-D is small enough to exclude 3-D analyses (appendix 1
and 2).

4.1 GEOMETRY

Because of symmetry and the absence of discontinuities in both geometry and loads,
only 1/8:th of the geometry has been modelled in 2D and half the length in the 3D-
modell. The length of the 3D model is 800 mm. The insert is 750 mm and the bottom
iS50 mm.

o
@

180

Fig. 5. Complete cross-section

k\

45°

R21

R474.5

Fig. 6. 1/8 geometry
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4.2 THE MODELS

The elements that have been used in the 2D analysisis Ansys element PLANE183
"2-D 8-Node Structural Solid, plain strain" and for 3D SOLID186 " 20-noded

structural Solid”.
ELFMENTS AN
- - PLOT TO. 1
TYPE DM
SEB — BWR, model <bwrlZD> , Bpl.2=240 MPa, tanmod=1500, ZD-model
Fig. 7. 2D-model
AN

<

SEB — BWR, model <bwrl3D> , Rpl0.2=240 MPa, tanmod=1500, L = 750 mm

Fig. 8. 3D-model
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AN
ELETELTS DEC_20 2004
TYPE NOM 14:45:24
PLOT NO. 1

zd

SEB — BWR, model <bwrl3D> , Bp0.2=240 MPa, tanmod=1500, L = 750 mm

Fig. 9. 3D-model

AN

ELEMENTS

T UM In the 3D-mode! an additional
transversal cross-section is

added, which is constrained in

the Z-direction.

SKE — BWR, model <bwrl3D> , Rp0.2=240 MPa, tanmod=1500, L = 750 mm

Fig. 10. Boundary conditions 3D
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1 AN |
ELEMENTS
TYPE NUM In the 3D-modell, an
PRES evenly distributed pressure
= | | is added at the bottom
e
SKB - BWR, model <bwrl3D> , Rp0.2=240 MPa, tanmod=1500, L = 750 mm
Fig. 11. Loads 3D

4.3 MATERIAL
The models contain only the cast iron.

4.3.1 Material data

Young's modulus= E = 160000 N/mm?
Tensile strength = R, 02= 240 MPa

R
Strainat Ryoo= €, = —20'2 =15E"®
Ultimate strength = R,,= 388 MPa

Tangent modulus = tanmod = Er = ——L%2 =1500
£ —¢
Su sy

Ultimatestrain= ¢ =10%
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S PRESSURE TEST

The analyses are performed using amodel of the “compression test nr 1 specimen”
(Ref. 9). The purpose is to ensure that requisite pressure can be achieved in the test,
which was also shown (appendix 3 and ref 9).

5.1 GEOMETRY
The model contains the cast iron part, the steel cassette, the copper cylinder, the
copper lid and the stedl lid.

Only half the length and ¥xth of the cross-section has been modelled because of
symmetry. A few figures showing the geometry are presented below.

934

874 % - Cu

798
750

% %%

Fig. 12.  Complete geometry
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— 60 —

! ]
48.5 Copper cylinder
2.0
| ! 98
* o w Copper lid

48 50 ‘

Cast iron Steel lid - &

Fig. 13.  Detail measures

180

R21

Fig. 14.  Cross-section
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5.2 MODELS
Ansys element SOLID186 " 20-noded Structural Solid” isused in this model.

: AN

SKE - Pressure Test, model <ptd>, cumod , Rp0.Z=350 MPa, Em=500 MPa, esu=13%

Fig. 15. Model, all parts.

&

SKB - Pressure Test, model <ptd> , Rp0.2=350 MPa, Bm=500 MPa, esu=13%

Fig. 16. Model, cast iron and steel cassette
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&z Evenly distributed outer pressure

SKB - Pressure Test, model <ptd> , Rp0.2=350 MPa, Bm=500 MPa, esu=13%

Fig. 17.  Loads

&

SKB — Pressure Test, model <ptd>, cumod , Rp0.2=350 MPa, Rm=500 MPa, e

The symmetry cross-sections
constrained in the XY -plane.

Fig. 18.  Boundary conditions
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5.3 MATERIAL

Material datawith high values on the tensile strength and the ultimate strength have
been chosen. This was done to prevent the analyses from showing higher
deformations than the test.

5.3.1 Material data cast iron

Material model = BISO
Young'smodulus= E = 160000 N/mm?
Tensilestrength = R,02= 350 MPa

R
Strain at Rp 02= €= pTO'Z =22E3
Ultimate strength = R,,= 500 MPa
Rm —po2
Tangent modulus= tanmod = E7 = D gp 2 =1170
su sy
Ultimatestrain= ¢ =13%

5.3.2 Material data steel cassette

Material model = MISO

Name= S355J2H Standard: SS-EN 10 219-1,
Material number 1.0576

Young'smodulus= E = 205000 N/mm?

Tensile strength = R, 0= 355 MPa

R _
Strainat Ryoz= &y = —’2"2 =1.7E

Ultimate strength = R,,= 560 MPa
Tensile modulus= Not applicable
Ultimatestrain= ¢ =20%
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5.3.3 Material curve steel cassette

Uniaxidl test data. &, = —L.07¢¢ o __ Lensth
Initial area Initial length

Conversion to true stress and strain values.
o,=(+¢,)-0,

g, =log(l+¢,)

Point Ge €e Gt €t
1 355 1.73E-03 355 1.73E-03
2 355 0.050 373 0.049
3 437 0.100 481 0.095
4 509 0.150 585 0.140
5 560 0.200 672 0.182

MISO Table For Material

(x10x*-1)

Fig 19.  Stress-strain curve steel cassette
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5.3.4 Material data steel lid

Material model =
Name =

MISO

S355J2G4 Standard: SS-EN 10025,
Material number 1.0577

E = 205000 N/mm?
Rp 02= 335 MPa

Y oung's modulus =
Tensile strength =

R 0.2 -
Strainat Ryo2= £, =—fE =16E"°
Ultimate strength = R,,= 560 MPa
Tensile modulus= Not applicable
Ultimatestrain= ¢ =21%
5.3.5 Material curve steel lid
Notation according to 5.3.3
P0| nt O¢ €e Ot €t
1 335 1.63E-03 335 1.63E-03
2 335 0.050 352 0.049
3 425 0.100 468 0.095
4 504 0.150 579 0.140
5 560 0.200 672 0.182
1
MISO Table For Material
200
120
&40
48[
BIE 400
20
240
160
80"
| | ” it =10 )
1] B 18
2 i 2.
EFS
Fig. 20.  Stress-strain curve steel lid
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5.3.6 Material data copper

Material dataistaken from ref. [11].
Material model = MISO
Young'smodulus= E = 1.103e5 N/mm?
Tensilestrength= R,02=50 MPa

R
Strainat Ryoz= €, = "T“ =45E"
Poisson'sratio= v =0.33

E N
- G= = 41470
Shear modulus = 2(1+v)

2
mm

5.3.7 Material curve copper
The curve characteristics and the tensile strength is described by the function:
o, =K-6"+0,
Typical valuesfor copper according to ref. [11].
K = 46000 psi = 317 MPa
n= 054

The points describing the curve below are calculated in appendix 9.
Notation according to 5.3.3

Point Ot €t
1 50 4.53E-04
2 70 4.08E-03
3 90 1.80E-02
4 110 4.00E-02
5 130 7.00E-02
6 150 0.108
7 170 0.154
8 190 0.207
9 210 0.267
10 230 0.334
11 250 0.408
12 270 0.489
13 290 0.576
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MISO Takle For Material 4

Tl

531G

(xl0ww=1)

Fig. 21.  Stress-strain curve copper
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6 INFLUENCE OF CAST IRON MATERIAL MODEL.

The analyses are performed using a material model (Cast Iron) with different valuesin
tension and compression. Quotation from the Ansys manual (ref. 10)

“The Cast Iron (CAST, UNIAXIAL) option assumes a modified von Mises yield
surface, which consists of the von Mises cylinder in compression and a
Rankine cube in tension. It has different yield strengths, flows, and hardenings
in tension and compression. Elastic behavior is isotropic, and is the same in
tension and compression. The TB,CAST command is used to input the plastic
Poisson's ration in tension, which can be temperature dependent. Use the
TB,UNIAXIAL command to enter the yield and hardening in tension and
compression.”

The results show that even very small values of Ry och R in tension do not affect
the results. Considering this, it is enough to use only compression test datain the
probabilistic analysis.

6.1 GEOMETRY
One 1/8:th plane model without steel cassette has been analysed.

\

45°

R25

R474.5

Fig 22, 1/8 geometry
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6.2 MODEL
Ansys element PLANE183 "2-D 8-Node Structural Solid, plain strain” was used in

this mode!.
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k_x

SKEB — BWR, model <cwll> ,

Rol.2=400 MPa, Rn=500 MPa, r1=474.5 mm, r2=25 mm

Fig. 23.

1/8 model
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The analyses have been performed using a bilinear elastic/plastic material model. The

material datain tension have gradual been decreased.
material tension compression
model model Rpo., Rm Rpo., Rm
cwii biso 400 500 400 500
cw21 | castiron 400 500 400 500
cw22 cast iron 200 250 400 500
cw23 | castiron 100 125 400 500
6.3.1 Material curves
1
UNIA Table For Material 1
500 T1
g
SIG i i
S
Z5
—'3‘7=- [ —
62 (x10#*%—1)
- =1:258 <75 - 28 .25 L8 p i ]
cusg: -.5 1] 5 1
EFS
SKE — BWR, model <cw2l>
Fig 24.  Stress-strain curve equal in tension and compression
1 ANSYS|
UNIA Table For Material
240
160 i 5
—80
816  _jgp
—40 T [
-480 /‘
L =125 - :— 75 E —ud 7 25 & 75 ; 1 (:CFJLU"_-_I
EFS
SKE - BWR, model <cw23>
Fig. 25.  Stress-stain curve different in tension and compression
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7 INFLUENCE OF COPPER CYLINDER

The purpose of theses analysisis to see the influence of the copper cylinder on the
stress and strain in the casting.

A plane model with steel cassettes and copper cylinder has been analysed and the
results have been compared to the corresponding model without the copper cylinder.

The results show that the copper cylinder has a significant influence on the results
only at very high pressures. At anormal pressure of 45 MPathe influenceis negligible

(appendix 4).

