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Abstract 

The large number of vehicles operating on the roads cause high emissions and consequently a 

negative effect on the environment. When developing and optimizing internal combustion 

engines, certain requirements must be considered, which are environmental regulations, 

reduced fuel consumption and increased specific power. In order to meet these demands, an 

increase of the engine combustion pressure will occur usually accompanied with a 

temperature increase. During start-up and shut-down of an engine, it is subjected to cyclic 

thermo-mechanical fatigue (TMF) loads. The turbo manifold and exhaust manifolds 

connected to the engine is also subjected to these thermo-mechanical fatigue loads and 

thereby exposed to alternating tensile and compression loads. As these TMF loads will 

increase in the near future due to the development and optimization of internal combustion 

engines, it is important to understand the limitations of the material for these loads. 

In collaboration with Scania CV AB in Södertälje, this thesis covers the investigation of 

influence of nitrocarburizing (NC) on TMF properties of three ductile irons (DCI) labelled 

HiSi, SiMo51 and SiMo1000 intended to be used for components in the exhaust system. 

Nitrocarburizing is a thermo-chemical process where nitrogen and carbon diffuses from the 

process medium into the surface zone of a ferrous metal. The purpose of the NC is to increase 

the wear properties in contact areas between different parts.  

The oxidation with and without nitrocarburizing are studied both after isothermal and stress 

free oxidation tests at 780 °C and after TMF loads with combined cyclic variation of 

mechanical and thermal loads. In addition, the properties such as hardness, defects, porosity, 

microstructure, composition of both the materials and of the oxide layer have been 

investigated. 

For SiMo1000+NC cracks formed during nitrocarburizing were positioned parallel to the 

surface edge in the diffusion zone and consequently an increased diffusion of nitrogen into the 

material, i.e. deeper diffusion depth. SiMo1000+NC showed highest hardness, highest 

compressive residual stresses and thickest oxide layer. SiMo1000 showed highest resistance 

against oxidation due to the protective aluminum oxide layer. Oxide crack initiations after 

thermo-mechanical tests with a protective silicon oxide layer around the cracks for HiSi and 

SiMo51 and a protective aluminum oxide layer around the cracks for SiMo1000. In materials 

with nitrocarburizing, these protective layers of either silicon oxide or aluminum oxide were 

more distributed into the material. In SiMo1000+NC, crack initiations were not oxidized. 

 

Keywords: Ductile cast iron, Nitrocarburizing, Thermo-mechanical fatigue, Scania CV AB. 

 

 

 

 

 



Sammanfattning 

Den stora mängd fordon som kör på vägarna orsakar höga utsläpp och därmed en negativ 

inverkan på miljön. Vid utveckling och optimering av förbränningsmotorer måste vissa krav 

beaktas, vilka är miljökrav, minskad bränsleförbrukning och ökad specifik effekt. För att möta 

dessa krav kommer en ökning av motorns förbränningstryck att uppstå vanligtvis tillsammans 

med en temperaturökning. Vid start och stopp av en motor utsätts den för cyklisk 

termomekanisk utmattning (TMF). Turbogrenröret och avgasgrenröret som är kopplade till 

motorn utsätts också för dessa TMF-belastningar och utsätts därmed för alternerande drag-och 

tryckbelastningar. Eftersom dessa TMF-belastningar kommer att öka inom en snar framtid på 

grund av utveckling och optimering av förbränningsmotorer är det viktigt att förstå 

materialets begränsningar för dessa laster. 

Detta examensarbete har utförts på Scania CV AB i Södertälje där studien visade hur 

nitrokarburering (NC) påverkar TMF egenskaperna hos tre segjärn HiSi, SiMo51 och 

SiMo1000 avsedda för komponenter i avgassystemet. Nitrokarburering är en termokemisk 

process där kväve och kol diffunderar från processmediet in i metallens yta. Syftet med NC är 

att öka nötningsmotståndet i kontaktpunkter mellan olika komponenter.  

I denna rapport studeras oxidation av materialen efter isotermisk och spänningsfri 

oxidationstest vid 780 °C samt efter TMF-belastning med kombinerad cykelvariation av 

mekaniska och termiska belastningar. Dessutom har egenskaper som hårdhet, defekter, 

porositet, mikrostruktur, materialets sammansättning och oxidlagrets sammansättning 

undersökts. 

