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The article presents the outcome of a comprehensive program of tensile, compression and fracture
toughness experiments, addressing thick-walled ductile cast iron inserts used for the production of three
nuclear waste canisters. The resulting data are required as input to the assessment of the failure probability
of the canisters. Moreover, these data are useful for the improvement of the casting technique as such.
Although the same material specification is always used, material properties are found to show significant
variation. Considerable attention is paid to linking the scatter in tensile properties to fractographic and
microstructural observations. The main finding is that low ductility tensile test results can be primarily
connected to the presence of specific casting defects, from which oxide films have the most detrimental
effect. Another important observation is that compression experiments do not result in low ductility failure.
During fracture testing, stable ductile crack propagation is observed. Basic fracture analysis of a tensile test
is performed in order to better understand the effect of defect size, stress-strain behavior and fracture
toughness on the ductility measured through tensile testing. Two opposing specimen size effects are

observed.
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1. Introduction

The Swedish concept for deep geological disposal of spent
nuclear fuel, KBS-3 (Kéarnbrinslesidkerhet 3), is based on a
multiple barrier principle in order to prevent the release of
radionuclides into the environment. The canister that contains
the spent fuel is the first and principal barrier within the overall
system. Its outer shell consists of 50 mm thick copper, providing
resistance against corrosion and inside is an insert of ductile cast
iron in order to guarantee sufficiently high mechanical strength to
withstand the pressure under deep disposal conditions. The
complete canister, which must remain intact for at least
100,000 years, is nearly 5 m long and has a diameter of just
over 1 m. Figure 1 gives an impression of the boiling water
reactor (BWR) nuclear waste canister design (Ref 1).

The work presented in this article was performed in the
framework of the collaboration of the Institute for Energy (IE)
with the KBS-3 group, which is managed by the Swedish
Nuclear Fuel and Waste Management Company (Svensk
Kéarnbréanslehantering—SKB). More specifically the IE was
involved in investigations on the failure probability of the
canisters and the associated acceptance criteria for the ductile
cast iron material properties and the dimensions of casting
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defects. This probabilistic study included a variety of exper-
imental and analytical sub-tasks.

The overall objective of the experimental program described
in this article was 2-fold. First of all it had to provide input data
to the probabilistic failure analysis work mentioned above. This
type of analysis requires a number of input parameters, which
should be treated as stochastic variables. These variables
typically include operating loads and material properties. More
specifically the test program had to provide probabilistic
distributions for tensile and compression properties and fracture
initiation data (Ref 2). A comprehensive series of tests was
planned in order to obtain statistically meaningful information
for the two failure modes i.e., fracture and plastic collapse.
Tensile and compression test data were mainly needed for
plastic collapse analyses. Fracture tests were required to
determine fracture toughness distributions. In addition to these
data, knowledge of the casting defect distribution was needed
for the probabilistic analyses. The second goal of the material
characterization experiments was to better understand the actual
variation in material properties. More particularly the effect of
casting defects on the ductile cast iron’s ductility had to be
closely considered. Low ductility tensile test results had been
one of the main problems encountered during the production
method development phase of the inserts. Hence, an extensive
program of fractographic and metallographic investigations was
planned. It is evident that, in a more general context, the large
amount of experimental data can also be used to improve the
actual casting techniques.

The article is organized as follows. First of all a brief
overview of ductile cast iron related aspects is presented. This
is followed by a description of the test plan, which addresses
three ductile cast iron inserts. Further, tensile and compression
data as well as fracture toughness values arising from these
inserts are presented and discussed. Next the outcome of
fractographic and metallographic investigations on tensile test
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Fig. 1 BWR spent fuel canister design

specimens is considered in detail and finally a basic fracture
model of a tensile experiment modeling casting defects is
presented.

2. Ductile Cast Iron

The production of the KBS-3 inserts is the result of
extensive product development, also considering other materi-
als, such as bronze and cast steel. Ductile cast iron was selected
because it can be easily procured, it is relatively cheap and it
offers the best solution with respect to casting and machining-
related aspects.