7.1 GEOMETRY

\

45°

Copper

Casting

Steel insert

Fig. 26. 1/8 geometry
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7.2 MODEL

Ansys element PLANE183 "2-D 8-Node Structural Solid, plain strain”, was used in
this structure.

There are contact elements in the column between the casting and the copper cylinder.
CONTA172 ”2-D 3-Node Surface-to-Surface Contact” and TARGE169 “2-D Target
Segment”

AN
4
SKE — BWR, model <cuZl>
Fig 27.  1/8 model
AN
Evenly distributed outer
pressure.
Symmetry cross-sections
constrained in tangential
direction.
i Centre node constrained in the
| a4 xy-plane.
SKE - BWR, model <cuZl>
Fig. 28.  Boundary conditions and loads
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7.3 MATERIAL

7.3.1 Material data cast iron

Material model = BISO
Young'smodulus= E = 160000 N/mm?
Tensile strength = R, 02= 280 MPa

R
Stl’aln Gtt Rp 02 = 8sy = pToz = 175E73
Ultimate strength = R,,= 350 MPa
Tensile modulus = R,—R, o,
tanmod = Er = ——"===1200
8su - 8sy
Ultimatestrain= ¢ =6%

7.3.2 Material data steel cassette

Material model = MISO

Name = S355J2H Standard: SS-EN 10 219-1,
Material number 1.0576

Young's modulus = E = 205000 N/mm?

Tensilestrength = R,0.= 355 MPa

R
Strainat Ryo2= &, = pTO'Z =17

Ultimate strength= R,,= 560 MPa
Tensile modulus = Not applicable
Ultimatestrain= ¢ =20%
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7.3.3 Material curve steel cassette
Uniaxidl test data. &, = —L.07¢¢ o __ Lensth
Initial area Initial length

Conversion to true stress and strain values.
o,=(+¢,)-0,

g, =log(l+¢,)

Point Ce €e Gt &t
1 355 1.73E-03 355 1.73E-03
2 355 0.050 373 0.049
3 437 0.100 481 0.095
4 509 0.150 585 0.140
5 560 0.200 672 0.182
1
MISO Table For Material
720
T1
&40
480
SIS  45h
x5
240
160
L T T T T T T (xl0**-1)
o L 1:% 5
T 25 1 2.2
EPS
Fig 29.  Stress-strain curve steel cassette
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7.3.4 Material data copper

Material dataistaken from ref. [11].

Material model = MISO
Young'smodulus= E = 1.103e5 N/mm?
Tensle strength= R, 0= 50 MPa

R
Strainat Ryo2= &y = —PE"'Z = 45F
Poisson'sratio= v =0.33

E N

- G= =41470——
Shear modulus = 2(1+v) i’

7.3.5 Material curve copper
The characteristics of the curve is described by the function:
o, =K-6"+0,
Typical values for copper according to ref [11].
K = 46000 psi = 317 MPa
n= 054

The points describing the curve below are calculated in appendix 9.
Notation according to 5.3.3

Point Ot €t
1 50 4.53E-04
2 70 4.08E-03
3 90 1.80E-02
4 110 4.00E-02
5 130 7.00E-02
6 150 0.108
7 170 0.154
8 190 0.207
9 210 0.267
10 230 0.334
11 250 0.408
12 270 0.489
13 290 0.576
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531G

MISO Takle For Material 4

vl

(xl0ww=1)

Fig. 30.

Stress-strain curve copper
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8 INFLUENCE OF ECCENTRICITY FOR THE STEEL
CASSETTE

Four analyses were performed with the displacements 0,5 10 and 15 mm.
The analyses show that the displacement has a major influence on the
failure mechanism plastic collapse (appendix 5).

8.1 GEOMETRY

A plane model without steel cassette has been analysed. The eccentricity has been
simulated using different outer radius, which is sufficient since only 1/8:th of the
model has been analysed.

Parameters.
Corner radius= R, =20 mm
Outer radius= R; =474.5 mm

R1 =469.5 mm
R1 =464.5 mm
R; =459.5 mm
45°
4 e
R2
o %
/
R1
Fig 31.  1/8 geometry
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8.2 MODEL

Ansys element PLANE183 "2-D 8-Node Structural Solid, plain strain” was used in
this structure.

AN
_ X
SEB — BWR, model <xx32>
Fig 32, 1/8 model. R, = 474.5 mm. Displacement = 0 mm
AN

b x

Fig 33, 1/8 model.R; = 459.5 mm. Displacement = 15 mm

111



AF-S Report B794 Rev.1 Page 32 (45)
Swedish Nuclear Fuel and Waste Management Co
2004-12-17

8.3 MATERIAL
The models consist of cast iron only.

8.3.1 Material data

Young's modulus= E = 166000 N/mm?
Tensilestrength= R,02= 270 MPa

R
Strainat Rpo2= £, =—%°‘2 =16E"°
Ultimate strength= R,,= 480 MPa
Tensile modulus = R,—R
tanmod = £ = ——"-==2130
gsu - gsy
Ultimatestrain= ¢ =10%
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9 INFLUENCE OF THE CAST IRON INSERT RADIUS
AGAINST THE STEEL PIPE CHANNEL

Three analysis were performed, using the radius 15, 20 and 25 mm. The analyses
show that the radius has arelatively small influence on the failure mechanism plastic
collapse (appendix 6).

9.1 GEOMETRY
A plane model without steel cassette has been analysed.
Parameters.
Outer radius= R; =474.5mm
Corner radius= R, =15 mm
R> =20 mm
R =25 mm

\

45°

R2

R1

Fig 34.  1/8 geometry
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9.2 MODEL

Ansys element PLANE183 "2-D 8-Node Structural Solid, plain strain” was used in
this structure.

AN

k_x

SEB — BWR, model <rx31> , Fp(.2=270 MPa, Rm=480 MPa, rZ2=1%5mm

Fig. 35.  1/8 model, r2 = 15 mm

L«

SEB - BWR, model <rx33> , Fpl.2=270 MPa, Bm=4B0 MPa, r2=25mm

Fig. 36. 1/8 model, r2 = 25 mm
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9.3 MATERIAL
The model consist only of cast iron.

9.3.1 Material data

Young's modulus= E = 166000 N/mm?
Tensilestrength = R, .= 270 MPa

R
Stl’al n at Rp 02 = g‘vy = pTOZ = 1'6E73
Ultimate strength = R,,= 480 MPa
Tensile modulus = R,-R,
tanmod = Er =——"-==2130
gsu - 8sy
Ultimatestrain= ¢ =10%
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10 INPUT DATA FOR DNV-PROBABILISTIC ANALYSIS

The goal with this probabilistic analysisis to determine the probability for the canister
to break. Since we know the material data distribution, the defects and the loads, it is
possible to determine the probability for fracture or plastic collapse. DNV does here
use a deterministic developed model, based on the FEM-analysis shown below, which
can describe the relevant failure- and collapse mechanisms included in this study.

Fractures are assumed to be initiated and propagate in Modus | and plastic collapse is
assumed to occur when acritical strain level is achieved.

DNV performs such an analysis using in-house devel oped software.

The stress and strain state in three chosen critical sections are taken from the FEM-
analysis. In the subsequent probabilistic analysis, the probability for fracture in a
certain given stress state and the probability for collapse in a certain given strain state
are calculated.

10.1 GEOMETRY
Plane models without steel cassettes have been analysed.

The material is cast iron. Y oung's modulus = 166000 N/mm?. Tensile strength and
Ultimate strength according to 10.2

\

450

R2

R1

Fig. 37.  1/8 geometry
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10.2 PROBABILISTIC PARAMETERS

Index value
Parameter Variable | Index | Quantity 1 2 3 4 5 Unit
Outer radius r 1 4 4745 | 4695 | 464.5 | 459.5 mm
Corner radius r 2 3 15 20 25 mm
Tensile Rpo22 3 5 200 250 270 290 350 | MPa
strength
Ultimate Rm 4 5 400 450 475 500 550 MPa
strength
Number of combinations 300
(analyses)

10.2.1 Analysis ID

The ID of the Analysis (model name) is dnxxxx where xxxx isindex 1-4 according to
table 10.2

Example dn1222. ry = 474.5 mm, r, = 20 mm, Ryo2 = 250 MPa, R, = 450 MPa.

10.3 MODELS

Ansys element PLANE183 "2-D 8-Node Structural Solid, plain strain” was used in the
plane 2D- models.

AN

¥ X

SKEE - BWR, mocel <dnlZiZ> ,rl/rZ = 474.5/20, Fpl.2/Bm = 250/450 MPa

Fig. 38, 1/8 model
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10.4 CRITICAL CROSS-SECTION
Stress and strain data is taken from three cross-sections.

Section 1 | Thinnest section
Section 2 | Most critical section
Section 3 | Symmetry section x=0.

Fig. 39.  Critical section 1, 2 and 3.

Fig. 40.  Critical section I and 2.
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10.4.1 Result example cross-section— normal case

10.4.1.1 Analysis dnl222.
Parameters according to 10.2.1

sERER W SEQ
215.7%6 T i i i T i

164.843
113.850
62.937
11.984

-38.

—140.

—191.82

=242,
0 1z2.172 24,344 36.516 45.688 60,861
30.43 42602 54.774

DIST

SKE — BWR, model <dnl222>,Max sig in sec 2, pres = 45 MPa, rsys 42

Fig. 41.  Section 2, stresses.

(x10%#%-2)
.983

—. 960

-1.204

0 1z2.172 24,344 36.516 45.688 60,861
6. 086 18.258 30.43 42602 54.774

DIST

SKB - BWR, model <dnl222>,tot strain in sec 2, pres = 45 MPa, rsys 42

Fig. 42.  Section 2 strains.
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10.4.1.2  Analysis dnl244.
Parameters according to 10.2.1

301.9351
.264
186600
128.336
T1.272
13.608
. 055
-101.719
=158,

<217,

-274.

1z2.172 24,344 36.516
6. 086 18.258 30.43

DIST

SKE - BWR, model <dnl244>,Max sig in sec 2,

42602

pres = 45 MPa,

45.688 60,861
54.774

rsys 42

Fig 43. Section 2, stresses.

