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Sammanfattning	
Företaget Svensk Kärnbränslehantering AB (SKB) håller på att utveckla en 
slutförvaringskapsel som kommer innehålla avfall från den svenska kärnkraften. Det är dock 
fortfarande en process under utveckling och därför undersöks olika typer av metoder och 
kapselmaterial för att kunna tillverka en hållbar och säker kapsel. Kapseln består av ett hölje 
av kopparrör med svetsad botten och lock och en insats med stållock. Insatsen är en cylindrisk 
konstruktion  av segjärn och innehåller en svetsad stålkassett för att skapa utrymmen till det 
använda kärnbränslet. Insatsen innehåller bland annat stålrör som under tillverkning får utstå 
en gjutprocess med segjärn och erhåller efter det icke homogena egenskaper. Målet med 
undersökningen är hur stor påverkan gjutningen har på stålets kemiska sammansättning samt 
mikrostrukturer. Det som orsakar de inhomogena egenskaperna är främst värmebehandlingen 
som driver diffusionen av kol från gjutjärnet till stålet, som då ger ett hårdare men sprödare 
material. Med hjälp av experiment och simuleringar upptäcks hur mycket kol som diffunderar 
in i stålet samt ändringar i den kemiska sammansättningen i de påverkade zonerna. 
Identifiering av fasomvandlingar, diffusion och ändringar i mikrostrukturer är stora faktorer 
som i sin tur ändrar de mekaniska egenskaperna i stålet. 
 

Abstract	
The Swedish Nuclear Fuel and Waste Management Company (SKB) have developed a final 
storage canister that will contain waste from the Swedish nuclear power plants. However, it is 
still in a development phase and therefore different types of methods and canister materials 
are investigated to produce the most durable and safe canister. The canister is made of a 
copper tube with a welded bottom and lid with an insert. The insert is a cylindrical 
construction of nodular cast iron that contains a welded steel cassette, to make space for the 
spent fuel, and a steel lid. The steel tubes showed inhomogeneous properties after being 
exposed to a casting around them. The aim of this investigation is to clarify the impact of 
casting on the chemical composition of the steel as well as the microstructure. The cause to 
the inhomogeneous properties were the diffusion of carbon from the cast iron to the steel, 
which then produced a harder and more brittle material. Experiments and simulations were 
used to see the carbon diffusion into the steel as well as what happens with the chemical 
composition in the affected zones. Identification of phase changes, diffusion and 
microstructures contributed to changes of mechanical properties in the steel. 
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Introduction	
When a nuclear power plant has used its fuel rods, the spent fuel needs to be taken care of. 
This process has been a big problem during many years, but is under final development to be 
implemented in a final repository. Due to the radiation, the nuclear waste needs to be taken 
care of in the most secure way possible. With today’s modern technology and with 
sustainable development in mind, SKB has solved the storage problems with minimal impact 
on the surrounding environment. Facilities are being built for storing radioactive waste with 
different ways of handling and contain the dangerous rods. 

This report will focus on SKB that has currently evolved a technique for final storage of 
nuclear waste. Even more, the canister that SKB has developed with many years of research. 
This canister will store the entire fuel rod cassettes of both Pressure Water Reactors (PWR) 
and Boiling Water Reactors (BWR). The canisters are said to withstand earthquakes and a 
new glacial period with a lifetime over 100 000 years.  

Background	
The capsule laboratory of SKB is developing a canister for spent nuclear fuel. To prevent 
emissions under 100 000 years the outer casing is made of a 5 cm copper shell. Inside the 
canister there is an insert that is dimensioned to endure future earthquakes and glaciations. 
The insert is made of nodular casting iron, a steel cassette and a steel lid. The steel cassette is 
made of seamless steel tubes or cold formed welded structural hollow square sections, welded 
together to desired geometry with the material quality of S355J2H. In addition, a steel cassette 
is placed in a form before casting with a purpose to create enough space between the nuclear 
fuel (Figure 1). In Sweden two type of nuclear reactors are used, PWR and BWR, therefore 
two types of inserts where the steel cassettes have different geometry (Figure 2). The canisters 
will be stored at the final repository located 500 meters below sea level where they will be 
handled by automated vehicles. The operators will sit at the surface and monitor everything 
going on below without the risk of radioactive exposure if something would happen to a 
canister.                                     

Figure 1: Canister design with including parts [1] 
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Figure 2: Cansister insert for BWR model (Top), Steel cassette before casting (Bottom) [1] 

 
Assignment	&	Purpose		
The material properties for the steel components surrounded by the nodular cast iron (inserts) 
in the canister has been shown to be important for the inserts ability to withstand mechanical 
loads. When casting, the steel cassette is exposed to strong heat and a carbon rich 
environment which affect the material properties of the steel. SKB has performed tensile test 
on the steel cassette after casting and the results show altered mechanical properties. 
However, carbon diffusion from the cast iron into the steel components has also been detected 
which besides the heat treatment also influences the material properties. 