I SiMo1000+NC bildades sprickor vid nitrokarbureringen som låg parallellt med mantelytan i 

diffusionszonen och gav upphov till ökad diffusion av kväve i materialet, dvs djupare 

diffusionsdjup. SiMo1000+NC visade högst hårdhet, högst kompressiva restspänningar och 

tjockast oxidlager. SiMo1000 visade högst motståndskraft mot oxidation på grund av det 

skyddande aluminiumoxidskiktet. Oxidativ sprickinitiering efter termomekaniska tester med 

ett skyddande kiseloxidlager runt sprickorna för HiSi och SiMo51 och ett skyddande 

aluminiumoxidlager runt sprickorna för SiMo1000. I nitrokarburerade material var de 

skyddade skikten djupare och mer utspridda bestående av antingen kiseloxid eller 

aluminiumoxid. Sprickinitiering i SiMo1000+NC oxiderade inte. 

Nyckelord: Segjärn, Nitrokarburering, Termomekanisk utmattning, Scania CV AB. 
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Abbreviations 

DCI Ductile cast iron 

NC Nitrocarburizing 

TMF Thermo-mechanical fatigue 

SEM Scanning electron microscope 

EDS Energy dispersive spectroscope 

LOM Light optical microscope 
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1   Introduction 

1.1   Project background 

The large number of vehicles operating on the roads cause high emissions and consequently a 

negative effect on the environment. When developing and optimizing internal combustion 

engines, certain requirements must be considered, which are environmental regulations, 

reduced fuel consumption and increased specific power. In order to meet these demands, an 

increase of the engine combustion pressure will occur usually accompanied with an 

temperature increase. Increased temperature means that the engine components are exposed to 

higher thermal loads and increased pressure leads to higher mechanical loads. During start-up 

and shut-down of an engine, it is subjected to cyclic thermo-mechanical fatigue (TMF) loads. 

The turbo manifold and exhaust manifolds connected to the engine is also subjected to these 

thermo-mechanical fatigue loads and thereby exposed to alternating tensile and compression 

loads. As these TMF loads will increase in the near future due to the development and 

optimization of internal combustion engines, it is important to understand the limitations of 

the material for these loads. The components in the exhaust system are shown in Figure 1.1. 

 

 
Figure 1.1 Schematic illustration of components in the exhaust system.  

 

In this study, the material is examined and compared with respect to the characterization of 

three different ductile cast irons used for components in the exhaust gas system. Today, most 

turbo manifolds are nitrocarburized to improve surface properties, such as wear and friction in 

contact areas with other components, such as the exhaust manifold. However, in some cases it 

may be more cost effective to nitrocarburize the exhaust manifold instead of the turbo 

manifold. It is known that the wear resistance between contact areas is improved by 

nitrocarburization but it is unknown how the TMF properties are affected. 
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1.2   Purpose 

The purpose of this master thesis is to investigate the influence of nitrocarburization on the 

TMF properties of three types of ductile cast irons intended for exhaust systems.  

 

1.3   Aims 
The aim of the project is to investigate and compare the surface properties of ductile cast iron 

named High Silicon, SiMo51 and SiMo1000 with and without nitrocarburization as well as 

before and after TMF testing. In particular, the oxidation with and without nitrocarburizing is 

studied both after isothermal and stress free oxidation tests at 780 °C and after TMF loads 

with combined cyclic variation of mechanical and thermal loads. In addition, the properties 

such as hardness, defects, porosity, microstructure, composition of both the materials and of 

the oxide layer will also be evaluated. 

 

1.4   Delimitations 

This master thesis has been carried out together with another student in a different area. 