(x10%#%-2)
.753

571

. 387

-203

EEQ

.019

EYY

-.164

i

-.348

-.532

-.T16

—.500

-84

1z2.172 24,344 36.516
6. 086 18.258 30.43

DIST

SKE - BWR, model <dnl244>,tot strain in sec

42602

2

oy

45.688 60,861
54.774

pres = 45 MPa, rsys 42

Fig. 44.  Section 2, strains.
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10.4.1.3 Analysis dn3222.
Parameters according to 10.2.1

367.

283.

219,

145.

s

—1449.

=225,

—297.

=371.

394

525

655

785

915

. 954

L624

=L

5&4

304

SKE — BWR, model <dn3222>,Max sig in sec 2,

Il

il I I s S S

0 11.162 22,324 33.486 44. 648
5.561 16.743 27.905 39.067 50.229

DIST

55.812

pres = 45 MPa, rsys 42

Fig. 45.

Section 2, stresses.

5.956

SKB -

.622
-288B
-954
L6200
.T13
.047
.381
715
.04%

-383

BWR, model <dn3222>,tot strain in sec 2,

(x10%#%-2)

0 11.162 22,324 33.486 44. 648
5.561 16.743 27.905 39.067 50.229

DIST

55.812

pres = 45 MPa, rsys 42

Fig. 46.

Section 2, strains.
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10.4.1.4 Analysis dn3244.
Parameters according to 10.2.1

. k’x’,—

263,673
196 588
130.103

63.318

P, \//N

—203.821
—270. 606 — !
=337.391
11,162 22,324 33,486 44,648 55,812
5.561 16.743 27.905 39.067 50,229

DIST

SKE — BWR, model <dn3244>,Max sig in sec 2, pres = 45 MPa, rsys 42

Fig. 47.  Section 2, stresses.

(x10%#%-2)
2.085

1.637

1.183

.T29

2T

-.178

-.632

-1.086

-1.540

-1.994

-2.448

11.162 22,324 33.486 44. 648 55.812
5.561 16.743 27.905 39.067 50.229

DIST

SKB - BWR, model <dn3244>,tot strain in sec 2, pres = 45 MPa, rsys 42

Fig. 48. Section 2, strains.
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10.4.2 Result example cross-section — extreme case

10.4.2.1 Analysis dnl355.
Parameters according to 10.2.1

157.797

91.552

26.107

s

-105.5

-171.42

—237.

=303.117
0 11.868 23,736 35.604 47.472 58,336
5.934 17.802 29.67 41.538 53.406

DIST

SKE - BWR, model <dnl355>,Max sig in sec 2, pres = 45 MPa, rsys 42

Fig. 49.  Section 2, stresses.

(x10%#%-3)
4.965

1.250

066

=1. 157

—2.381

—3.605

—4.829

0 11.868 23,736 35.604 47.472 58,336
5.934 17.802 29.67 41.538 53.406

DIST

SKB - BWR, model <dnl355>,tot strain in sec 2, pres = 45 MPa, rsys 42

Fig. 50. Section 2, strains.
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10.4.2.2  Analysis dn4111.
Parameters according to 10.2.1

172.699

20,444

-131.

—284.

—436 . 31

—588.

=740,

202
16,80

2 33.60
3 28.005

DIST

5.601

2

Ly

SKE - BWR, model <dn4l111>,Max sig in sec

3

44,808 56.011
207 50.40%

pres = 45 MPa, rsys 42

Fig 51. Section 2, stresses.

(x10%#%-1)
2,897

2.188

1.

483

LTIT

071

L6334

.340f

L0486

.752

.458

-164

2
16,80

2 33.60
3 28.005

DIST

11.20
5.601

SKE - BWR, model <dn4lll>,tot strain in sec

3

39207

44,808 56.011
50.40%

2, pres = 45 MPa, rsys 42

Fig. 52, Section 2, strains.
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plastic strain [%]

1.40% I
1.20%
1.00%
0.80%
0.60%
0.40%
0.20%

0.00%

——3D
—o— 2D plain strain
—a—2D plain stress

SKB, Collapse pressure insert 3-D 1/8, 2D 1/8
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p [MPa]
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max stress [MPa]

300

250 +

200

150 +

100

50 +

—— 3D, Stress eqv

—2—2D plain strain, Stress eqv

—o— 2D plain stress, Stress eqv

SKB, Collapse pressure insert, 3-D 1/8, 2D 1/8

10
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p [MPa]
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Diff 3D/2D

120%

100%

80% +

60% +

40%

20%

0%

—a— strain

—o— Stress eqv, von Mises

SKB, Collapse pressure insert, 3-D 1/8, 2D 1/8
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p [MPa]
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SKB, Cast Iron Insert.

assignment : 203253
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3D 2D plain strain Diff 2D/3D
p [M Pa] €max c)-t-;qvmax Ointmax Emax o-eqvmax Cintmax Emax c)-t-;qvmax Ointmax
0.00 0.00000 0 0.0 0.00000 0 0.0 1.00 1.00 1.00
5.00 0.00000 79.20 90.0 0.00000 79.20 89.0 1.00 1.00 1.01
10.00 0.00000 158.30 180.1 0.00000 | 158.40 178.0 1.00 1.00 1.01
15.00 0.00000 237.60 270.3 0.00000 | 237.60 2671 1.00 1.00 1.01
17.50 0.00001 273.90 311.7 0.00001 258.50 290.3 1.00 1.06 1.07
20.00 0.00049 258.50 2945 0.00047 | 248.00 278.7 1.04 1.04 1.06
23.75 0.00120 257.10 294.0 0.00115 | 247.60 278.4 1.04 1.04 1.06
25.00 0.00149 251.80 287.5 0.00143 | 252.70 284.8 1.04 1.00 1.01
27.50 0.00208 260.20 297.5 0.00200 | 241.50 277.9 1.04 1.08 1.07
30.00 0.00275 249.20 283.0 0.00266 | 242.60 279.7 1.03 1.03 1.01
33.75 0.00381 256.30 2913 0.00369 | 250.90 281.8 1.03 1.02 1.03
35.00 0.00419 264.70 301.2 0.00407 | 244.80 282.6 1.03 1.08 1.07
37.50 0.00505 257.90 295.7 0.00494 | 262.00 294.9 1.02 0.98 1.00
40.00 0.00614 260.80 299.1 0.00598 | 261.30 2941 1.03 1.00 1.02
43.75 0.00875 265.40 304.5 0.00842 | 253.00 290.3 1.04 1.05 1.05
45.00 0.01128 259.60 297.6 0.01258 | 257.60 297.5 0.90 1.01 1.00
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SKB, Cast Iron Insert. model : bwr13D
assignment : 203253
p [MPa] €max Geqvmax Gintmax Emax /o
0.00 0.00000 0 0.0 0
5.00 0.00000 79.20 90.1 0.00%
10.00 0.00000 158.40 180.2 0.00%
15.00 0.00000 237.70 2704 0.00%
17.50 0.00001 274.00 311.8 0.00%
20.00 0.00049 258.60 294.6 0.05%
23.75 0.00120 257.10 294 1 0.12%
25.00 0.00149 251.90 287.6 0.15%
27.50 0.00208 260.30 297.5 0.21%
30.00 0.00275 248.00 282.9 0.28%
33.75 0.00382 256.30 2914 0.38%
35.00 0.00419 264.70 301.3 0.42%
37.50 0.00506 259.20 297.2 0.51%
40.00 0.00614 261.00 2994 0.61%
43.75 0.00876 265.20 304.5 0.88%
45.00 0.01134 259.70 297.5 1.13%
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SKB, Cast Iron Insert. model : bwr12D
assignment : 203253 2D plain strain
P [MPa] €max 0-eqvmax Cintmax €max °/°

0.00 0.00000 0 0.0 0

5.00 0.00000 79.20 89.0 0.00%
10.00 0.00000 158.40 178.0 0.00%
15.00 0.00000 237.60 267.1 0.00%
17.50 0.00001 258.50 290.3 0.00%
20.00 0.00047 248.00 278.7 0.05%
23.75 0.00115 247.60 278.4 0.12%
25.00 0.00143 252.70 284.8 0.14%
27.50 0.00200 241.50 277.9 0.20%
30.00 0.00266 242.60 279.7 0.27%
33.75 0.00369 250.90 281.8 0.37%
35.00 0.00407 244.80 282.6 0.41%
37.50 0.00494 262.00 294.9 0.49%
40.00 0.00598 261.30 294 .1 0.60%
43.75 0.00842 253.00 290.3 0.84%
45.00 0.01258 257.60 297.5 1.26%
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SKB, Cast Iron Insert. model : bwr12D
assignment : 203253 2D plain stress
p [MPa] €max Oeqvmax Gintmax Emax /o

0.00 0.00000 0 0.0 0

5.00 0.00000 79.20 89.0 0.00%
10.00 0.00000 158.40 178.0 0.00%
15.00 0.00000 237.60 2671 0.00%
17.50 0.00001 258.50 290.3 0.00%
20.00 0.00047 248.00 278.7 0.05%
23.75 0.00115 247.60 278.4 0.12%
25.00 0.00143 252.70 284.8 0.14%
27.50 0.00200 241.50 277.9 0.20%
30.00 0.00266 242.60 279.7 0.27%
33.75 0.00369 250.90 281.8 0.37%
35.00 0.00407 244.80 282.6 0.41%
37.50 0.00494 262.00 294.9 0.49%
40.00 0.00598 261.30 294 1 0.60%
43.75 0.00842 253.00 290.3 0.84%
45.00 0.01258 257.60 297.5 1.26%

P<ge 7
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SKB, Inserts. s [mm]
3D -> 2D, Critical section \

Assignment : 203253
model : bwr12D

bwr22D
bwr13D
T
X
Path
2D
3D plain strain|plain stress

s [mm]| p=45MPa | p=45MPa | p =45 MPa
0.0 0.208% 0.255% 4.230%
2.3 0.134% 0.173% 3.645%
4.6 0.108% 0.146% 3.415%
6.8 0.114% 0.154% 3.296%
9.1 0.107% 0.143% 2.903%
11.4 0.116% 0.152% 2.666%
13.7 0.144% 0.183% 2.663%
15.9 0.189% 0.234% 2.805%
18.2 0.243% 0.293% 3.068%
20.5 0.225% 0.275% 3.153%
22.8 0.219% 0.268% 3.283%
25.1 0.235% 0.283% 3.476%
27.3 0.257% 0.307% 3.610%
29.6 0.296% 0.349% 3.801%
31.9 0.363% 0.421% 4.107%
34.2 0.465% 0.529% 4.640%
36.4 0.569% 0.635% 5.253%
38.7 0.733% 0.808% 6.476%
41.0 0.923% 1.017% 7.963%
43.3 1.134% 1.258% 9.616%

input = psecbwrXXX.lis
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plastic strain [%]
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SKB, Inserts, 3-D -> 2D, critical section, p = 45 MPa
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plastic strain [%]