SKB seeks how and why the material properties on the cassette steel changes so drastically 
after casting. Thus, this will be the main aim of the report with focus on the BWR model. The 
investigated insert is a BWR model with identification number I76. The insert is downhill 
casted and has 12 channel tubes. 

This report will contain analysis on differences in microstructures, chemical compositions and 
how it affects the material properties of the steel cassette after casting. Using earlier studies of 
casting together with simulations using software such as Thermo-Calc/Dictra is to investigate 
the effects of carbon diffusion from the cast iron to the steel cassette. Dictra is a software used 
to simulate controlled diffusion reactions in a multi-component alloy system. In order to 
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obtain accountable results, data for simulations will be extracted from using Scanning 
Electron Microscope (SEM) and Light Optical Microscope (LOM).  
 
Limitations	
This is a pre-study to investigate the inhomogeneous mechanical properties in the steel 
cassette after casting. The acquired material is from one specific insert, I76, at one specific 
position. The information of the casting process acquired from SKB does not have all 
required parameters to make a complete carbon diffusion simulation. 
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Theoretical	Background		
This section will describe the different physics that the canister, more specifically the insert, 
will have to endure during manufacturing. It will contain descriptions of: 

• How casting will affect the steel? 
• How carbon diffusion between two materials occur and what happens when it does?  
• How heat treatment affects the mechanical properties and what happens with the 

structure of the material before and after casting? 

Material properties are depending on chemical composition, structure and manufacturing 
processes. This casting will affect the chemical composition and structure and are therefore 
changing the material properties. There are two main processes that will contribute to these 
changes:  

• Heat treatment 
• Case Hardening 

It will also evaluate if there have been similar projects made and what they maybe can 
contribute to this project. 
 
Heat	Treatment	of	Steel	
The properties of the steel can vary depending on which type of chemical composition and 
heat treatments are chosen. This is due to the iron that is the base metal in steel and the 
corresponding stable phases which is temperature dependent. With alloying additives, 
properties and phases will be affected differently depending on what is added and how much. 
Heat treatment is used to give steel the desired properties needed for a specific application. 
However, during these treatments different hardening mechanisms occur, such as nitration, 
carbonitration and case hardening. [2] Alloying additives, specifically carbon, will affect the 
amount of martensite formed and influence the strength of the hardened steel. [2] 

Pure iron comes in two phases, α-ferrite (body centered cubic, bcc) and 𝛾-austenite (face 
centered cubic, fcc). The bcc structure is dominant during low temperatures under 912℃, and 
will start to transform into fcc if the temperature is raised and kept over that temperature. 
Although, if the temperature is raised over 1394℃ the fcc structure will change again to a 
different bcc structure called ẟ-ferrite. The differences between the ferrite and austenite are 
very big when comparing the mechanical properties. The ferrite has a relatively high tensile 
strength and a fairly low deformation hardening in contrary with the austenite which has a 
low tensile strength and a high deformation hardening. These will change depending on what 
temperature the sample is held at and how it later is cooled down. The phase transition will 
mostly occur through heterogeneous nucleation throughout time until the entire structure has 
changed. Common steels have up to 2 wt% C. When the carbon content is over 2 wt% C it is 
called cast iron. Depending of the carbon content in the iron, the stability of the inner phases 
will vary. The carbon content can also create new phases between the iron and carbon called 
carbides. The most commonly occurring carbide is cementite. [2] 
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The Iron-Carbon phase diagram is a binary diagram that describes the compositions between 
the two elements and what phases appear on the given temperature (Figure 3). 

 
Figure 3:Iron- Carbon stable phase diagram, shows temperature over composition carbon at% C and wt% C. [3] 	

Depending on the steels history the output structure before heating will differ, however it 
usually contains of a mix of ferrite and carbides. The output structure for the steel and the 
alloy composition have a strong impact on the phase transition rate. In general, coarser 
structures and more alloyed steel result in longer austenitization time. When steel is heated up 
to austenite phase and the quickly cooled it will harden and depending on the cooling rate, 
different phase transitions will occur. Steel which have been completely austenitized at high 
temperature will convert to ferrite and cementite at low temperature. However, this transition 
can occur in many ways thus gives a large spectrum of structures and properties depending on 
the carbon content and cooling rate. [2] 

 
Case	Hardening	
With the phenomenon diffusion at higher temperatures, there is a chance for the composition 
differences to even out. This is a part of the foundation for case hardening. The principle of 
case hardening is when a material with high carbon content comes in contact with another 
surface/material that have a low carbon content during high temperature, a diffusion reaction 
of carbon will start. [2] 