Ductile cast iron is also called nodular iron or spheroidal
graphite iron. It is a cast ferrous material in which the free
graphite is present in a spherical form. Figure 2 shows a typical
microstructure with the graphite nodules in a ferrite and pearlite
matrix (Ref 3). Pearlite increases the material’s strength but, at
the same time, lowers its ductility. Other microstructural
parameters affecting the mechanical properties are the general
shape of the graphite particles (“nodularity’’), the number of
graphite nodules (in a metallographic cross-section) per mm?>
(“nodule count”), and the overall graphite volume. High
nodularity is important, even a limited amount of non-spherical
graphite particles will negatively influence mechanical proper-
ties. Further, the presence of a variety of casting defects needs
to be limited in order to minimize the detrimental effect on the
ductile cast iron properties. Possible casting defects include
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cavities, inclusions, carbides, chunky graphite etc. The control
of the casting quality becomes particularly challenging in the
case of heavy-section components, such as the KBS-3 canister
inserts, and defects cannot be completely ruled out.

National and international standards have been developed
providing specifications for the general use of a wide range of
ductile cast iron grades. These standard specifications are
generally based on mechanical properties, which are essentially
(room temperature) tensile data together with impact and
hardness requirements. Minimum static fracture toughness
figures are not specified in these material standards. The ductile
cast iron used in this project is designated EN-GJS-400-15U
(number EN-JS1072) in accordance with the European standard
EN 1563 (Ref 4). This material acceptance standard requires a
minimum level of nodularity and nodule count. The minimum
requirements for different wall thickness values with respect to
0.2% proof stress (Ryo2), ultimate tensile strength (R;,) and
elongation after fracture (4) are given in Table 1. The EN 1563
standard is a very useful reference but on the other hand it
should be stressed that its requirements are not taken over as
such within the KBS-3 canister design specifications. First of
all the values given in Table 1 are valid for cast-on test bars and
second the canister insert wall thickness is over 200 mm at
several locations. Further it should be noted that the canister is
mainly designed against compressive loads. Hence, the final
material acceptance criteria will depend on several factors
specific to this application, including the outcome of probabi-
listic failure analysis work.

3. Available Test Material and Experimental

Program

The materials test program was based on three canister
inserts, which were produced for R&D purposes. They were
designed to contain BWR spent fuel and referred to as 124, 125,

Graphite nodule

Pearlite

Fig. 2 Typical ductile cast iron microstructure, showing nodular
graphite in ferrite and pearlite matrix

Table 1 EN 1563 minimum requirements for 0.2% proof
stress, ultimate tensile strength and elongation after
fracture

Relevant wall 0.2% Proof Ultimate tensile Elongation after
thickness t, mm stress, MPa strength, MPa fracture, %

t< 30 250 400 15
30<r<60 250 390 14
60<r<200 240 370 11
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and 126. The inserts were cast in one single piece of ductile cast
iron, which was poured in a mold, filling the spaces in between
and around 12 steel channels present to contain the fuel
assemblies. The canister inserts were fabricated at three
different foundries at an intermediate stage of the casting
technique development process. Different production methods
were used. For inserts 125 and 126 bottom pouring casting was
applied and insert 124 was produced using a top pouring
technique. After casting, the inserts were allowed to cool in the
mold for a few days. The inserts were then knocked out of the
mold, cleaned, and machined (Ref 1). The chemical analyses
corresponding to the three canister inserts are presented in
Table 2.

For each canister insert two transverse slabs were cut off for
specimen fabrication. One slab was removed from the top
region of the insert and included the 12 spent fuel channels. The
other segment, which was cut from the bottom, was fully solid.
From the top block both “longitudinal” (parallel to the canister
symmetry axis) and “transversal” (perpendicular to this
symmetry axis) round tensile specimens and Single Edge-
Notched Bend (SEN(B)) fracture bars were machined. Also
compression test pieces were produced from the top slab. These
cylindrical bars were taken out in longitudinal direction. The
bottom slab was used in order to produce transversal tensile
specimens and SEN(B) bars. Figure 3 shows examples of top
and bottom test material blocks, whereas Fig. 4 illustrates the
extensive specimen sampling within one of the slabs.