10% T
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o |
™
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——3D
——2D plain strain

—2— 2D plain stress

SKB, inserts, 3-D -> 2D, critical section, p = 45 MPa
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SKB, inserts.
3D -> 2D, sym section, x=0, stress xyz

assignment 203253 —
model : bwr12D-13D s [mm] | [T

N
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p =45 MPa
3D 2D plain strain 2D plain stress

s [mm] sigx sigy sigz sigx sigy sigz sigx sigy sigz
1 0.0 -158.6 -149.9 -115.0 -157.3 -148.7 -91.8 -155.8 -147.9 0.0
2 8.0 -143.9 -163.6 -114.7 -142.7 -162.3 -91.5 -141.7 -161.9 0.0
3 16.1 -121.3 -187.2 -115.0 -120.3 -185.8 -91.8 -118.0 -188.9 0.0
4 241 -90.9 -220.4 -115.8 -90.5 -218.8 -92.8 -85.2 -228.1 0.0
5 32.2 -57.7 -248.1 -114.1 -57.0 -246.0 -90.9 -56.9 -254.0 0.0
6 40.2 -21.6 -268.6 -109.5 -21.2 -266.6 -86.4 -23.0 -268.8 0.0
7 48.3 -3.4 -274.8 -107.4 -4.2 -273.4 -89.2 -0.1 -266.4 0.0
8 56.3 0.0 -275.2 -107.5 -0.5 -273.3 -92.0 3.3 -263.4 0.0
9 64.3 0.4 -274.7 -106.9 0.6 -272.3 -91.5 0.8 -262.8 0.0
10 724 0.1 -274.7 -105.8 0.2 -272.3 -89.9 -0.5 -263.5 0.0
11 80.4 0.0 -274.8 -105.8 0.0 -272.3 -89.8 -0.3 -263.6 0.0
12 88.5 -0.1 -274.9 -106.0 -0.1 -272.4 -89.8 0.1 -263.5 0.0
13 96.5 0.0 -274.9 -106.3 0.0 -272.4 -90.0 0.0 -263.5 0.0
14 104.6 0.0 -274.9 -106.5 0.0 -272.5 -90.2 0.0 -263.5 0.0
15 | 112.6 0.0 -274.9 -106.5 0.0 -272.4 -90.0 0.0 -263.5 0.0
16 120.6 -0.1 -274.9 -106.5 -0.1 -272.4 -89.8 0.1 -263.5 0.0
17 128.7 0.0 -274.9 -106.6 0.0 -272.4 -89.8 -0.2 -263.6 0.0
18 | 136.7 0.1 -274.8 -106.8 0.1 -272.3 -89.8 -0.6 -263.6 0.0
19 144.8 04 -274.9 -108.3 0.6 -272.3 -91.3 0.7 -262.9 0.0
20 152.8 0.1 -275.3 -109.2 -0.3 -273.2 -92.0 2.9 -263.2 0.0
21 160.9 -2.7 -275.2 -109.7 -3.7 -273.6 -89.9 1.5 -265.8 0.0
22 168.9 -17.7 -270.2 -111.6 -17.3 -267.9 -85.6 -18.6 -269.3 0.0
23 176.9 -51.8 -251.1 -116.5 -50.8 -248.9 -89.9 -53.4 -256.9 0.0
24 185.0 -79.7 -224.8 -117.2 -78.2 -223.2 -90.4 -80.6 -231.0 0.0
25 193.0 -103.6 -194.7 -115.7 -101.6 -193.5 -88.6 -107.5 -194.3 0.0
26 2011 -122.2 -171.8 -114.7 -120.4 -170.8 -87.4 -127.1 -166.6 0.0
27 209.1 -133.0 -161.7 -115.3 -132.4 -160.3 -87.8 -134.9 -156.3 0.0
28 2171 -127.9 -168.6 -116.1 -128.2 -167.0 -88.6 -127.3 -163.8 0.0
29 2252 -114.2 -186.6 -117.7 -115.2 -184.8 -90.0 -111.2 -185.7 0.0
30 233.2 -90.4 -218.3 -120.4 -91.7 -216.5 -92.5 -85.3 -226.1 0.0
31 2413 -60.5 -245.8 -120.0 -58.8 -245.3 -91.2 -56.2 -248.9 0.0
32 249.3 -26.2 -267.8 -116.6 -24.7 -266.7 -88.4 -25.8 -263.7 0.0
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3D 2D plain strain 2D plain stress

s [mm] sigx sigy sigz sigx sigy sigz sigx sigy sigz
33 257.4 -4.7 -276.3 -115.5 -5.7 -274.7 -94 .1 -2.6 -263.0 0.0
34 265.4 -0.6 -277.3 -117.7 -1.0 -276.0 -100.9 3.7 -259.5 0.0
35 273.4 0.4 -276.5 -118.1 0.9 -274.3 -100.3 0.9 -258.7 0.0
36 281.5 0.1 -276.6 -117.6 0.3 -274.3 -98.1 -04 -259.4 0.0
37 289.5 0.0 -276.6 -117.8 0.1 -274.3 -97.6 -0.3 -259.5 0.0
38 297.6 0.0 -276.6 -118.2 -0.1 -274.5 -97.6 0.1 -259.5 0.0
39 305.6 0.0 -276.7 -118.8 0.0 -274.5 -97.9 0.0 -259.5 0.0
40 313.7 0.0 -276.7 -119.5 0.0 -274.5 -98.3 0.0 -259.5 0.0
41 321.7 0.0 -276.7 -119.9 0.0 -274.5 -98.1 0.0 -259.5 0.0
42 329.7 0.0 -276.7 -120.4 -0.1 -274.5 -97.7 0.1 -259.5 0.0
43 337.8 0.0 -276.7 -120.9 0.0 -274.4 -97.6 -0.2 -259.5 0.0
44 345.8 0.0 -276.7 -121.4 0.2 -274.2 -97.6 -0.6 -259.6 0.0
45 353.9 0.2 -276.6 -122.5 0.7 -274.3 -99.6 0.5 -258.9 0.0
46 361.9 0.2 -276.8 -123.5 0.0 -275.2 -100.9 2.6 -259.0 0.0
47 370.0 -1.6 -277.0 -124.4 -3.5 -276.4 -98.9 3.0 -261.1 0.0
48 378.0 -13.4 -273.1 -126.3 -13.9 -270.5 -87.2 -15.3 -265.7 0.0
49 | 386.0 -56.7 -253.1 -1341 -52.5 -252.8 -91.6 -48.4 -255.8 0.0
50 394.1 -95.0 -219.4 -136.3 -92.5 -218.7 -93.4 -80.3 -232.8 0.0
51 402.1 -117.3 -183.3 -132.9 -113.4 -183.2 -89.0 -92.0 -194.3 0.0
52 410.2 -129.4 -150.0 -127.3 -123.9 -150.6 -82.4 -96.3 -156.1 0.0
53 418.2 -127.8 -126.5 -120.5 -122.9 -127.1 -75.0 -97.7 -132.5 0.0
54 426.3 -124.8 -106.7 -114.4 -121.3 -107.0 -68.5 -104.6 -110.3 0.0
55 | 434.3 -120.8 -89.4 -108.8 -118.9 -89.5 -62.5 -112.8 -90.6 0.0
56 442.3 -115.6 -74.2 -103.4 -115.5 -74.2 -56.9 -120.6 -74.3 0.0
57 450.4 -108.4 -62.3 -98.5 -110.0 -62.3 -51.7 -126.4 -61.8 0.0
58 | 458.4 -97.2 -53.3 -93.1 -100.6 -53.2 -46.1 -128.0 -52.5 0.0
59 466.5 -81.2 -47.2 -87.3 -86.3 -47 1 -40.0 -124 .4 -46.6 0.0
60 474.5 -59.3 -44 .4 -80.6 -66.1 -44 .4 -33.1 -114.2 -44.3 0.0
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sig x [MPa]

—o— 3D sigx

—0— 2D sigx plain strain

—2— 2D sigx plain stress

SKB, Inserts, 3-D -> 2D, sym section, p = 45 MPa
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sig y [MPa]

—o— 3D sigy
—o— 2D sigy plain strain

—2—2D sigy plain stress

SKB, Inserts, 3-D -> 2D, sym section, p = 45 MPa

-100 +

-150

-50 +

-200

-250

-300

50

100 150

300

350

400

450

500




114"

AF-System AB

Appendix 2 AF-S Report B794 Rev. 1

Page 9

—o—3D sigz
—o—2D sigz plain strain SKB, Inserts, 3-D -> 2D, sym section, p = 45 MPa
—2— 2D sigz plain stress
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AF-System AB

SKB, Pressure Test model : pt4
assignment : 203253
copper casting
p [MPa]| 90 deg_j 45 deg_j 90 deg 45 deg_
0.00 0.00 0.00 0.00 0.00
1] 5.00 0.21 0.21 0.01 0.01
2| 5.50 0.33 0.33 0.01 0.01
3| 6.44 0.99 0.99 0.01 0.01
4| 8.55 1.86 1.86 0.00 0.00
5[ 10.00 1.87 1.87 0.01 0.01
6 13.33 1.89 1.89 0.03 0.02
7 15.00 1.90 1.90 0.04 0.03
8| 18.33 1.92 1.92 0.06 0.05
9 20.00 1.93 1.93 0.07 0.06
10( 23.33 1.95 1.95 0.09 0.07
11| 25.00 1.96 1.96 0.10 0.08
12| 28.33 1.98 1.98 0.12 0.10
13| 30.00 2.00 1.99 0.13 0.10
14| 33.33 2.02 2.01 0.15 0.12
15[ 35.00 2.03 2.02 0.15 0.13
16| 38.33 2.05 2.04 0.17 0.14
17| 40.00 2.06 2.06 0.18 0.15
18| 43.33 2.08 2.08 0.20 0.17
19| 45.00 2.09 2.09 0.21 0.18
20| 48.33 211 2.1 0.23 0.19
21| 50.00 212 2.12 0.24 0.20
22| 53.33 215 214 0.26 0.22
23| 55.00 2.16 215 0.27 0.22
24| 58.33 2.18 217 0.29 0.24
25| 60.00 219 2.18 0.30 0.25
26| 63.33 2.22 2.20 0.33 0.27
27| 65.00 2.23 2.21 0.34 0.27
28| 68.33 225 2.23 0.36 0.29
29| 70.00 2.26 2.24 0.37 0.30
30| 73.33 2.29 2.26 0.39 0.32