Larsson [1], working more specific with the thermo-mechanical fatigue properties of the 

materials. The period for the project is limited and extends 20 weeks of work. This master 

thesis has focused on the investigation of materials HiSi, SiMo51 and SiMo1000 in different 

perspectives. No other materials have been taken into consideration during this time.  
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2   Theory 

2.1   Scania exhaust components 
The exhaust manifold is mounted on the cylinder head of the engine and collects exhaust 

gases. In the other end of the exhaust manifold, it connects with the turbo manifold. The turbo 

manifold on the other hand, is connected to both the cylinder head, exhaust manifolds on each 

side and finally to the turbo. These components, from one of Scanias six-cylinder diesel 

engine, are displayed in Figure 2.1. The exhaust manifold and turbo manifold are connected in 

such a way that they can move freely in each other and at the same time resist leakage in the 

slip joint between them. The slip joints are illustrated by S.J in Figure 2.1. These slip joints 

are designed to allow the parts to move due to temperature changes.  

 

 
Figure 2.1 Exhaust system of one of Scanias six-cylinder diesel engines with two exhaust manifolds connected 

to the turbo manifold.  
 

A metallic sealing ring is mounted on the exhaust manifold for prevention of leakage of 

exhaust gases between the manifolds. This seal ring contributes to wear between the 

connections of manifolds. The connection setup is presented in Figure 2.2, in (a) exhaust 

manifold and (b) turbo manifold. A CAD model of the turbo manifold is shown in Figure 2.3.  

 

  
(a) (b) 

Figure 2.2 Construction solution with seal joints for thermal expansion and contraction in (a) exhaust manifold, 

seal joint male (b) turbo manifold, seal joint female.   
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Figure 2.3 CAD model of the turbo manifold. 

 

The problem of wear can be solved by a harder surface which for example can be obtained 

with a surface treatment process called nitrocarburization. The influence of nitrocarburization 

on the thermo-mechanical fatigue properties of the materials is unknown and needs to be 

investigated as the load increases in future engines. 

 

2.2   Cast iron 
Cast iron is the name to a large group of ferrous alloys containing mainly iron, carbon and 

silicon. Cast irons can be divided into sub groups gray iron, white iron, malleable iron, ductile 

iron and compacted graphite iron. Compared to steel, cast iron has higher carbon and silicon 

content. The structure of cast iron consists of a rich carbon phase named graphite. Except for 

white iron, which is distinguished from the other groups, because it does not contain any free 

form of graphite.  

 

Gray cast irons are classified by their graphite form, lamellar graphite, compacted 

(vermicular) graphite and spheroidal graphite, as seen in Figure 2.4. The commercial 

designation of these three cast irons are gray iron (LGI), compacted graphite iron (CGI) and 

ductile iron (DCI)[2].  

 

   
(a) (b) (c) 

Figure 2.4 Schematic drawings of graphite form for cast iron in (a) gray iron with graphite flakes, compacted 

graphite iron with compacted (vermicular) graphite and (c) ductile iron with graphite spheroids (nodules)[3]. 

 

There are two types of eutectic reaction that can occur in cast iron in the Fe-C phase diagram. 

metastable respective stable reactions. The formation of stable or metastable eutectic depends 

on nucleation potential of the liquid, chemical composition and cooling rate. The 
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graphitization potential of the iron is defined as nucleation potential of the liquid and 

chemical composition. High graphitization potential contributes to iron with graphite and low 

graphitization potential gives iron with iron carbides. The metastable eutectic reaction at 1148 

°C, transformation from liquid phase to austenite and cementite. The rich carbon phase is the 

carbon carbide and hence this is the formation of white iron. In the stable eutectic reaction at 

1154 °C, liquid is transferred to austenite and graphite. The rich carbon phase is graphite and 

gray, ductile or compacted graphite iron can be formed during this reaction [2]. As can be 

seen in Figure 2.5, there is a temperature difference between the metastable and stable system. 

In order for all the melt to follow the stable system, the solidification must be completed 

before reaching the temperature of the metastable system. Silicon strongly expands this 

temperature range and gives more time for nucleation and growth of graphite [4]. 

 

 
Figure 2.5 Iron-carbon diagram. Solid curves are the metastable system and dashed curves represent the 

stable system [2]. 