Tensile tests were performed by the IE and by the Swedish
Foundry Association (Svenska Gjuteriféreningen—GF) in
accordance with the European standard EN10002-1 (Ref 5).
In addition to “medium size” tensile bars (@ 14 mm), also
“small” (@ 9.5 mm) and “large” bars (@ 20 mm) were tested.
This was done in order to check for any specimen size effect,
assuming that strength is controlled by the largest inherent
defect in accordance with weakest link theory. Compression
experiments were carried out at the IE, following the standard
ASTM E9-89a (Ref 6). Fracture testing was performed by the
IE and at the Swedish Royal Institute of Technology (Kungliga
Tekniska Hogskolan—KTH). Here ASTM standard E1820-01
was the basis for performing both pre-cracking and the actual
fracture experiments (Ref 7). All tests reported in this article

were performed at room temperature, which offered the best
basis for comparison with available material acceptance
criteria. Within the overall experimental program a number of
tests were also carried out at 0 and 100 °C to assess the effect of
temperature variations in geological disposal conditions. The
resulting data however are not presented here.

4. Mechanical Test Results

4.1 Tensile Properties

Throughout all the analyses performed, the IE and GF
tensile test results were found to show the same trends.
Moreover no significant effect was observed from testing
different specimen sizes. Consequently all tensile data obtained
are treated together in the following discussions.

For each tensile experiment performed at the IE a complete
engineering stress-strain curve was recorded. Starting from
axial strain measurements it was possible to deduce true
stress—true strain curves, at least during uniform elongation,
i.e., before necking occurred. These true stress—true strain data
were needed for the probabilistic failure analysis of the
canisters in order to calculate plastic collapse loads by finite
element computations. For insert 125 the tensile curves for
different specimens showed little variation until fracture
occurred at various stress and strain levels. The same applies
for insert 126, which is clearly illustrated by the engineering
tensile curves given in Fig. 5. This observation suggested that
fracture was caused by defects present in the ductile cast iron.
The 124 tensile curves showed more variation, particularly
within the insert top region, suggesting microstructural differ-
ences in addition to defects. The 126 ductile cast iron reached
significantly higher stress levels during the experiments than
the 124 and 125 material, as is illustrated in Fig. 6. This
observation should be related to the higher Mn level associated
with insert 126, which results in higher pearlite content.

Yield strength and flow stress are important material design
properties, which are connected to a certain amount of accepted
permanent deformation. Depending on the used methodology, a
probabilistic failure analysis may require yield strength or flow

Table 2 Chemical analysis (weight percentage) of ductile cast iron used for producing canister inserts 124, 125, and 126

Canister insert C, % Si, % Mn, % P, % S, % Cr, % Ni, % Mo, % Cu, % Mg, %
124 3.66 2.31 0.15 0.03 0.01 0.03 0.27 0.01 0.11 0.05
125 3.78 2.08 0.21 0.01 0.01 0.04 0.50 - - 0.04
126 3.56 2.39 0.52 0.03 0.01 - 0.73 - - 0.06

Fig. 3 Top (with channels) and bottom (solid) canister test material blocks
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Fig. 4 Example of sampling drawing addressing canister insert top
segment
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Fig. 5 Engineering tensile curves arising from 126 experiments,
showing identical trends until failure occurs at different stress-strain
levels