Appendix 3 AF-S Report B794 Rev. 1

Radial deflection [mm]

All points in the symmetry section. Z =0

cu 90 deg
cast 90 deg

474.5
R525

cu 45 deg

cast 45 deg

Page 1
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31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64

copper casting
p[MPa]| 90deg | 45deg [ 90 deg | 45 deg |
75.00 2.30 2.27 0.40 0.33
78.33 2.32 2.30 0.42 0.34
80.00 2.33 2.31 0.43 0.35
83.33 2.36 2.33 0.46 0.37
85.00 2.37 2.34 0.47 0.38
88.33 2.40 2.36 0.49 0.40
90.00 2.41 2.37 0.50 0.40
93.33 2.44 2.40 0.53 0.42
95.00 2.45 2.41 0.54 0.43
97.50 2.47 2.42 0.56 0.45
98.50 2.48 2.43 0.57 0.45
99.50 2.49 2.44 0.57 0.46
100.00 2.49 2.44 0.58 0.46
101.00 2.50 2.45 0.59 0.47
102.00 2.51 2.46 0.60 0.47
103.00 2.52 2.46 0.60 0.48
104.00 2.53 2.47 0.62 0.48
105.00 2.54 2.48 0.63 0.49
106.00 2.55 2.49 0.64 0.50
107.00 2.57 2.49 0.65 0.50
108.00 2.58 2.50 0.66 0.51
109.00 2.59 2.51 0.68 0.52
110.00 2.61 2.52 0.69 0.53
115.00 2.95 2.59 1.03 0.59
120.00 3.84 2.83 1.92 0.81
125.00 5.18 3.29 3.27 1.27
127.50 5.95 3.56 4.07 1.55
128.00 6.12 3.62 4.24 1.61
128.50 6.29 3.68 4.41 1.67
129.00 6.46 3.74 4.58 1.73
129.69 6.69 3.82 4.83 1.81
130.00 6.80 3.86 4.94 1.85
130.63 7.02 3.94 5.16 1.93
131.80 7.44 4.08 5.60 2.09

Appendix 3 AF-S Report B794 Rev. 1

Radial deflection [mm]
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AF-System AB

65
66
67
68
69
70
71
72
73
74
75
76
77

copper casting
p [MPa]| 90 deg 45 deg 90 deg 45 deg_
134.43 8.44 4.42 6.63 2.45
135.00 8.66 4.49 6.86 2.53
136.13 9.11 4.64 7.33 2.69
138.26 10.00 4.93 8.25 3.01
140.00 10.77 5.18 9.04 3.28
143.49 12.41 5.71 10.71 3.87
145.00 13.13 5.96 11.45 4.14
148.03 14.61 6.49 12.95 4.71
150.00 15.57 6.86 13.94 5.10
153.95 17.49 7.68 15.89 5.96
155.00 17.99 7.89 16.41 6.18
157.11 18.99 8.33 17.42 6.64
160.00 | 20.33 8.98 18.79 7.31

Appendix 3 AF-S Report B794 Rev. 1

Radial deflection [mm]

SEE - Pressure Test, model «<ptd>, cumod , Rpl.2Z=350 MPa, Em=500 MPa, esu=13%

Page 3
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radial deflection [mm]

—o—cu 90 deg
—a—cu 45 deg

—a— cast 90 deg

25

20

—eo— cast 45 deg

SKB, Pressure Test, 3-D 1/4, model pt4
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radial deflection [mm]

—o—cu 90 deg
—a—cu 45 deg

—a— cast 90 deg

—eo— cast 45 deg

SKB, Pressure Test, 3-D 1/4, model pt4
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AF-System AB

SKB, Collapse pressure insert.

verification

assignment : 203253

Appendix 4 till AF-S Rapport B794

Influence of copper cylinder.

45°

Sida 1

model : r12r15r21 r27
Copper
Casting
Steel insert
r = 21 mm with copper cylinder
plastic strain Ceqv max
p [MPa] steel casting copper steel casting copper cont pres
0.000 0.00% 0.00% 0.00% 0.00 0.00 0.00 0.00
5.000 0.00% 0.00% 0.00% 68.20 22.20 8.80 9.70
10.000 0.00% 0.00% 0.00% 136.50 44.30 17.50 19.40
15.000 0.00% 0.00% 0.00% 204.70 66.50 26.30 29.00
17.500 0.00% 0.00% 0.00% 238.80 77.60 30.60 33.90
20.000 0.00% 0.00% 0.00% 273.00 88.60 35.00 38.70
23.750 0.00% 0.00% 0.00% 324.20 105.30 41.60 46.00
25.000 0.00% 0.00% 0.00% 341.30 110.80 43.80 48.40
27.500 0.00% 0.00% 0.00% 375.40 121.90 48.10 53.30
30.000 0.00% 0.00% 0.00% 384.10 133.00 50.70 58.10
33.750 0.05% 0.01% 0.01% 374.10 150.20 51.00 65.30
35.000 0.07% 0.02% 0.02% 379.70 156.30 50.60 67.50
37.500 0.10% 0.03% 0.03% 362.20 168.40 51.30 71.80
40.000 0.13% 0.05% 0.05% 372.10 181.00 54.60 75.80
43.750 0.19% 0.08% 0.08% 375.20 200.00 54.20 81.90
45.000 0.21% 0.10% 0.10% 365.10 206.60 54.90 84.00
47.500 0.26% 0.12% 0.12% 363.70 219.70 56.40 88.60
50.000 0.30% 0.15% 0.15% 383.70 232.50 58.10 93.20
53.750 0.38% 0.20% 0.20% 381.40 252.20 60.60 100.20
56.875 0.44% 0.21% 0.21% 386.50 267.10 61.50 103.90
60.000 0.50% 0.22% 0.22% 401.00 280.60 61.90 106.50
62.500 0.55% 0.23% 0.23% 391.80 284.60 62.20 108.70
65.000 0.61% 0.23% 0.23% 377.60 280.30 62.50 110.90
68.750 0.73% 0.24% 0.24% 373.50 284.70 62.90 114.40
74.375 0.94% 0.25% 0.25% 375.90 283.90 63.40 119.70
80.000 1.19% 0.25% 0.25% 358.30 283.60 63.80 125.10
82.500 1.32% 0.26% 0.26% 360.00 283.40 64.10 127.60
85.000 1.47% 0.30% 0.26% 363.50 286.00 64.30 130.20
88.750 1.76% 0.42% 0.27% 369.20 285.40 64.50 134.30
94.375 2.62% 0.90% 0.30% 371.00 290.30 65.60 141.50
100.000 5.97% 2.66% 0.56% 401.90 321.30 73.10 147.10
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SKB, Collapse pressure insert. Influence of copper cylinder
verification

assignment : 203253
model : r12r15r21 r27

r=21mm
plastic strain Ceqv Cint

p [MPa] steel casting steel casting steel casting
0.000 0.00% 0.00% 0.00 0.00 0.00 0.00
5.000 0.00% 0.00% 74.20 23.30 83.30 26.00
10.000 0.00% 0.00% 148.40 46.60 166.70 51.90
15.000 0.00% 0.00% 222.70 70.00 250.10 77.90
17.500 0.00% 0.00% 259.80 81.60 291.80 90.90
20.000 0.00% 0.00% 297.00 93.30 333.50 103.90
23.750 0.00% 0.00% 352.70 110.80 396.10 123.40
25.000 0.00% 0.00% 371.30 116.60 416.90 129.90
27.500 0.00% 0.00% 381.80 128.30 428.00 142.90
30.000 0.04% 0.00% 376.20 140.30 422.20 156.30
33.750 0.09% 0.00% 360.00 158.90 403.30 177.10
35.000 0.10% 0.00% 366.10 165.20 410.60 184.20
37.500 0.13% 0.00% 376.60 177.90 424.00 198.50
40.000 0.18% 0.00% 354.60 190.50 407.00 212.60
43.750 0.24% 0.00% 374.30 209.80 420.50 234.30
45.000 0.26% 0.00% 385.30 216.00 432.80 241.30
47.500 0.31% 0.00% 377.10 228.30 422.60 255.20
50.000 0.36% 0.00% 368.30 241.00 413.70 269.60
53.750 0.44% 0.00% 395.90 259.90 444.80 290.90
56.875 0.50% 0.00% 394.70 274.80 443.40 307.70
60.000 0.58% 0.00% 384.10 285.20 431.30 319.30
62.500 0.64% 0.02% 375.70 279.90 423.00 315.30
65.000 0.72% 0.05% 376.10 281.60 423.10 317.40
68.750 0.86% 0.09% 374.80 285.90 425.70 323.30
74.375 1.10% 0.17% 357.90 284.90 413.30 322.50
80.000 1.44% 0.31% 363.90 283.70 414.80 326.10
82.500 1.72% 0.47% 374.50 285.30 416.10 329.00
85.000 2.08% 0.69% 364.50 288.60 417.90 332.20
88.750 3.46% 1.41% 372.70 296.50 423.90 342.40
92.500 6.90% 3.40% 423.70 320.60 489.20 370.20
98.125 12.29% 6.96% 549.90 363.80 635.00 420.10
100.000 14.18% 8.13% 593.00 377.90 684.80 436.40
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max platic strain in steel pipe [%)]
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max plastic strain in casting [%)]
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max sig eqv in steel pipe [MPa]
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SKB, Collapse pressure insert, 2-D 1/8
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max sig eqv in casting [MPa]
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SKB, Collapse pressure insert, 2-D 1/8
—&— with copper
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max sig eqv in copper cylinder [MPa]

—&— with copper

SKB, Collapse pressure insert, 2-D 1/8
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max contact pressure [MPa]