 

For cast iron in the stable system, the eutectic composition is at 4.3 %. This eutectic 

composition will be moved when silicon is added to the alloy, increasing silicon content 

contributes to a decreasing of carbon content of the eutectic. The relation of carbon, silicon 

and phosphorus is expressed as the carbon equivalent (CE). There are different ways to 

calculate CE, Equation (2.1) is the one used at Scania. The carbon equivalent is used to 
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determine if the alloy is hypoeutectic, eutectic or hypereutectic. Hypoeutectic occurs when the 

alloy has a lower carbon equivalent than 4.3 % and an alloy with greater carbon and silicon 

content than 4.3 % is called hypereutectic [2].  

 

 

2

%

4

%
%

PSi
CCE   

(2.1) 

 

Figure 2.6 presents approximate ranges of carbon and silicon in steels and cast irons. The 

carbon equivalent for iron-carbon-silicon alloys is shown with the upper dashed line. With 

zero content of silicon, the carbon equivalent is at 4.3 % carbon. Increasing silicon content 

leads to decreasing in carbon content as indicated with the upper dashed line. 

 

 
Figure 2.6 Approximate ranges of carbon and silicon for steel and cast iron [2]. 

 

The graphite form is a vital factor that influences the mechanical properties of cast iron, as 

seen in Figure 2.7. The structure of flake graphite has the lowest tensile strength and an 

explanation of this is due to the sharped edge of the flakes, which creates stress 

concentrations. Compared to ductile cast irons, with nodular (spheroidal) graphite form, 

which decreases stress concentrations and hence significantly higher strength and toughness 

are achieved. Compacted graphite has a graphite structure between flake and spheroidal and 

the rounded edge of the graphite will also reduce stress concentrations in the matrix. Thus, 

compacted graphite has mechanical properties between flake and spheroidal graphite as 

shown in Figure 2.7 [4]. 
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Figure 2.7 Influence of graphite form on the stress-strain curve for cast iron [2]. 

 

2.2.1   Ductile cast iron 

In ductile cast iron (DCI) the graphite is present as spheroidal graphite (nodules) which make 

ductile iron “ductile”. The mechanical properties of DCI are determined from the matrix when 

a high amount of graphite nodules are presented. DCI have different matrices like ferrite, 

ferrite/pearlite or pearlite. Heat treatment or alloying of DCI can produce other matrix 

structures such as martensite, bainite, austenite or ausferrite [5].  

 

During solidification, eutectic graphite is separated from the molten iron. Due to additives in 

the melt, the graphite can grow to its spherical form. DCI can be considered as a natural 

composite where the spherical graphite imparts unique properties. DCI has high fluidity, 

excellent castability but high surface tension, these three properties are achieved when in 

liquid phase. During solidification, the formation of graphite contributes to an increase in 

volume, this counteract the volume loss that occur during the phase change from liquid to 

solid phase. For this reason, only minimal use of risers are required. Risers are reservoirs in 

the mold that feed molten metal into the mold cavity to compensate for liquid contraction 

during cooling and solidification. In some cases, they are cast without risers. There is a need 

for designers to compensate for the shrinkage of cast iron by making designs with larger 

dimensions than those desired in the finished castings. DCI commonly requires less 
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compensation than any other cast ferrous metal and the shrinkage allowance for DCI is 

usually of 0-0.7 % [2]. 

 

The graphite in cast iron is classified by form and size according to SS-EN ISO 945-1:2008. 

The graphite form is illustrated by six characteristic forms, designated by Roman numerals I 

to VI as can be seen in Figure 2.8. Here, I represent the flake form while VI has the most 

spherical form [6]. 

 

 
Figure 2.8 Principal graphite form in cast iron [6]. 

 
The graphite sizes in DCI with form IV to VI are illustrated by reference images, designated 

by Arabic numerals 3 to 8. DCI does not exhibits graphite size of number 1 and 2 [6]. The 

graphite sizes can be seen in Figure 2.9. 

 

 
Figure 2.9 Principal graphite size of form Ⅳ to Ⅵ DCI [6]. 

 

2.2.2   Alloying elements 

In the manufacturing of ductile cast iron, alloying elements such as carbon, manganese, 

silicon, phosphorus and sulphur must be held at specified amounts. Treatment with 

magnesium, cerium and some other elements must be controlled to achieve the graphite shape 

and to compensate for the negative effects from present of antimony, lead, titanium, tellurium, 

bismuth and zirconium. These elements will prevent the nodulizing and have to be eliminated 

or limited. They can also be neutralized by additions of cerium and/or rare earth elements. 