When a iron/steel (material) is exposed to a carbon atmosphere at high temperature, 
approximately 850-950℃, the outer layers of the surface will increase its carbon content. The 
depth of the carburized surface layer is normally 0.1-1.5 mm. However, the depth can become 
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significantly greater. After the elevation of carbon in the surface the process needs to get 
quenched. This will lead to a higher driving force in the surface to create martensite. The 
hardness of the martensite will depend on the carbon content in the surface during 
transformation. If the material has an outer layer of martensite and still have its original 
structure inside it will result in different mechanical properties such as, the hardness of 
martensite and the ductility of the softer inner material. The cooling rate of the material will 
affect how the austenite will transform, the faster the cooling, the greater the driving force 
will become to create martensite. Often when case hardening compressive stresses are formed 
in the carburized surface, this leads to an increased fatigue strength. [2] 

Casting	
To manufacture the insert: 

1. The steel tubes are welded together,  
2. Placed in a casting mould,  
3. The tubes are filled with sand so they don’t collapse when the liquid iron is poured 

into the big casting mould.  
4. A tundish is placed on top of the casting mould containing four symmetrical taping 

gates located over at the largest free areas in the tube construction.  

The casting time is around 60 seconds with a casting temperature of 1350℃. After casting it 
has to fully cool down which takes around 6 days because of the size of the insert. The 
cooling rate differs from the PWR and BWR model where the BWR model according to 
(Figure 4) cools much faster than the PWR. The data is taken from simulations using 
Magma5. [4] [5] 

 
Figure 4: Simulation showing the behaviour of the maximum temperature over time within the BWR and PWR inserts. [5] 
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Steel	Cassette	
The steel cassette is made of regular construction steel which according to harmonized 
standard has certain requirements for mechanical properties and chemical composition were 
SKB uses the steel standard S355J2H. [6] 

The mechanical properties were tested on the BWR and PWR steel channel tubes after casting 
by the company VTT. The scope of their work is to carry out tensile and hardness test on 10 
specimens. The tensile tests were taken in axial direction of the steel tubes and close to each 
tensile test a hardness test was conducted. However, the hardness was only tested on 8 
specimens. The results are presented in (Table 1). [7] 

 
Table 1: Mechanical properties for I76 specimen in BWR steel tubes (Table 2 in [7]) 

Specimen 
no 

Dimensions 
a*b 
mm 

Yield 
strength 
Rp0,2 
MPa 

Tensile 
strength 
Rm 
MPa 

Elongation 
A5  
% 

Hardness Brinell HBW 
10/3000 
 
Single                  Average 

I76-1 8,05*40,05 282  465 15,0  169 - 179 - 182         177 

I76-2 8,03*39,95  255  430 16,0  •                        - 

I76-2 8,01*39,99  263  437 24,5  •                        - 

 
VTT states that the tensile test for I76-1 had a brittle fracture zone with the depth of 2-3 mm, 
I76-2 had brittle fracture zones near two surfaces with 3 mm depth near one surface and 2 mm 
near the other. (Figure 5-6) VTT claims that the brittle fractures are probably caused by the 
presence of nodular cast iron and the heat treatment during the pouring. However, there are no 
research done on these statements. VTT also concludes that the fractures have affected the 
results, especially the ductility were the elongation values turned out to be smaller on 
specimens with brittle zones. [7] 

According to the hardness test results, VTT indicates that the surface of the steel pieces has 
annealed and softened due to the casting process which they mean is the cause for affected 
hardness values. [7] 

 
Figure 5: Fracture surface of I76-1 after tensile test (lighter area between the arrows) [7] 
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Figure 6: Fracture surface of I76-2 after tensile test (lighter area between the arrows on the upper surface) [7] 

 
Exova Materials Technology AB have examined the results from VTT’s report were they 
suggested that remains from nodular cast iron on the steel tube and heat exposure during 
casting causes the elongation decrease. Exovas tests consisted of LOM and SEM for visual 
examination of the fracture surfaces, Optical Emission Spectroscopy (OES) for chemical 
analysis and Brinell hardness testing. [8] 

The chemical analysis on I76-1 and I76-2 done by Exova as shown in (Figure 7-8). According 
to Exova, side B which is the outside that were in contact with the cast iron shows a higher 
carbon content. (Table 2) 

 

 
Figure 7: Fracture surface of sample I76-1. Side A and B are positions from where chemical analysis were taken. [8] 
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Figure 8:Fracture surface of sample I76-2. Side A and B are positions from where chemical analysis were taken. [8] 

Table 2: Chemical analysis from Exovas OES tests on surfaces. (wt%) (Table 3 from [8] ) 