—2A— with copper

SKB, Collapse pressure insert, 2-D 1/8
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SKB, Collapse pressure inserts. Influence of copper cylinder, critical section
verification

assignment : 203253
model : r21 cu21

plastic strain, p =100 MPa, r =21 mm
s [mm] pithout coppe| with copper
0.0 4.73% 1.36%
3.0 4.41% 1.28%
5.9 4.10% 1.23%
8.9 3.72% 1.12%
11.9 3.53% 0.99%
14.8 4.02% 0.98%
17.8 4.62% 1.13%
20.8 5.11% 1.34%
23.8 5.26% 1.36%
26.7 5.52% 1.49%
29.7 5.86% 1.68%
32.7 6.00% 1.70%
35.6 6.21% 1.76%
38.6 6.54% 1.90%
41.6 7.08% 2.17%
445 7.46% 2.49%
47.5 7.34% 2.47%
50.5 7.39% 2.65%
53.4 9.27% 3.64%
56.4 13.93% 5.97%
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—=— without copper SKB, Collapse pressure insert, 2-D 1/8, r =21 mm

) Plastic strain in critical section, p = 100 MPa
—&— with copper
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—0—xx32, R1=474.5,R2 =20
——xx33, R1=469.5, R2 = 20
——xx33, R1=464.5, R2 =20
—m—xx35, R1 =459.5, R2 = 20

SKB, xx32-35, Rp0.2 = 270 Mpa, Rm = 480 MPa
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total max sig eqv von Mises [MPa]
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SKB, Cast iron insert. model : xx32
assignment : 203253 2D plain strain
p [MPa] Emax O-eqvmax Ointmax emax%

0.00 0.00000 0 0.0 0.00%
5.00 0.00049 81.20 91.3 0.05%
10.00 0.00098 162.50 182.6 0.10%
15.00 0.00147 243.80 274.0 0.15%
17.50 0.00171 284.40 319.8 0.17%
20.00 0.00194 270.20 305.4 0.19%
23.75 0.00258 271.60 310.1 0.26%
25.00 0.00283 282.40 315.3 0.28%
27.50 0.00337 276.90 3141 0.34%
30.00 0.00398 280.90 317.0 0.40%
33.75 0.00490 276.60 319.0 0.49%
35.00 0.00524 277.30 319.9 0.52%
37.50 0.00598 278.90 321.9 0.60%
40.00 0.00680 281.00 324.0 0.68%
42.50 0.00775 292.50 329.1 0.78%
45.00 0.00887 291.20 329.1 0.89%
47.50 0.01030 288.10 332.7 1.03%
50.00 0.01446 297.00 342.9 1.45%
52.50 0.02644 322.50 3724 2.64%
55.00 0.04450 361.10 416.9 4.45%
58.75 0.07529 426.70 492.7 7.53%
60.00 0.08602 449.60 519.1 8.60%

160

r2= 20
r1= 4745
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SKB, Cast iron insert. model : xx33
assignment : 203253 2D plain strain
p [MPa] Emax Oeqvmax Ointmax Emax %

0.00 0.00000 0 0.0 0.00%
5.00 0.00053 88.80 99.8 0.05%
10.00 0.00107 177.60 199.7 0.11%
15.00 0.00161 266.50 299.6 0.16%
17.50 0.00178 279.10 313.3 0.18%
20.00 0.00222 279.10 313.8 0.22%
23.75 0.00304 275.30 312.5 0.30%
25.00 0.00335 279.90 315.1 0.34%
27.50 0.00403 275.50 316.4 0.40%
30.00 0.00473 278.40 318.5 0.47%
33.75 0.00587 278.60 321.6 0.59%
35.00 0.00632 279.60 322.8 0.63%
37.50 0.00734 281.80 325.3 0.73%
40.00 0.00856 290.20 328.4 0.86%
42.50 0.01032 288.10 332.7 1.03%
45.00 0.01376 295.50 341.2 1.38%
47.50 0.02123 311.40 359.6 2.12%
50.00 0.03658 344.20 397.4 3.66%
52.50 0.05782 389.50 449.7 5.78%
55.00 0.08118 439.20 507.2 8.12%
58.75 0.11808 517.80 598.0 11.81%
60.00 0.13084 545.00 629.3 13.08%
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SKB, Cast iron insert. model : xx34
assignment : 203253 2D plain strain
p [Mpa] Emax O-eqvmax Ointmax emax%

0.00 0.00000 0 0.0 0.00%
5.00 0.00060 99.70 112.0 0.06%
10.00 0.00120 199.40 224.2 0.12%
15.00 0.00173 284.90 320.1 0.17%
17.50 0.00217 273.90 307.4 0.22%
20.00 0.00275 272.40 311.1 0.28%
23.75 0.00383 280.20 315.6 0.38%
25.00 0.00423 275.20 317.0 0.42%
27.50 0.00507 277.80 319.4 0.51%
30.00 0.00599 278.90 321.9 0.60%
33.75 0.00784 282.90 326.6 0.78%
35.00 0.00865 284.60 328.6 0.87%
37.50 0.01147 290.60 335.5 1.15%
40.00 0.01581 299.90 346.3 1.58%
42.50 0.02031 309.50 357.4 2.03%
45.00 0.03198 334.40 386.1 3.20%
47.50 0.05188 376.80 435.1 5.19%
50.00 0.07786 432.20 499.1 7.79%
52.50 0.10604 492.20 568.3 10.60%
55.00 0.13470 553.20 638.8 13.47%
58.75 0.17822 645.80 745.7 17.82%
60.00 0.19277 676.70 781.4 19.28%
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SKB, Cast iron insert. model : xx35 r2= 20

assignment : 203253 2D plain strain r1= 459.5
p [MPa] Emax Oeqvmax Ointmax Emax %
0.00 0.00000 0 0.0 0.00%
1 5.00 0.00070 116.90 131.4 0.07%
2 10.00 0.00141 233.90 262.9 0.14%
3 15.00 0.00219 270.70 307.4 0.22%
4 17.50 0.00290 279.90 315.2 0.29%
5 20.00 0.00378 274.20 315.5 0.38%
6 23.75 0.00535 277.50 320.2 0.54%
7 25.00 0.00593 281.20 321.7 0.59%
8 27.50 0.00744 293.20 329.7 0.74%
9 30.00 0.01002 287.50 332.0 1.00%
10 33.75 0.01761 303.70 350.7 1.76%
11 35.00 0.02030 309.50 357.4 2.03%
12 37.50 0.02555 320.70 370.3 2.56%
13 40.00 0.03132 333.00 384.5 3.13%
14 42.50 0.05016 373.20 430.9 5.02%
15 45.00 0.07858 433.80 500.9 7.86%
16 46.13 0.09337 465.30 537.2 9.34%
17 47.25 0.10848 497.40 574.4 10.85%
18 48.94 0.13146 546.30 630.8 13.15%
19 50.00 0.14605 577.40 666.7 14.61%
20 52.50 0.18016 649.90 750.4 18.02%
21 55.00 0.21359 720.90 832.4 21.36%
22 58.75 0.26200 823.60 951.0 26.20%
23 60.00 0.27810 857.70 990.3 27.81%

163



79T

AF-System AB

Appendix 6 AF-S Report B794 Rev. 1

Page 1

—o—rx31, R1=4745,R2 =15
—e—rx32, R1=474.5,R2 =20 SKB, rx31-33, Rp0.2 = 270 Mpa, Rm = 480 MPa
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total max sig eqv von Mises [MPa]

—o—rx31, R1=474.5,R2=15
——rx32, R1=474.5,R2 =20
——rx33, R1=4745,R2=25

SKB, rx31-33, Rp0.2 = 270 Mpa, Rm = 480 MPa
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SKB, Cast iron insert. model : rx31
assignment : 203253 2D plain strain
p [MPa] Emax O-eqvmax Ointmax emax%

0.00 0.00000 0 0.0 0.00%
5.00 0.00056 93.80 105.4 0.06%
10.00 0.00113 187.60 210.8 0.11%
15.00 0.00170 281.50 316.3 0.17%
17.50 0.00194 273.40 306.7 0.19%
20.00 0.00239 271.20 308.9 0.24%
23.75 0.00330 278.50 313.6 0.33%
25.00 0.00361 282.20 318.2 0.36%
27.50 0.00435 277.10 317.4 0.44%
30.00 0.00508 277.00 319.5 0.51%
33.75 0.00629 279.50 322.6 0.63%
35.00 0.00673 280.50 323.8 0.67%
37.50 0.00778 294.10 330.8 0.78%
40.00 0.00896 293.80 330.4 0.90%
42.50 0.01038 291.40 332.9 1.04%
45.00 0.01223 292.20 337.4 1.22%
47.50 0.01574 299.70 346.1 1.57%
50.00 0.02633 322.40 372.2 2.63%
52.50 0.04351 359.00 414.6 4.35%
55.00 0.06574 406.40 469.3 6.57%
58.75 0.10217 484.00 558.9 10.22%
60.00 0.11501 511.30 590.4 11.50%
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SKB, Cast iron insert. model : rx32 r2= 20
assignment : 203253 2D plain strain

p [MPa] Emax Oeqvmax Ointmax Emax %
0.00 0.00000 0 0.0 0.00%
1 5.00 0.00049 81.20 91.3 0.05%
2 10.00 0.00098 162.50 182.6 0.10%
3 15.00 0.00147 243.80 274.0 0.15%
4 17.50 0.00171 284.40 319.8 0.17%
5 20.00 0.00194 270.20 305.4 0.19%
6 23.75 0.00258 271.60 310.1 0.26%
7 25.00 0.00283 282.40 315.3 0.28%
8 27.50 0.00337 276.90 3141 0.34%
9 30.00 0.00398 280.90 317.0 0.40%
10 33.75 0.00490 276.60 319.0 0.49%
11 35.00 0.00524 277.30 319.9 0.52%
12 37.50 0.00598 278.90 321.9 0.60%
13 40.00 0.00680 281.00 324.0 0.68%
14 42.50 0.00775 292.50 329.1 0.78%
15 45.00 0.00887 291.20 329.1 0.89%
16 47.50 0.01030 288.10 332.7 1.03%
17 50.00 0.01446 297.00 342.9 1.45%
18 52.50 0.02644 322.50 3724 2.64%
19 55.00 0.04450 361.10 416.9 4.45%
20 58.75 0.07529 426.70 492.7 7.53%
21 60.00 0.08602 449.60 519.1 8.60%
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SKB, Cast iron insert. model : rx33
assignment : 203253 2D plain strain
p [MPa] Emax O-eqvmax Ointmax emax%