Alloying elements such as chromium, nickel, molybdenum, copper, vanadium and boron acts 

as carbide formers, pearlite stabilizers or ferrite promoters. 

 

In order to improve strength and hardenability, small amounts of additives such as nickel, 

molybdenum or copper can be added. Improved resistance to corrosion, oxidation, abrasion or 

high-temperature applications larger amounts of silicon, chromium, nickel or copper can be 

added [2]. 

 

Carbon influence fluidity and shrinkage. The graphite volume is 3.5 times larger than iron. 

Carbon in solution precipitates as graphite and contributes to an expansion of iron during 
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solidification. However, this can compensate for the shrinkage when iron goes from liquid to 

solid phase.  

Silicon is the graphitizing element. Increasing content of silicon gives more structure of 

ferrite and also higher hardness of ferrite [2]. At elevated temperatures, silicon enhances the 

performance of DCI because it stabilize the ferrite matrix and forms a silicon-rich oxide layer 

which improves the oxidation resistance. At room temperatures, the mechanical properties of 

DCI will be improved by the silicon through solid solution hardening of the ferrite matrix. 

With a silicon content above 5 % the iron becomes brittle and not useable for engineering 

applications that needs properties as toughness. Silicon contents between 4-5 % is considered 

as the best combination regarding oxidation resistance and mechanical properties [7]. 

Nickel is promoting the formation of fine pearlite and thus increases strength and 

hardenability.  

Copper is a pearlite former and contributes to high strength, good toughness and 

machinability.  

Manganese is a pearlite stabilizer and thus increases the strength. Increasing content of 

manganese will decrease ductility and machinability since it forms carbides.  

Molybdenum stabilizes the structure at elevated temperature. 

Magnesium creates the spherically form of graphite [2]. 

 

2.2.3   Ductile cast iron for high temperature application 

Vital properties for materials in exhaust manifolds exposed for thermal and thermo-

mechanical loads are scaling resistance, tensile strength, temperature stability of the 

microstructure and thermal fatigue resistance [8]. Two groups of ferritic ductile cast irons, 

high silicon (HiSi) and SiMo alloys, are used for high temperature engine components 

including exhaust manifolds. 

HiSi have high scaling resistance and low thermal expansion coefficients. They are limited in 

use at high temperatures due to their low strength. The maximum allowable temperature for 

the exhaust manifold alloy HiSi is at 810 °C. 

SiMo ductile irons have small contents of molybdenum which increases the high temperature 

tensile strength. Many different Si-Mo alloys with varying amounts of silicon and 

molybdenum exists. SiMo ductile irons usually have a molybdenum content up to 1 % which 

gives formation of grain boundary carbides (Fe2MoC) and improve high temperature strength 

and creep resistance [9] but contributes to decreased toughness. The carbon content of SiMo 

should be between 2.8 to 3.7 %. The carbon content is reduced when silicon increases 

according to Equation (2.1). It has been found that the best alloy consists of 4 % silicon and 

0.8 % molybdenum for high temperature tensile strength. The maximum allowable 

temperature for the exhaust manifold alloy SiMo is at 860 °C [7]. 
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2.3   Materials of study 

The three materials presented in this study are High Silicon, SiMo51 and SiMo1000. These 

are described in the following chapter regarding microstructure and chemical composition. 

 

2.3.1   High Silicon 

The graphite precipitations in HiSi should consist of a minimum of 80 % in spheroidal form 

of V or VI in a ferritic matrix. The pearlite content should be less than 5 % and free cementite 

content should be less than 1 %. Flotation of graphite is not allowed in the casting [10]. The 

chemical composition according to Scania standard STD4484 can be found in Table 2.1 and 

the manufacturer for HiSi is Castings.  

 

 

Table 2.1 Chemical composition of HiSi from Scania standard, given in wt% 
C Si P Mn S Cu Cr Ni Mg Fe 

3.0-3.6 3.6-4.0 <0.05 <0.4 <0.015 <0.1 <0.1 <0.1 0.02-0.08 Bal. 