Sample/side C Si Mn P S Cr Ni Mo Ti Nb Cu Co 

I76-1/A 0,067 0,17 1,44 0,010 0,005 0,05 0,05 0,018 0,018 0,012 0,013 0,014 

I76-1/B 0,85 0,17 1,42 0,011 0,004 0,04 0,04 0,018 0,018 0,011 0,011 0,013 

I76-2/A 0,063 0,17 1,44 0,010 0,004 0,05 0,04 0,018 0,018 0,012 0,013 0,014 

I76-2/B 0,82 0,17 1,41 0,011 0,005 0,04 0,04 0,018 0,018 0,010 0,010 0,013 
 

Sample/side N Sn W V Al Ta Ca B As Fe 

I76-1/A 0,006 <0,002 0,003 0,009 0,042 0,004 0,0019 <0,0002 0,001 98,7 

I76-1/B 0,002 <0,002 0,002 0,008 0,043 <0,002 0,0015 <0,0002 0,001 97,34 

I76-2/A 0,002 <0,002 0,003 0,009 0,041 0,005 0,0016 <0,0002 0,001 98,09 

I76-2/B 0,003 <0,002 0,003 0,008 0,039 <0,002 0,0029 <0,0002 0,001 97,38 
 
According to Exovas LOM-examination of longitudinal section on sample I76-1 they 
concluded that the microstructure shows a major part of ferrite with pearlite bands, 
which transforms into a fully pearlitic zone with some grain boundary cementite (Figure 9-
11). The Brinell test made by Exova show that the B side achieve greatest hardness which is 
seen in (Table 3). [8] 
 
Table 3: Hardness test result for each side of the samples. (Table 4 from [8]) 

Sample/side 176-1 / A 176-1 / B 176-2 / A 176-2 / B 

Hardness HB 133 224 130  200 
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Figure 9:Microstructure of longitudinal section of sample I76-1 shows gradual transformation from Ferrite and pearlite 

bands into a 1,7 mm thick fully pearlite zone. [8] 

 

 
Figure 10: Sample I76-1 microstructure shows Ferrite (light) and pearlite (dark) zone. [8] 



 11 

 
Figure 11:Sample I76-1 microstructure shows fully pearlite zone at side B. [8] 

Engineers at Exova have discussed the results from the examined samples and concluded that 
the low elongation and brittle areas occur due to several changes in the steel after casting. 
Both the chemical composition and microstructure of the steel have changed due to the 
casting iron around the steel tubes whereas the side in contact with the iron have transformed 
into a fully pearlitic structure, on account of the combination of exposure to high temperature 
and increased carbon content. In comparison to the inner wall of the tube with a ferritic and 
pearlitic structure, the ductility is decreased in the fully pearlitic zone. [8] 
 
Nodular	Cast	Iron	
In the technical specification KTS011, SKB states that the requirements for the chemical 
composition of the nodular cast iron must fulfil SS-EN 1563.(Table 4) [9] 
 
Table 4:Chemical composition for the nodular cast iron given as information in SS 14 07 17 (1997) and adjusted in SS-EN 
1563 (2012) (wt%). [9] 

C 
% 

Si 
% 

Mn 
% 

P 
% 
max 

S 
% 
max 

Ni 
% 

Mg 
% 

3,2-4,0 1,5-2,8 0,05-1,0 0,08 0,02 0-2,0 0,02-0,08 

 
 
According to Valmets AB report on material testing for SKB’s BWR inserts the chemical 
analysis on the nodular cast iron marked as I76T (upper part of the cast iron inserts) and I76B 
(lower part of the cast iron inserts) are extracted as an average composition. (Table 5) [10] 
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Table 5:Chemical analysis of SKB’s cast iron inserts taken from Valmet AB report. (wt%) [10] 

C 
% 

Si 
% 

S 
% 

P 
% 

Mn 
% 

Ni 
% 

Cr 
% 

Mo 
% 

Cu 
% 

Mg 
% 

Sb 
% 

Fe 
% 

3,50 2,18  0,006 0,019  0,17 0,39 0,03 0,00 0,02  0,045 0,0028  93,64  
 
 

SWEREA Swecast have tested the nodular cast iron, 6 specimens were cut out from the upper 
part of the BWR inserts in Valmet AB report (test I76T). (Figure 12). On each specimen the 
tensile strength, hardness and microstructure were examined. [11] 

 
Figure 12:The figure shows a sketch on the position of the extracted test pieces on the BWR model. (Same upper part of the 

cast iron as from the Valmet report) [11] 

The microstructure tests were extracted 10 mm from each specimen's fracture surface and 
visually examined in LOM to determine nodularity, graphite size and matrix. In addition, the 
abundance of nodules were manually calculated. The graphite classification is performed 
according to SS-EN ISO 945-1:2008 and the measurements were performed on surfaces with 
flawless graphite structure. According to SWEREA Swecast the black dots are the graphite 
nodules and the rest is ferrite, see (Figure 13a-c). [11] 
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Figure 13: Each figure represent a test from SWEREA Swecast with magnification 90 x, the microstructure shows graphite 

nodules( black dots) and ferrite (grey area). Top left (a )represent test 1, Top right (b) represent test 2 and Bottom (c) 
represent test 3. [11] 

Flake	Graphite	
Graphite cast iron is also known as grey iron, the solidification of liquid cast iron depends on 
the cooling time, due to the stable phase diagram have a higher eutectic temperature 
compared to the metastable, the cast iron will grey solidify if the cooling time is long enough. 
(Figure 14). The driving force to create cementite increases faster than the driving force to 
create graphite due to the powerful difference in gradient for the liquidus line. 
 