0.00 0.00000 0 0.0 0.00%
5.00 0.00043 71.80 80.7 0.04%
10.00 0.00086 143.60 161.4 0.09%
15.00 0.00130 215.40 242.2 0.13%
17.50 0.00151 251.30 282.6 0.15%
20.00 0.00173 287.30 323.1 0.17%
23.75 0.00209 274.40 308.2 0.21%
25.00 0.00229 279.90 315.1 0.23%
27.50 0.00271 271.90 311.1 0.27%
30.00 0.00321 276.80 313.5 0.32%
33.75 0.00398 277.20 316.3 0.40%
35.00 0.00426 279.70 3171 0.43%
37.50 0.00482 276.40 318.8 0.48%
40.00 0.00544 282.00 320.5 0.54%
42.50 0.00614 281.70 322.3 0.61%
45.00 0.00693 280.90 324.3 0.69%
47.50 0.00785 284.00 326.6 0.79%
50.00 0.00901 286.30 329.5 0.90%
52.50 0.01515 298.40 344.6 1.52%
55.00 0.02865 327.30 377.9 2.87%
58.75 0.05527 384.00 443.4 5.53%
60.00 0.06461 403.90 466.4 6.46%
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—o—dn1222, r1=474.5, r2=20, Sy=250, Rm=450
—e—dn1224, r1=474.5, r2=20, Sy=250, Rm=500 SKB, Normalvarden fran indata Probalistisk analys
——dn1242, r1=474.5, r2=20, Sy=290, Rm=450
30% | —X—dn1244,r1=474.5,r2=20, Sy=290, Rm=500
1| —%—dn3222, r1=464.5, r2=20, Sy=250, Rm=450
—e—dn3224, r1=464.5, r2=20, Sy=250, Rm=500
——dn3242, r1=464.5, r2=20, Sy=290, Rm=450
+| —B—dn3244, r1=464.5, r2=20, Sy=290, Rm=500
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total max sig eqv von Mises [MPa]

1600 -

1400 |

—0—dn1222, R1=474.5, R2=20, Sy=250, Rm=450
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SKB, Normal value from input data probabilistic analysis

1200 1

1000 |

800 |
600 |

400 |

200 |

p [MPa]




T.T

AF-System AB

Appendix 7 AF-S Report B794 Rev. 1

Page 3

12 +—

—0—dn1222, R1=474.5, R2=20, Sy=250, Rm=450
—e—dn1224, R1=474.5, R2=20, Sy=250, Rm=500
——dn1242, R1=474.5, R2=20, Sy=290, Rm=450
—%—dn1244, R1=474.5, R2=20, Sy=290, Rm=500

SKB, Normal value from input data probabilistic analysis
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—e—dn3224, R1=464.5, R2=20, Sy=250, Rm=500
—+—dn3242, R1=464.5, R2=20, Sy=290, Rm=450
—B—dn3244, R1=464.5, R2=20, Sy=290, Rm=500

10 +
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SKB, Cast iron inserts. model : dn1222 r2= 20
assignment : 203253 2D plain strain r1= 4745
Sy= 250
Rm = 450
p [MPa] Emax 0-eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00049 81.20 91.3 0.06 0.05%
10.00 0.00098 162.50 182.6 0.1 0.10%
15.00 0.00147 243.80 274.0 0.17 0.15%
17.50 0.00162 257.00 288.5 0.20 0.16%
20.00 0.00201 258.90 291.1 0.22 0.20%
23.75 0.00274 256.90 288.9 0.27 0.27%
25.00 0.00302 254.50 290.2 0.28 0.30%
27.50 0.00362 259.30 292.4 0.31 0.36%
30.00 0.00424 257.40 294.2 0.34 0.42%
33.75 0.00525 258.90 296.8 0.39 0.53%
35.00 0.00563 258.00 297.8 0.41 0.56%
37.50 0.00647 263.90 299.8 0.44 0.65%
40.00 0.00746 267.10 302.2 0.47 0.75%
42.50 0.00866 270.80 305.0 0.51 0.87%
45.00 0.01048 267.80 309.3 0.55 1.05%
47.50 0.01898 285.10 329.2 0.76 1.90%
50.00 0.03528 318.20 367.4 1.26 3.53%
52.50 0.05618 360.60 416.4 2.04 5.62%
55.00 0.07824 405.30 468.0 2.99 7.82%
58.75 0.11291 475.50 549.1 4.74 11.29%
60.00 0.12512 500.30 577.6 5.38 12.51%
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SKB, Cast iron inserts. model : dn1224 r2= 20
assignment : 203253 2D plain strain r1= 4745
Sy= 250
Rm = 500
p [MPa] €max 0-eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00049 81.20 91.3 0.06 0.05%
10.00 0.00098 162.50 182.6 0.1 0.10%
15.00 0.00147 243.80 274.0 0.17 0.15%
17.50 0.00162 257.10 288.6 0.20 0.16%
20.00 0.00201 259.00 291.2 0.22 0.20%
23.75 0.00274 257.00 289.6 0.27 0.27%
25.00 0.00301 254.70 291.0 0.28 0.30%
27.50 0.00361 259.70 293.5 0.31 0.36%
30.00 0.00422 257.20 295.7 0.34 0.42%
33.75 0.00522 259.60 298.9 0.39 0.52%
35.00 0.00560 260.00 300.1 0.41 0.56%
37.50 0.00642 263.80 302.6 0.44 0.64%
40.00 0.00739 267.00 305.5 0.47 0.74%
42.50 0.00856 270.70 308.9 0.51 0.86%
45.00 0.01023 271.80 313.8 0.55 1.02%
47.50 0.01723 289.50 334.3 0.73 1.72%
50.00 0.03014 322.30 3721 1.15 3.01%
52.50 0.04676 364.40 420.8 1.78 4.68%
55.00 0.06432 408.90 472.2 2.55 6.43%
58.75 0.09163 478.10 552.0 3.94 9.16%
60.00 0.10126 502.50 580.2 4.45 10.13%
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SKB, Cast iron inserts. model : dn1242 r2= 20
assignment : 203253 2D plain strain r1= 4745
Sy= 290
Rm = 450
p [MPa] Emax 0-eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00049 81.20 91.3 0.06 0.05%
10.00 0.00098 162.50 182.6 0.1 0.10%
15.00 0.00147 243.80 274.0 0.17 0.15%
17.50 0.00171 284.40 319.8 0.20 0.17%
20.00 0.00183 296.10 332.5 0.22 0.18%
23.75 0.00241 303.20 341.4 0.27 0.24%
25.00 0.00267 291.00 332.0 0.28 0.27%
27.50 0.00318 297.80 334.9 0.31 0.32%
30.00 0.00375 295.40 336.7 0.34 0.38%
33.75 0.00467 297.90 339.2 0.39 0.47%
35.00 0.00499 294.80 340.0 0.40 0.50%
37.50 0.00563 296.60 341.4 0.43 0.56%
40.00 0.00637 302.00 342.9 0.46 0.64%
42.50 0.00720 298.40 344.5 0.50 0.72%
45.00 0.00814 310.40 349.2 0.53 0.81%
47.50 0.00923 306.90 348.4 0.56 0.92%
50.00 0.01057 309.80 350.9 0.60 1.06%
52.50 0.01280 308.00 355.1 0.64 1.28%
55.00 0.02372 325.30 375.7 0.90 2.37%
58.75 0.05588 377.70 436.1 1.89 5.59%
60.00 0.06911 399.20 460.9 2.36 6.91%
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SKB, Cast iron inserts. model : dn1244 r2= 20
assignment : 203253 2D plain strain r1= 4745
Sy= 290
Rm = 500
p [MPa] Emax 0-eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00049 81.20 91.3 0.06 0.05%
10.00 0.00098 162.50 182.6 0.1 0.10%
15.00 0.00147 243.80 274.0 0.17 0.15%
17.50 0.00171 284.40 319.8 0.20 0.17%
20.00 0.00183 296.20 332.5 0.22 0.18%
23.75 0.00241 303.40 341.5 0.27 0.24%
25.00 0.00266 291.50 332.5 0.28 0.27%
27.50 0.00317 297.90 335.4 0.31 0.32%
30.00 0.00374 295.70 337.8 0.34 0.37%
33.75 0.00465 297.60 340.8 0.38 0.47%
35.00 0.00497 296.40 341.8 0.40 0.50%
37.50 0.00560 297.80 343.6 0.43 0.56%
40.00 0.00633 299.40 345.5 0.46 0.63%
42.50 0.00715 301.10 347.6 0.50 0.72%
45.00 0.00807 310.20 349.9 0.53 0.81%
47.50 0.00913 306.70 352.5 0.56 0.91%
50.00 0.01042 309.70 355.8 0.60 1.04%
52.50 0.01241 312.40 360.7 0.64 1.24%
55.00 0.02107 330.90 382.0 0.86 2.11%
58.75 0.04525 382.50 441.7 1.64 4.53%
60.00 0.05520 403.70 466.2 2.00 5.52%
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SKB, Cast iron inserts. model : dn3222 r2= 20
assignment : 203253 2D plain strain r1= 464.5
Sy= 250
Rm = 450
p [M Pa] €max 0-eqvmax Ointmax uy €max %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00061 101.10 113.8 0.06 0.06%
10.00 0.00122 202.40 227.6 0.12 0.12%
15.00 0.00183 250.30 283.4 0.18 0.18%
17.50 0.00238 259.60 292.5 0.21 0.24%
20.00 0.00306 253.80 290.4 0.25 0.31%
23.75 0.00422 255.10 2941 0.29 0.42%
25.00 0.00464 256.00 295.2 0.31 0.46%
27.50 0.00558 257.90 297.6 0.35 0.56%
30.00 0.00672 260.30 300.4 0.38 0.67%
33.75 0.00947 265.80 306.9 0.44 0.95%
35.00 0.01147 271.60 311.6 0.46 1.15%
37.50 0.01615 279.30 322.6 0.51 1.62%
40.00 0.02119 289.60 334.4 0.57 2.12%
42.50 0.03770 323.10 373.0 1.06 3.77%
45.00 0.06252 373.40 431.2 1.96 6.25%
46.13 0.07558 399.90 461.7 2.48 7.56%
47.25 0.08922 427.50 493.7 3.06 8.92%
48.94 0.11030 470.20 542.9 4.01 11.03%
50.00 0.12370 497.30 574.3 4.66 12.37%
52.50 0.15573 562.10 649.1 6.30 15.57%
55.00 0.18818 627.70 724.9 8.08 18.82%
58.75 0.23645 725.30 837.5 10.98 23.65%
60.00 0.25255 757.80 875.0 11.98 25.26%
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SKB, Cast iron inserts. model : dn3224 r2= 20
assignment : 203253 2D plain strain r1= 464.5
Sy= 250
Rm = 500
p [MPa] Emax 0-eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00061 101.10 113.8 0.06 0.06%
10.00 0.00122 202.40 227.6 0.12 0.12%
15.00 0.00183 250.40 283.5 0.18 0.18%
17.50 0.00238 259.80 292.7 0.21 0.24%
20.00 0.00305 253.90 291.2 0.25 0.31%
23.75 0.00420 256.50 295.6 0.29 0.42%
25.00 0.00462 257.50 297.0 0.31 0.46%
27.50 0.00554 259.90 299.9 0.35 0.55%
30.00 0.00667 262.70 303.3 0.38 0.67%
33.75 0.00927 269.30 311.0 0.44 0.93%
35.00 0.01103 273.80 316.1 0.46 1.10%
37.50 0.01517 284.30 328.3 0.51 1.52%
40.00 0.01947 295.20 340.8 0.56 1.95%
42.50 0.03269 328.70 379.6 0.97 3.27%
45.00 0.05185 377.30 435.7 1.69 5.19%
47.50 0.07489 435.70 503.1 2.67 7.49%
50.00 0.09919 497.20 5741 3.82 9.92%
52.50 0.12400 560.00 646.6 5.10 12.40%
55.00 0.14910 623.50 719.9 6.48 14.91%
58.75 0.18631 717.50 828.5 8.73 18.63%
60.00 0.19878 749.10 865.0 9.51 19.88%
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SKB, Cast iron inserts. model : dn3242 r2= 20
assignment : 203253 2D plain strain r1= 464.5
Sy= 290
Rm = 450
p [MPa] Emax 0-eqvmax Ointmax uy €max %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00061 101.10 113.8 0.06 0.06%
10.00 0.00122 202.40 227.6 0.12 0.12%
15.00 0.00183 303.70 341.6 0.18 0.18%
17.50 0.00214 290.20 328.6 0.21 0.21%
20.00 0.00269 299.80 337.6 0.24 0.27%
23.75 0.00371 295.90 336.5 0.29 0.37%
25.00 0.00410 299.60 337.7 0.31 0.41%
27.50 0.00489 294.70 339.7 0.34 0.49%
30.00 0.00577 300.80 341.7 0.38 0.58%
33.75 0.00730 298.60 344.7 0.43 0.73%
35.00 0.00795 304.20 346.0 0.44 0.80%
37.50 0.00955 302.30 349.0 0.48 0.96%
40.00 0.01265 309.30 354.8 0.52 1.27%
42.50 0.01781 315.70 364.6 0.57 1.78%
45.00 0.02313 324.40 374.6 0.62 2.31%
47.50 0.03445 342.80 395.8 0.87 3.45%
50.00 0.05850 381.90 441.0 1.62 5.85%
52.50 0.09306 438.10 505.9 2.86 9.31%
55.00 0.13225 501.70 579.4 4.48 13.23%
58.75 0.19478 603.20 696.5 7.42 19.48%
60.00 0.21628 638.00 736.7 8.49 21.63%
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SKB, Cast iron inserts. model : dn3244 r2= 20
assignment : 203253 2D plain strain r1= 464.5
Sy = 290
Rm = 500
p [MPa] €max o'eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00061 101.10 113.8 0.06 0.06%
10.00 0.00122 202.40 227.6 0.12 0.12%
15.00 0.00183 303.70 341.6 0.18 0.18%
17.50 0.00214 290.40 328.8 0.21 0.21%
20.00 0.00269 299.90 337.8 0.24 0.27%
23.75 0.00371 296.00 337.6 0.29 0.37%
25.00 0.00408 299.90 339.0 0.31 0.41%
27.50 0.00487 296.20 3415 0.34 0.49%
30.00 0.00574 302.10 343.9 0.37 0.57%
33.75 0.00725 301.30 347.8 0.43 0.73%
35.00 0.00789 304.00 349.4 0.44 0.79%
37.50 0.00943 306.00 353.3 0.48 0.94%
40.00 0.01219 311.90 360.1 0.52 1.22%
42.50 0.01665 321.40 3711 0.57 1.67%
45.00 0.02128 331.30 382.5 0.62 2.13%
47.50 0.02996 349.80 403.9 0.82 3.00%
50.00 0.04803 388.40 448.5 1.40 4.80%
52.50 0.07305 441.80 510.2 2.34 7.31%
55.00 0.10157 502.60 580.4 3.54 10.16%
58.75 0.14670 598.80 691.4 5.69 14.67%
60.00 0.16222 631.80 729.6 6.48 16.22%
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total max strain [%)]