stress as stochastic input variable. As is standard for metallic
materials, which do not have a distinctly defined yield point,
0.2% proof stress was measured, i.e., the engineering stress
corresponding to 0.2% of plastic engineering strain. Table 3
gives the mean values and the standard deviations of the Ry,
data measured for the three sampling conditions within each
insert: top longitudinal, top transversal, and bottom transversal.
Figure 7 presents the same information in graphic format; each
error bar shown corresponds to the mean value plus and minus
one standard deviation (Ref 8). The average values observed
for insert 126 are clearly higher than those measured for 124 and
125 due to higher pearlite content. For canister 124 the bottom
location performed significantly better than the top of the insert,
which also gave higher scatter bands. It has to be noted that the
various individual data sets (i.e., per sampling condition)
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generally showed a normal distribution. This was checked by
means of the Shapiro-Wilk normality test, which is appropriate
for relatively small populations. After having performed an
Analysis of Variance (ANOVA), it was even evident that all 126
0.2% proof stress data could be considered together as one
single normal population (Ref 8). This is illustrated in Fig. 8.
The use of flow stress—i.e., the average of 0.2% proof stress
and ultimate tensile strength—in structural integrity analyses
allows for higher plastic deformation. These flow stress data
(d10w) are presented in an identical way as the Ry, results: see
Table 4 and Fig. 9. Almost all data sets showed a normal
distribution. Also here the bottom part of insert 124 performed
remarkably better than the top region, which was in fact the
only area resulting in low mean values and higher scatter bands.

Besides properties connected to a certain (limited) amount
of allowed plastic deformation, also the failure-related param-
eter elongation after fracture was closely considered, occasion-
ally in conjunction with ultimate tensile strength. Elongation
after fracture is not used as direct input to structural integrity
analyses, but it is a good measure for the material’s local
ductility and—as will be shown below—it is also an excellent
indirect measure for the size of casting defects present in a
specimen. Figure 10 presents the R,,-A relationship for canister
inserts 124 and 126. A clear trend was observed: increasing 4
values went together with increasing R, figures until a more or
less constant R, level was reached. Beyond this maximum R,
level, variation of 4 was still evident. Similar to the observa-
tions made for the 0.2% proof stress, the highest tensile strength

600

500 - 126
124

400 - 25
§ 300 -
200 -

100

0.00 0.02 0.04 0.06 0.08 0.10

Etrue

Fig. 6 Typical trends of true stress—true strain curves related to in-
serts 124, 125, and 126

Table 3 0.2% Proof stress (Ro.,) mean values and corre-
sponding standard deviations

Ry, standard

Sampling Number Ry, mean deviation,
Insert condition of tests value, MPa MPa
top longitudinal 12 262 8
124 top transversal 21 255 16
bottom transversal 17 284 7
top longitudinal 10 262 3
125 top transversal 23 264 4
bottom transversal 17 261 3
top longitudinal 8 311 7
126 top transversal 19 313 8
bottom transversal 19 314 5

Journal of Materials Engineering and Performance
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Fig. 8 Canister insert 126 overall 0.2% proof stress data showing
normal distribution

Table 4 Flow stress (6g,y) mean values and correspond-
ing standard deviations

Ghow Standard

Sampling Number o¢g,,, mean deviation,
Insert condition of tests value, MPa MPa
top longitudinal 12 290 25
124 top transversal 21 278 23
bottom transversal 17 345 6
top longitudinal 9 313 11
125 top transversal 23 316 8
bottom transversal 17 311 2
top longitudinal 8 358 12
126 top transversal 19 349 15
bottom transversal 19 362 11

was found for 126 due to its higher pearlite content. At the same
time this higher pearlite content resulted in lower maximum
ductility. Also for the elongation after fracture data, the
variation with respect to the sampling location and orientation
is shown: see Table 5 and Fig. 11 (Ref 8). Generally, extensive
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Fig. 9 Flow stress mean values and error bars (= + standard devia-
tion) as function of 1/canister insert (124, 125, 126), 2/sampling re-
gion (top, bottom), and 3/specimen orientation (longitudinal,
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Fig. 10 Ultimate tensile strength as function of elongation after
fracture for all 124 and 126 tensile tests

Table S Elongation after fracture (4) mean values and
corresponding standard deviations

Sampling Number A mean A standard

Insert condition of tests  value, %  deviation, %
top longitudinal 12 5.7 34
124 top transversal 21 39 1.5
bottom transversal 17 22.1 2.6
top longitudinal 9 12.0 4.7
125 top transversal 23 10.4 3.0
bottom transversal 17 12.2 1.5
top longitudinal 8 6.7 2.2
126 top transversal 19 4.5 2.3
bottom transversal 19 9.8 5.8

scatter was observed, both between and within the canister
inserts. For various locations both low mean values and large
standard deviations were found. Concerning 124 a large
variation exists between the canister top and bottom results,
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once more with the best results for the bottom. From Table 1 it
is obvious that many specimens did not fulfil the standard EN
1563 requirement.