 

2.3.2   SiMo51 

SiMo51 is a part of the SiMo-family and a minimum of 80 % of graphite should be in 

spheroidal form of V or VI in a ferritic matrix. The content of pearlite, spheroidized cementite 

and free carbides should together be less than 20 %. Flotation of graphite is not allowed in the 

casting [11]. The chemical specification from Scania standard STD4485 can be found in 

Table 2.2 and the manufacturer for SiMo51 is Castings. 

 

Table 2.2 Chemical composition of SiMo51 from Scania standard, given in wt% 

C Si P Mn S Cu Cr Ni Mg Mo Fe 

3.0-3.5 4.2-4.8 <0.05 <0.4 <0.015 <0.1 <0.1 <0.1 0.02-0.08 0.8-1.2 Bal. 

 

The material contain precipitation of Fe2MoC and M6C (M=Fe, Mo Si) carbides. The 

precipitate occurs only in regions with high concentrations of molybdenum (alloy segregation 

during solidification), which are in the grain boundary regions [12]. 

 

2.3.3   SiMo1000 

SiMo1000 is a part of the SiMo-family and has vermicular and nodular graphite form of III to 

V/VI in a ferritic matrix. The chemical specification from the manufacturer, Georg Fischer 

Automotive AG, can be found in Table 2.3. 

 

Table 2.3 Chemical composition of SiMo1000 from manufacturer Georg Fischer, given in wt% 

C Si Mn Ni Mo Al Fe 

3.0-3.9 2.0-3.2 <0.4 <1.0 0.5-1.0 2.5-3.9 Bal. 

 

SiMo1000 has a high aluminum content. It has been found that aluminum increases the 

ferrite/austenite transformation temperature and also the resistance to high temperature 

oxidation. As with SiMo51, SiMo1000 also contain precipitation of Fe2MoC and M6C 

(M=Fe, Mo Si) carbides in the grain boundaries. Another phase that can be found in 
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SiMo1000 is pseudo-pearlite due to the high aluminium content in the alloy. The pseudo-

pearlite forms a lamellar structure similar to pearlite. The carbide in the pseudo-pearlite 

consists of iron aluminium carbides of Fe3AlCx (x=0.5-0-7) and occurs at an aluminum 

content greater than 3 % [8]. The large amount of vermicular graphite in the structure does not 

fulfill conventional requirements for a ductile cast iron. 

 

2.4   Nitrocarburization 
Nitrocarburizing is a thermo-chemical process where nitrogen and carbon diffuses from the 

process medium into the surface zone of a ferrous metal. The process can be done in different 

media like gas, plasma, salt or fluidized bed. A thin layer of compound layer, also known as 

white layer or ceramic layer, are formed on the surface typically in a depth of 0-30 μm with 

iron carbonitride and nitrides. Underneath the compound layer, a diffusion zone is formed 

commonly to a depth of 0.05 to 0.8 mm [13]. The diffusion zone consists of interstitial 

solution of nitrogen and carbon in a ferritic matrix and in alloyed steels (carbo)nitrides 

together with alloying elements are formed, such as CrN and AlN [14]. 

 

Nitriding hardness depth (NHD) is the depth of the diffusion zone which decreases 

continuously from the surface into the material. This depth is commonly defined as the depth 

where the hardness is 400 HV. Another definition of this depth, is where the value is 50 HV 

above the core hardness. An illustration of the compound layer, diffusion zone and unaffected 

material is shown in Figure 2.10. 

 

 
Figure 2.10 A nitrocarburizing layer of a tool steel with 5% Cr with compound layer, diffusion zone (darker 

region), unaffected material and hardness profile [15]. 
 

The compound layer improves corrosion resistance and tribological properties like friction 

and wear. The hardness and depth of the diffusion zone contribute to fatigue strength 

properties [13]. An overview of different properties and usage of compound layer respective 

diffusion zone are displayed in Figure 2.11. 
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Figure 2.11 Overview of different properties obtained in the compound layer and diffusion zone [13]. 
 

Cleaning of components prior to nitrocarburizing is a vital part of the process. The creating of 

compound layer can be disturbed by a passive layer if the components surfaces are not 

cleaned properly, contributing to locations with thin or no compound layer at all. The 

diffusion zone can also be affected by contaminated surfaces. Sources of contamination can 

for example be cutting fluids, lubrication fluids, oils and swarf from previous manufacturing 

processes. 