—0—dn1355, r1=474.5, r2=25, Sy=350, Rm=550
—o—dn4111, r1=459.5, r2=15, Sy=200, Rm=400

SKB, Extreme value from input data Probabilistic analysis

70%

p

60%
50% -+
40%

30% +

/

20%

10%

0%

15

20

25

30
p [MPa]

35 40

45

50

55

60




18T

AF-System AB

Appendix 8 AF-S Report B794 Rev. 1

Page 2

—o—dn1355, R1=474.5, R2=25, Sy=350, Rm=550
—e—dn4111, R1=459.5, R2=15, Sy=200, Rm=400

SKB, Extreme value from input data Probabilistic analysis
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—o—dn1355, R1=474.5, R2=25, Sy=350, Rm=550
o—dn4111, R1=459 5, R2=15, Sy=200, Rm=400 SKB, Extreme value from input data Probabilistic analysis
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SKB, cast iron inserts. model : dn1355 r2= 25
assignment : 203253 2D plain strain r1= 4745

Sy = 350

Rm = 550
p [MPa] €max o'eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00043 71.80 80.7 0.05 0.04%
10.00 0.00086 143.60 161.4 0.11 0.09%
15.00 0.00130 215.40 242.2 0.16 0.13%
17.50 0.00151 251.30 282.6 0.19 0.15%
20.00 0.00173 287.30 323.1 0.22 0.17%
23.75 0.00206 341.20 383.7 0.26 0.21%
25.00 0.00216 359.20 403.9 0.27 0.22%
27.50 0.00228 359.10 403.3 0.30 0.23%
30.00 0.00261 350.60 3971 0.32 0.26%
33.75 0.00319 357.00 401.4 0.37 0.32%
35.00 0.00340 359.30 402.6 0.38 0.34%
37.50 0.00388 355.20 405.1 0.41 0.39%
40.00 0.00439 361.50 407 1 0.44 0.44%
42.50 0.00490 359.70 408.9 0.47 0.49%
45.00 0.00544 361.70 410.6 0.50 0.54%
47.50 0.00599 357.40 412.2 0.53 0.60%
50.00 0.00660 358.60 413.8 0.56 0.66%
52.50 0.00724 359.90 4154 0.59 0.72%
55.00 0.00793 364.60 417 1 0.62 0.79%
58.75 0.00914 363.80 420.1 0.67 0.91%
60.00 0.00959 371.40 421.1 0.68 0.96%
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SKB, Cast iron inserts. model : dn4111 r2= 15
assignment : 203253 2D plain strain r1= 459.5
Sy = 200
Rm = 400
p [MPa] Emax 0-eqvmax Ointmax uy Emax %
0.00 0.00000 0 0.0 0 0.00%
5.00 0.00087 144.40 162.4 0.07 0.09%
10.00 0.00200 203.20 2301 0.13 0.20%
15.00 0.00425 206.20 237.4 0.20 0.43%
17.50 0.00581 215.10 241.8 0.24 0.58%
20.00 0.00888 215.20 248.5 0.28 0.89%
23.75 0.01916 236.00 272.5 0.36 1.92%
25.00 0.02265 243.10 280.7 0.38 2.27%
27.50 0.02955 257.00 296.8 0.43 2.96%
30.00 0.04672 291.70 336.8 0.83 4.67%
31.69 0.07072 340.20 392.8 1.56 7.07%
33.38 0.09995 399.20 461.0 2.57 10.00%
35.00 0.12968 459.30 530.3 3.69 12.97%
37.50 0.17661 553.90 639.6 5.61 17.66%
40.00 0.22312 647.60 747.8 7.75 22.31%
42.50 0.27011 742.10 856.9 10.02 27.01%
45.00 0.31906 840.60 970.6 12.37 31.91%
47.50 0.37266 948.60 1095.3 14.76 37.27%
48.63 0.39773 998.90 1153.4 15.84 39.77%
49.31 0.41337 1030.30 1189.7 16.50 41.34%
50.00 0.42906 1061.70 1226.0 17.15 42.91%
52.50 0.48512 1173.90 1355.5 19.55 48.51%
55.00 0.54220 1287.80 1487.0 21.94 54.22%
56.69 0.58106 1365.20 1576.4 23.54 58.11%
58.38 0.61896 1440.50 1663.4 25.10 61.90%
60.00 0.65524 1512.50 1746.5 26.59 65.52%
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Stress-strain curve Copper:
acc. to "Elements of Physical Metallurgy", Albert G. Guy, University of Florida

i :=.00,.001.. .54
(i) =i

6 . 5
E:= 1610 -psi E=1103x 10" MPa
So := 8000-psi So = 55.158 MPa
n:=.54
K := 46000-psi K =317.159 MPa

o1(i) = K-8()" + S

300

250
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200

10
MPa
100

50

3(i)
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Stress-strain curve Copper:
acc. to "Elements of Physical Metallurgy”, Albert G. Guy, University of Florida

6 := 50-MPa, 70-MPa.. 290-MPa

300
/
250 /
200
(&)
— 150
MPa
100
50
0
0 0.1 0.2 0.3 0.4 0.5 0.6
dtot(0)
o
MPa 4:05t32 10 4
%0 4.081 10 3
70 i
% 0.018
110 0.04
130 0.07
150 0.108
170 0.154
190 0.207
210 0.267
530 0.334
550 0.408
570 0.489
590 0.576
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