4.2 Gompression Behavior

As already stated, the canister inserts are mainly designed
for compressive loading conditions. For this reason a limited
series of compression tests was also carried out. In Fig. 12 the
compressive true stress—true strain curves obtained for the
three canister inserts are compared with three selected tensile
true stress—true strain plots, corresponding to the same
sampling orientation (top longitudinal). For the compression
tests the curves could always be developed up to high strain
values, as no fracture events occurred and because uniform
compression within the extensometer gauge length could be
assumed throughout the experiments. As was found for tensile
testing, the canister insert 126 material resulted in higher
compressive stress levels than obtained for inserts 124 and 125,

25 q
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#21
top longitudinal top transversal bot. transversal

124 125 126 124 125 126 124 125 126

Fig. 11 Elongation after fracture mean values and error bars (=
+standard deviation) as function of 1/ canister insert (124, 125, 126),
2/sampling region (top, bottom), and 3/specimen orientation (longitu-
dinal, transversal)
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Fig. 12 All compressive true stress-true strain curves measured
together with three selected tensile true stress-true strain plots (same
sampling orientation)
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which had comparable compression behavior. It is obvious that
the ductile cast iron showed more pronounced strain hardening
in compression than in tension, certainly up to true strain values
of approximately 5% (Ref 9). Strain hardening exponents were
evaluated using the following Ramberg-Osgood type power
law fit (Ref 10):

<|am>“}

1 +oal —

00

with: E (MPa): Young’s Modulus (170,000 MPa for all fits) n:
strain hardening exponent o: “yield” offset in the sense that
when Otrue = 005 Egrue = [1 + OC]GO/E

The resulting average compressive strain hardening expo-
nents as well as the equivalent tensile values are given in
Table 6. Also the g figures, which are closely related to the
proportional limits, are included. It should be noted however
that the Ramberg-Osgood fits were generally quite poor in the
yield region.

In Table 7 the average compressive 0.2% proof stress values
are given together with the equivalent tensile values found for
the same sampling orientation (top slab, longitudinal direction).
It is clear that the compressive values are only slightly higher
than those obtained under tensile loading (Ref 9).

Otrue

Etrue =

4.3 Fracture Initiation Data

All specimens, which were tested at the IE, showed stable
ductile crack propagation. No brittle fracture events were
observed. It must be said that the probability for the presence of

Table 6 Mean compressive Ramberg-Osgood fitting
parameters n (strain hardening exponent) and o, together
with corresponding tension values from three selected
tensile experiments (same sampling orientation: top
longitudinal)

Insert R-O parameter Compression Tensile
124 n 5.5 6.2
oo (MPa) 190 195
125 n 5.1 6.1
ao (MPa) 182 136
126 n 5.2% 6.7
oo (MPa) 207° 204

%Only one test was performed

Table 7 0.2% Proof stress data resulting from compres-
sion experiments together with tensile values related to
same sampling orientation (i.e., top longitudinal)

Statistical Compression Tension

Insert parameter Ry0.2, MPa Ryo.2, MPa
124 Average 274 262

Standard deviation 5 8
125 Average 265 262

Standard deviation 2 2
126 Average 326" 311

Standard deviation -2 7

?Only one test was performed

Journal of Materials Engineering and Performance



a casting defect in the critical material volume around a
propagating crack is quite low and that one should expect less
variation in fracture toughness than observed for elongation
after fracture. A considerable number of specimens showed a
highly irregular final crack front—an example is presented in
Fig. 13—and consequently valid Ji. data could not be derived
for these test bars. Nevertheless it was decided to use the results
from these experiments and to report the “unqualified” Jg
values for all the tests performed. Table 8 summarizes these Jg
data measured for the three canister inserts at the various
sampling positions (Ref 11). Insert 126 shows considerably
lower fracture toughness than the other inserts. This should
again be related to its higher pearlite content. The actual
variation within the inserts was not further investigated with
respect to possible fractographic or metallographic features. For
the probabilistic analysis addressing a particular canister, the
J-integral near the onset of crack extension was introduced as
one single stochastic variable characterizing the entire insert.
For this reason overall mean values and standard deviations

| ——

RRRRRRRRRRERR

Fig. 13 Fracture surface from insert 124 test specimen, showing
irregular final crack front