Most cast iron are under eutectic and their solidification starts with austenite dendrites until 
the temperature is below the eutectic temperature where the eutectic reaction can nucleate 
graphite or cementite. However, when the cast iron is over eutectic a primary precipitation of 
graphite in form of plane discs occur, this even occurs in the eutectic solidification leading to 
a disturbance in the regular forming of a eutectic structure. This also leads to a disturbed 
graphite growth enabling eutectic colonies and branching to evolve through an interweaving 
of austenite and graphite crystals, this structure is called flake graphite (Figure 15). [12] 
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Figure 14: :Iron- Carbon metastable phase diagram, shows temperature over composition carbon at% C and wt% C. [3] 

 
Figure 15:Microstructure of flake graphite, grey eutectic colonies where the graphite is slightly curved plates. [13] 
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Experiments	
The following part will explain methods used for each conducted experiment. 
 
Sample	Preparation	
From the inserts (I76), one part of the steel channel tube surrounded by the cast iron were cut 
out and separated as well as a piece from the original steel tube were cut out (Figure 16a-d). 
Smaller pieces were then extracted and casted into bakelite, then polished and etched. Four 
specimens were obtained and examined in both LOM and SEM, one piece of original steel 
(Sample 1), one piece of steel after casting (Sample 2), one piece of pure cast iron (Sample 3) 
and one piece of cast iron near the steel surface (Sample 4) (Figure 17a-d). 

 
 
 
 
 

                                                        
 
  

Side B 

Side B 

Side A 

Figure 16: Steel channel tube with cast iron surrounding (Top Left, a), Virgin steel tube, sample 1 extracted (Top Right, 
b), Nodular cast iron, arrow showcasing contact surface (Bottom Left, c), Separated insert showcasing steel tube and cast 

iron, inside tube (Side A) and contact surface (Side B) (Bottom Right, d). 
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SEM	&	LOM	
Multiple pictures of the microstructure were taken of each sample showcasing how the 
materials have reacted with each other after casting.  

EDS-analysis	 
(Energy Dispersive Spectroscopy) 

Sample 1: Three pictures were analysed to receive the chemical composition. 

Sample 2: The chemical composition was measured by line-analysis with a distance of 294µm 
from the casting-exposed surface and inward, as well as a point-analysis with four measuring 
points close to casting-exposed surface. 

Sample 3: Three pictures were analysed to receive the chemical composition. 

Sample 4: The chemical composition was measured by surface-analysis; three different areas 
were evaluated.  

WDS-analysis 
(Wavelength Dispersive Spectroscopy) 

A method to analyse lighter materials to get the entire composition of the test samples. The 
material evaluated was carbon due to that carbon can not be detected in EDS. 

Sample 1: Used as a reference sample. No carbon diffusion has occurred. 

Sample 2: Two tests were made, one at the contact surface and the second test was taken just 
a bit deeper to see the carbon difference on different depths. 

Side B 

Side A 

Side B 

Side A 

Figure 17: Sample 1, Virgin steel tube (Top Left, a), Sample 2, Steel tube after casting, Side A inner side of tube and 
Side B contact surface (Top Right, b), Sample 3, unaffected nodular cast iron (Bottom Left, c), Sample 4, nodular 

cast iron near tube, Side A unaffected and Side B contact surface (Bottom Right, d). 
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Thermo-Calc/Dictra 
Simulations in Dictra were made in Thermo-Calc where parameters such as time, 
temperature, stable phases, geometry, elements and cooling rate were set manually. The 
simulation will represent an approximation on how the carbon diffusion behaves in the steel 
during the casting. The geometry used were a planar diffusion with 2 cells, a steel plate with a 
width of 10 mm, a cast iron plate with a width of 10 cm and the elements used were a matrix 
of iron (Fe) with Carbon (C), Manganese (Mn) and Silicone (Si).  

The stable phases for different temperatures were extracted from Thermo-Calc, were Thermo-
Calc automatically calculate the equilibrium for each phase given the composition and state. 
The input values in the simulation regarding carbon content were extracted from the WDS-
analysis. The cooling rate as well as the time and temperature were extracted and extrapolated 
from (Figure 4).  
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Results	
The following part will display results for each conducted experiment. 
 
LOM	
The microstructure in Sample 1 is ferrite with bands of pearlite (Figure 18a-b). 
 

     
Figure 18:LOM pictures of Sample 1 (left, a) ferrite with pearlitic bands and (right, b) same as (a) with greater magnitude. 