Table 8 J-integral values near onset of stable crack
propagation (mean values and standard deviations)

Jo standard

Sampling Number Jo mean deviation,
Insert condition of tests  value, kJ/m> kJ/m?
top longitudinal 2 44 30
124 top transversal 5 43 8
bottom transversal 8 45 5
all results 15 45 9
top longitudinal 2 36 12
125 top transversal 5 41 8
bottom transversal 9 56 12
all results 16 49 13
top longitudinal 3 36 2
126 top transversal 12 33 4
bottom transversal 8 30 8
all results 23 32 6

Journal of Materials Engineering and Performance

have been included in Table 8. According to a Shapiro-Wilk
normality test, the global 124 and 125 data sets show a normal
distribution. For insert 126 this is not the case but this is just
because of one single low data point.

5. Fractographic and Metallographic Analyses
of Tensile Specimens

In order to better understand the variations in material
properties described in Section 4.1, a comprehensive fracto-
graphic and metallographic study was carried out on selected
broken tensile specimens. Special emphasis was given to the
specimens that had resulted in low elongation after fracture
values. All tensile specimens tested by GF (66) were used for
microstructural measurements of nodularity and pearlite con-
tent. In addition, 36 of these bars were subjected to detailed
fractography, which was also the case for 38 IE specimens. A
standard scanning electron microscope (SEM) was used for
characterizing the fracture surfaces at different magnifications.
In addition a number of metallographic cross-sections were
produced. These were examined by optical microscopy and in
some cases by SEM.

The SEM analysis performed on the tensile specimen
fracture surfaces revealed two dominant types of “macro-
scopic” casting defects, believed to negatively affect the
elongation after fracture data. First of all typical zones were
observed, which basically consisted of oxides—see Fig. 14.
Often Mg, Si and Al inclusions were found inside these
oxidized zones. Metallographic cross-sections made from a
number of broken specimen halves showed the same type of
“opened” oxidized defects under the actual fracture surfaces.
This is evident from Fig. 15. These defects should be referred
to as “oxide films”. They were formed by reoxidation of the
metal as it was poured into the mold. The highly reactive metals
in the alloy (Mg, Al and Si—see above) reacted with oxygen
and formed fresh oxide films. Detailed radiography carried out
before the execution of the tensile experiments did not reveal
these casting flaws, which apparently were “closed” at that
stage of the investigations. It is obvious however that they

Fig. 14 SEM picture showing typical oxidized defect on fracture
surface
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Fig. 15 Opened oxidized defects visible under fracture surface

A1

Aor= AT+A2+A3

O i Dy =2\A /T

O, 9O

Fig. 16 Definition of effective diameter characterizing oxide film
defect

Fig. 17 Area on fracture surface (left side) showing high-density
graphite distribution

showed very weak cohesion and opened during the tensile
experiments, resulting in premature fracture. The oxide films
were treated as cracks and sized through the definition of an
effective diameter (D.s) as indicated in Fig. 16. The second
category of defects detected on the fracture surfaces consisted
of regions with densely distributed graphite as shown in

42—Volume 16(1) February 2007
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Fig. 18 Example of irregular graphite particles observed in metallo-
graphic cross-section
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Fig. 19 Elongation after fracture as function of oxide film size,
excluding effect of high-density graphite areas

Fig. 17. This defect type appears to be “graphite flotation™.
Graphite flotation consists of clusters of primary graphite
nodules that have separated from the melt, ahead of the eutectic
reaction, and have floated to the cope surface or some internal
core and become agglomerated. Examination of metallographic
cross-sections also revealed the presence of other types of
irregular graphite particles, such as ‘“chunky graphite”
(Fig. 18), which is caused by excess concentration of rare
earth metals. It is important to note that the zones with high
carbon density do not act as (sharp) cracks but just merely as
areas with lower stiffness and strength. They were sized as a
fraction (%) of the initial specimen cross-sectional area (o). In
addition to the macroscopic casting defects a number of
microstructural features were observed, which are known to
partially affect elongation after fracture. The most important
were pearlite content and nodularity. It was extremely difficult
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to assess the combined effect of all these factors on the ductility
measurements. Nevertheless a number of clear trends could be
established, as is shown below.