In Sample 2 the major part consists of ferrite with pearlite bands (Side A) which then 
transforms into a fully pearlitic zone with grain boundary ferrite close to the surface, at the 
surface there is a layer of ferrite (Side B) (Figure 19a-b). 
 

    
Figure 19: LOM picture of Sample 2, a gradually transformation from ferritic-pearlitic bands into fully pearlitic sone (Left, 

a), Greater magnitude on the pearlitic zone with grain boundary ferrite and a ferritic layer on the surface (Right, b). 

Sample 3 consist of graphite nodules on a matrix of ferrite (Figure 20). 

 
Figure 20: LOM picture of Sample 3, graphite nodules (black dots), ferrite (gray area). 
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The microstructure in the major part of Sample 4 is graphite nodules on a matrix of ferrite. 
This have in one part of the surface near the affected area transformed into flake graphite, the 
graphite nodules decrease in size closer to the surface that were intact with the steel (side B). 
(Figure 21-22). 
 

 
Figure 21: Two LOM pictures over a casting defect area, flake graphite within an enclosed impurity on left side and bakelite 

(black) with different sized graphite nodules on right side. 

 
Figure 22: LOM picture of Sample 4 side B, the Graphite nodules decreases in size closer to the surface. 
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SEM	
This part contains of two different SEM analysis, EDS- and WDS-analysis. 
 
EDS-analysis	
Sample 1: An average composition for the three pictures taken are displayed in (Table 6) and 
(Figure 23a-d). 

Table 6:Chemical composition from EDS analysis on sample 1 

Picture nr: Fe(wt%) Mn(wt%) Si(wt%) 

1 98.43 1.34 0.23 

2 98.54 1.24 0.22 

3 98.57 1.25 0.19 

Average composition 98.51 1.28 0.21 

 

 

   
Figure 23: a (Top Left) ,b (Top Right),c (Bottom Left) are diagrams on the chemical composition for each area analysed in 

EDS, figure d (Bottom Right) shows the ferrite and pearlite bands that corresponds to diagram a. 
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Sample 2: Displays how the composition varies throughout the measuring line, (Figure 24). 
 

 
Figure 24: Line analysis that show how the composition vary with distance for Sample 2, red (C), blue (Mn), cyan (Si). 

The composition varies at four different points in the sample shown in (Table 7) and (Figure 
25-29). 

Table 7:The chemical composition for each point in point analysis for sample 2. 

Picture nr: Fe(wt%) Mn(wt%) Si(wt%) 

1 99.11 0.72 0.17 

2 99.07 0.76 0.17 

3 97.93 1.84 0.22 

4 97.94 1.82 0.24 
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Figure 25: SEM photograph of the microstructure on the casting affected steel with measuring points for point analysis, 

Sample 2.  

 
Figure 26: Diagram of the chemical composition from point analysis on sample 2, point 1. 

 
Figure 27: Diagram of the chemical composition from point analysis on sample 2, point 2 
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Figure 28: Diagram of the chemical composition from point analysis on sample 2, point 3. 

 

 
Figure 29: Diagram of the chemical composition from point analysis on sample 2, point 4. 
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Sample 3: An average composition for the three pictures taken are displayed in (Table 8) and 
(Figure 30 a-d). 

Table 8: Chemical composition from EDS analysis on sample 3. 

Picture nr: Fe(wt%) Si(wt%) 

1 97.76 2.24 

2 97.82 2.18 

3 97.83 2.17 

Average composition 97.80 2.20 
 

      
Figure 30: a (Top Left),b Top Right),c (Bottom Left) are diagrams on the chemical composition for each area analysed in 

EDS, figure d (Bottom Right) shows the graphite nodules in the ferrite matrix that corresponds to diagram a. 
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Sample 4: The chemical composition varies across the different measuring areas and are 
displayed in (Table 9) and (Figure 31-34). 

Table 9:Chemical composition from EDS surface analysis on sample 4. 

Area nr: Fe(wt%) Si(wt%) 

1 97.79 2.21 

2 97.92 2.08 

3 97.77 2.23 
 

 
Figure 31: SEM photograph of the microstructure on the affected nodular cast iron showing 3 measuring surfaces, sample 4. 

 
Figure 32: Diagram on the chemical composition from the surface analysis on sample 4, surface 1. 
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Figure 33: Diagram on the chemical composition from the surface analysis on sample 4, surface 2. 

 
Figure 34: Diagram on the chemical composition from the surface analysis on sample 4, surface 3. 
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WDS-analysis		
The carbon content were measured with WDS-analysis at the following picture (Figure 35): 

 
Figure 35: WDS-analysis on the outer ferrite layer. Areas examined are marked, Sample 2-1 (Top) Sample 2-2 (Bottom) 

The carbon content in Sample 2-1 were according to Table 10. 

The carbon content in Sample 2-2 were according to Table 11. 
Table 10: Sample 2-1 Chemical composition at surface. 

Element At.Nr. Mass% MassNorm% Atom% 

Carbon 6 0.2231 0.2347 1.0804 

Silicon 14 0.1298 0.1366 0.2690 

Manganese 25 0.6540 0.6882 0.6926 

Iron 26 94.0301 98.9405 97.9580 

 Sum: 95.0371 100.00 100.00 
 

Table 11: Sample 2-2 Chemical composition inside sample. 

Element At.Nr. Mass% MassNorm% Atom% 

Carbon(C) 6 0.0744 0.0775 0.3586 

Silicon(Si) 14 0.1656 0.1724 0.3412 

Manganese(Mn) 25 0.6420 0.6682 0.6761 

Iron(Fe) 26 95.2017 98.6241 98.6241 

 Sum: 96.0838 100.00 100.00 

 
  



 28 

Thermo-Calc/Dictra 
The carbon diffuses from the cast iron (Cell 1) to the steel (Cell 2) and increases the carbon 
content in cell 2 whilst decreasing in cell 1 drastically. Cell 2 have a carbon content of 0.2231 
wt% at the distance of 8.4 mm after a simulation time of 135119 seconds. (Figure 36-37) 

 
Figure 36: Cell 1 shows the diffusion behaviour in the cast iron over a distance of 10 cm with a simulation time of 135119 

seconds. The curve represents wt% C over distance, where at 0.10 is in contact with the steel tube. 

 
Figure 37: Cell 2 shows the diffusion behaviour in the steel over a distance of 10 mm with a simulation time of 135119 

seconds. The curve represents wt% C over distance, where at 0.00 is the inner part of the tube and 0.0100 is in contact with 
the cast iron. 
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Discussion 
It is assumed that the mechanical properties on the affected area of the steel cassette tested by 
both Exova and VTT are the same as the pieces used for the experiments in this report. All 
samples from VTT, Exova and from this investigation are from the same insert, I76.  

Casting of iron around the steel cassette have resulted in changes of the microstructure on the 
surface between the steel cassette and the cast iron. Due to exposure of high temperature and 
increased carbon content, the ferritic and pearlitic band structure in the steel cassette have 
transformed into a fully pearlitic zone with some grain boundary ferrite however the 
precipitation of grain boundary cementite can not be excluded.  

By comparing the analysis of the chemical composition between the earlier studies and the 
results shown from the samples in this investigation, it was found that the carbon content in 
the fully pearlitic zone differs with approximately 0.6 wt%. This can be explained because the 
WDS-analysis was measured in the outer layer which probably is nodular cast iron. (Figure 
19 and 35)  

If this is the case, it would explain that the outer ferrite layer could be from the nodular cast 
iron. The microstructure of the outer ferrite resembles the matrix of the ferrite in the nodular 
cast iron. Figure 19 and Figure 35 clearly shows existence of spheroidal nodules in the outer 
layer of Sample 2. This conclude that the outer layer consists of nodular cast iron. The reason 
for higher carbon content in Sample 2-1 compared to Sample 2-2 is due to the existence of a 
nodule within the measured area. 

A strong carbon diffusion has occurred and due to the slow cooling rate a fully pearlitic 
structure have formed. There are no results showing that the steel has been exposed of case 
hardening, this is due to a slow cooling rate which results in a to low driving force for 
martensitic precipitation.  

On the cast iron (Sample 4), a strange behaviour in the microstructure were discovered. Flake 
graphite and deformed cast iron where found within an enclosed impurity. This is probably a 
dross or slag inclusion in the nodular cast iron. 

The nodules on the cast iron have decreased in size but increased in number closer to the 
surface in contact with the steel. When the casting iron surrounds the steel cassette during 
casting, the melted iron in contact with the steel is exposed to a lower temperature, this 
resulting in different nucleation rate throughout the melted nodular cast iron. The driving 
force to nucleate graphite nodules are higher in the interface between the two materials.  
 
During the EDS-analysis the results were given as relations of compositions. Some of the 
elements were too light for this type of testing. The compositions from these tests were 
therefore a bit off but gave a good approximation of the samples composition except for the 
carbon content. The elements that was detected during the tests were Si, Mn, Fe and some 
very small traces of different elements (that wasn't evaluated further because of the small 
amounts) in the steel alloy. The results were displayed in graphs and tables. The carbon 
content could be approximated by comparison of the different samples results, where a small 
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peak in the graph show the carbon value. This was not a very good approximation so further 
testing were made to specify the carbon content.  

The WDS-analysis was the best option to get the carbon content due to its better detection of 
lighter elements such as carbon. That made the WDS-analysis much more valuable for our 
diffusion simulations in Dictra of carbon from the cast iron into the cassette steel. 
Unfortunately, the WDS measurements were both taken in the nodular cast iron surface 
instead of the fully pearlitic zone and the ferrite-pearlite zone. 