Canister insert 124 offered an ideal opportunity to investi-
gate the individual effect of the two types of casting defects
indicated above, as the pearlite content was practically zero and
the nodularity was very high for the entire insert. A multiple
logarithmic regression linking the dependent factor A (%) to
the independent variables D¢ (mm) and ogr (%) confirmed the
dominant effect of the oxide films. A good logarithmic fit was
obtained when fracture surfaces only containing oxide films
were considered—see Fig. 19. Beyond all it is clear that the
presence of the oxide films, even with relatively small
dimensions, systematically resulted in low elongation after
fracture values, whatever the properties of the other variables
were. This is made clear by Fig. 20, which includes all the 124,
125, and 126 oxide film measurements. When really small oxide
film dimensions are considered (D.;<2 mm), the elongation
measurements show an increasing trend although the relation-
ship becomes more scattered as the other affecting parameters
start to influence A more significantly. An indication of the
impact of one of these parameters—the areas with densely
distributed graphite—is given by Fig. 21, from which oxide
film containing fracture surfaces have been excluded. It is clear
that the measured defective area must exceed relatively large
values (~20%) before a detrimental effect can be observed with
respect to the material’s ductility.

Regarding microstructural factors, it was found that pearlite
content lowered the elongation after fracture measurements,
whereas nodularity had the opposite effect. These trends are
confirmed to a large extent by Fig. 22 and 23, in which only
specimens including very small oxide films are considered
(Degr<1 mm). Again it is difficult to come to overall conclu-
sions quantifying all factors together but at least some
interesting individual observations can be made, such as:

e the highest elongation value (24.7%) is the result of both
high nodularity (90%) and very low pearlite content (1%),

e the difference between two elongation values (9.6 and
19.9%) corresponding to an identical pearlite content (5%)
can be explained by a significant difference in nodularity
(respectively 60 and 80%).
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Fig. 20 Relation between elongation after fracture and oxide film
size, including effect of other affecting factors (all 124, 125, and 126
data available)
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Fig. 21 Relation between elongation after fracture and size of areas
with densely distributed graphite, excluding effect of oxide film
defects (124, 125, and 126 data)
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Fig. 22 Relation between elongation after fracture and nodularity,
excluding effect of oxide films (124, 125, and 126 data)

6. Finite Element Model of Tensile Test

Elastic-plastic finite element fracture analysis using the
commercial code ABAQUS was performed to model fracture of
a tensile test. The tensile specimen was modeled as an
axisymmetric body with a single penny-shaped crack. Loading
was imposed via displacement control. Only the small strain
formulation was used in the computation. Figure 24 gives a
schematic of the model geometry and the boundary conditions.
The finite element mesh was very refined at the crack tip to
account for the large local stress and strain concentra-
tions. Moreover the model used the following two idealized
assumptions:

¢ The defect is considered to be flat i.e., crack-like and lo-
cated transverse to the loading direction. This is expected
to reasonably represent the oxide film defects identified on
the fracture surfaces. It should be noted however that in
reality most defects were volumetric and of spherical
shape, which is less critical than sharp cracks from a frac-
ture mechanics viewpoint.

¢ Only a single defect is assumed, whereas the specimens
usually had a large number of defects of various types.
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Fig. 23 Relation between elongation after fracture and pearlite con-
tent, excluding effect of oxide films (124, 125, and 126 data)
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Fig. 24 Illustration of defect and specimen geometry and applied
boundary conditions in finite element analysis of tensile tests

Any interaction is expected to be weak for defects not lo-
cated on the same plane.