This leads to a non-homogeneous steel cassette with variation in mechanical properties 
depending on what depth examined. This makes the outer layer of the steel harder but also 
more brittle which could lead to crack initiation points in the cassette if the canister would be 
exposed to deformation or shearing. How this affects the canisters structural integrity in the 
final repository is not a part of this investigation, but should be considered in further studies.   

To prevent the carbon diffusion in the manufacturing of the insert could be a key solution to 
solve the problem with the mechanical properties of the steel cassette within the insert. This 
problem occurs because of the carbon diffusion from the high carbon nodular cast iron into 
the low carbon construction steel used in the the cassette. There are multiple theories of how 
to solve this diffusion problem but many of these methods are very expensive or not 
compatible with the existing design of the canister.  

One approach is to apply an outer layer of another alloy or element on the cassette 
construction to prevent the carbon from diffusing into the steel. Depending on what element 
chosen, different considerations needs to be taken into account for example: 

• The mechanical properties of the insert with the steel cassette might change.  

• The alloying element should form a barrier to prevent carbon diffusion. 

• The alloying element should not influence the nodular cast iron in a way that 
compromises the demanding properties. 

• The alloying element should be easily applied on the surface of the steel construction. 

•  The cost of appliance. 

But if the diffusion barrier is a correct approach is hard to tell. Thus, this approach needs 
further studying to verify if it is applicable.   

Dictra is a program used to simulate the diffusion behaviour, although it does not always 
represent the reality due to sources of error. SKB’s development of the canister is still in a 
testing period. Important data such as the cooling rate of the casting is simulated but not 
verified. The differences in composition between the WDS analysis and the OES analysis 
done by Exova is also something to take in account due to the initial carbon content in the 
steel differs. In addition, the simulation only uses Fe, C, Mn and Si while both the steel and 
the nodular cast iron are alloys with more elements. During the simulation, Dictra did not 
allow graphite to form as a stable phase due to unknown reasons and was only able to form 
cementite which indicates that it does not use nodular cast iron as a material in Cell 1. The 
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position of the steel channel tube extracted and used as sample for this report is unknown in 
the radial position but known exactly in the axial position, resulting in unknown input data for 
Cell 1 leading to estimated values used in the simulation.  

However, Dictra is a very suiting tool in this type of situations if all the parameters are correct 
and could give a realistic behaviour of the diffusion. Further studies with more reliable input 
data in Dictra could be used to simulate a more correct behaviour of carbon diffusion. This 
could lead to testing of different solutions for example, investigate if different coatings on the 
steel could lower the carbon content before reaching the steel or even prevent the carbon from 
diffusing into the steel. 
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Sustainability	and	Environmental	Effects 
This project is about the safety of the nuclear waste canister which means that everything that 
makes the canister safer is a good thing. If a canister breaks by an earthquake or a new ice age 
the damage could be huge. The effects won't show directly but after a couple of years, if the 
groundwater have been exposed, the land above could be contaminated as well as the cattle 
that might walk around on top of the final repository, eating the grass and drinking the water.  

The final repository itself is a way of keeping and preserving the big amounts of spent nuclear 
fuel that mostly consist of uranium. The global amount of uranium is very limited but the 
amount of power stored in the uranium is massive. The current technology can only extract a 
few percent of the energy that is stored in the uranium. This could make the final repository a 
massive power reserve for when the technology has developed and become more efficient. If 
this day comes, there is a massive amount of fuel that can be reused to produce more power 
without the massive amount of carbon pollution that comes from burning fossil fuels.    

The final repository will be a huge underground facility which will be totally automated. The 
facility will be at a depth of around 500m below sea level and operators will be placed at sea 
level managing the vehicles remotely to minimise the chance of radioactive exposure. This 
will give lots of people work while constructing the final repository and also give a good 
income for the society where the facility will be constructed. One problem could be if the 
people, living around the area or even on top of the located site, would be worried. SKB has 
made a massive search around Sweden for a suiting area to build the final repository. The 
demands are that the quality of the bedrock is good, the groundwater have a low flow through 
the facility and that the community around the site are positive to have SKB around.  
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Conclusions 
The mechanical properties in the steel cassette in SKB’s nuclear fuel canister changes 
drastically due to exposure of high temperature during casting causing changes in chemical 
composition, especially carbon, due to carbon diffusion. The main reason to lowered ductility 
and increased hardness at the surface of the steel cassette is the transformation of phases 
which also is caused by carbon diffusion.  
 
To conclude, the altered mechanical properties, the transformation of phases and changes of 
chemical composition, all together, forces the material properties of the steel cassette to 
change. 
  
Further studies about the influence of casting on the steel cassette is proposed: 

• Acquire more reliable input data i.e. Cooling rate during casting, variations in both 
axial and radial positions of the insert, chemical compositions and variations in the 
materials. 

• Variations in mechanical properties depending on distance from the contact surface.  
• Different surface treatments for example coating the surface of the steel cassette with 

an appropriate element in order to work as a carbon barrier.  
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