The tensile properties were modeled using a Ramberg-Osgood
deformation plasticity model—i.e., the same as presented in
Section 4.2.—with the parameters fitted to the tensile data
given for each insert respectively. J-integral values were
determined for increasing applied displacements u, (corre-
sponding strain &y = 2u,/L) for models with varying defect
diameter D. Figure 25 gives the calculated J—¢g, relation for a
test specimen diameter @ = 14 mm and for three distinct D
values, this both for insert 124 and insert 126. The effect of the
difference in tensile behavior between 124 and 126 is clearly
visible, certainly for smaller defect diameters.

A critical strain value strain €, = &, was determined for a
specific crack diameter D by calculating the global strain at
which the computed J attains the average experimental Jg value.
Figure 26 compares the experimental 4—D.g relationship with
the computed &.,-D correlation, again both for the 124 and 126
diameter @ = 14 mm specimens. Although the correlation is not
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Fig. 25 Computed J—g, relationship for test specimen diameter
@ = 14 mm and for three distinct defect diameter D values
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Fig. 26 Comparison of experimental A-D.y data with computed
&.~D correlation, for 124 and 126 diameter @ = 14 mm specimens

perfect, experimental and computed data generally follow the
same trend. In this context one should refer to the idealized
assumptions made. It is obvious that the higher strength and
lower toughness associated with insert 126 results in lower
critical strain (or elongation after fracture) data. (Ref 12)

The probability for having a failure controlling casting
defect included in a test specimen increases with the specimen
volume. Consequently, in accordance with weakest link theory,
the statistically average elongation after fracture data should be
lower for large specimens. This size effect was not seen
however in the laboratory tests, as mentioned in Section 4.1.
This could partly be explained by the higher J-values obtained
for the smaller specimens (@ 9.5 mm), given a constant defect
diameter. This finding is obvious from Fig. 27, which considers
two defect diameters (2 and 4 mm).

7. Conclusions

An extensive program of laboratory experiments was found
to be useful to characterize the properties of ductile cast iron
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Fig. 27 Effect of tensile specimen diameter © on J values mea-
sured for two distinct defect diameters D (canister insert 124)

used for the fabrication of nuclear waste canister inserts. The
resulting data are used as input to the probabilistic failure
analysis of the canisters and to improve the casting method-
ology as such. (Ref 2, 12, 13) The main conclusions from the
test program are:

(a) Although the three canister inserts examined were pro-
duced in accordance with the same ductile cast iron
specification, significant variation was observed regard-
ing the 0.2% proof stress and the flow stress data. Nev-
ertheless these parameters, which generally showed a
normal distribution, basically never dropped to unaccept-
able low levels. Only the 124 top region material re-
sulted in rather low flow stress data. This observation
may be linked to the specific top pouring technique used
to produce this canister insert, which gave a lower cast-
ing quality at the insert top area, including a concentra-
tion of casting defects. The strength increasing effect of
pearlite was also obvious.

(b) Special attention was paid to elongation after fracture.
The low mean values and the large scatter bands associ-
ated with this ductility measure were primarily explained
by the presence of casting defects within the canister in-
serts, i.e., predominantly oxide films. It is obvious that
the reduction of these casting defects within the inserts
should be the main objective during the further develop-
ment of the casting technique.

(¢) The ductile cast iron showed stable ductile crack growth
resistance. Increased pearlite content gave rise to lower
fracture toughness.

(d) It should be noted that compressive loads are dominant
under deep disposal conditions. Compression experi-
ments did not result in considerably higher 0.2% proof
stress values than those measured through tensile testing.
Nevertheless it must be stressed that no low ductility
fracture events were observed during the compression
tests. Moreover the ductile cast iron showed more pro-
nounced strain hardening than noticed throughout the
tensile experiments.

Journal of Materials Engineering and Performance

(e) Under tensile conditions two opposing size effects were
noticed. First of all it is clear that larger material vol-
umes increase the probability for the presence of a criti-
cal casting defect. On the other hand, for a given defect
size, higher J values will be reached in smaller compo-
nent sections. These two effects seem to cancel each
other.
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