 

Nitrocarburizing can be divided into two types according to the process temperature, ferritic 

respective austenitic nitrocarburizing. In ferritic nitrocarburizing, the process temperature is in 

the ferritic region i.e. below the austenite transformation temperature (A1) in the Fe-N-C 

phase diagram. The temperature range is typically between 550 °C to 580 °C and hence there 

will not be any structural change in the core. The austenitic nitrocarburizing process is applied 

above A1 (above 590 °C) in the Fe-N-C phase diagram and some transformation from ferrite 

to austenite occurs, this type is usually not used today [13]. The ferritic nitrocarburizing with 

gaseous medium is the only one dealt with in details here. 

 

2.4.1   Process 

There are three main steps in the nitrocarburizing process: 1) heating to required temperature, 

2) diffusion at the nitrocarburizing temperature to obtain the nitrocarburizing depth, and 3) 

cooling. The second step, where the nitrocarburizing takes place, has a process time of 

between 0.5 to 5 hours, the time needs to be controlled in order to achieve thickness and 

properties of the compound layer and diffusion zone [13]. 

 

Nitrogen (N2), ammonia (NH3), carbon dioxide (CO2) and hydrogen (H2) are the atmosphere 

gases used. Breakdown of ammonia gives nitrogen and hydrogen, so hydrogen is not 

necessarily added. As can be seen in Figure 2.12, nitrogen is only used in the beginning and 

ending of the process. This is because a combination of ammonia and oxygen can create an 



13 
 

explosive reaction, hence removing oxygen in the furnace before and after intake of ammonia 

has to be done by introducing nitrogen [16]. 

 

 
Figure 2.12 Ratio of gaseous in nitrocarburizing process [13]. 

 

The diffusion of nitrogen and carbon from the gaseous medium to the surface of the 

component occurs in three steps: from the gas to the surface, diffusion through the compound 

layer and diffusion into the diffusion zone [16]. Concentration gradients for nitrogen and 

carbon are shown in Figure 2.13.  

 

 
Figure 2.13 Concentration gradients of nitrogen and carbon [16]. 

 

Decomposition of ammonia gives nitrogen and hydrogen at the surface and the nitrogen atoms 

can diffuse further into the surface of the component as illustrated in Figure 2.14a. Carbon 
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dioxide in reaction with hydrogen gives carbon monoxide and water according to Equation 

(2.2) [16]. 

 

 OHCOHCO 222   (2.2) 

 

The reaction between carbon monoxide and hydrogen will form carbon and water which 

allows carbon atoms to transfer into the surface [16]. This can be seen in Figure 2.14b. In 

addition, carbon will diffuse from the steel to the compound layer when nitrocarburizing 

medium or high carbon steel [13]. 

 

  
(a) (b) 

Figure 2.14 Schematic illustration, diffusion into the surface of (a) nitrogen atoms and (b) carbon atoms [16] 
 

2.4.2   Cooling  

The cooling process can be achieved with slow or rapid cooling rate by using different 

cooling media like gas, oil or air. The cooling rate influences the hardness and residual 

stresses in the diffusion zone. Rapid cooling in oil is preferred when properties as high fatigue 

strength and high loading capacity are of interest. When properties as wear resistance and 

corrosion resistance are of high priority, which is properties that are affected by the compound 

layer, the cooling rate will not have any affect. Reduction of distortion is reached with slow 

cooling rate, usually by gas [13]. 

 

2.4.3   Pre-oxidizing and post-oxidizing 

Additional steps during the process are pre-oxidizing and post-oxidizing after 

nitrocarburizing. Pre-oxidizing is usually performed in air at 350-450 °C for 1-2 hours and 

this will decrease the nitrocarburizing process time. Another advantage with pre-oxidizing is 

oxidation of the surface which promotes the growth of the compound layer, the oxide on the 

surface making the surface area expand and this will in turn promote the absorption effect of 

nitrogen. Post-oxidizing gives a significant improvement of oxidation resistance. This is a 

short after-treatment that could be performed in air, steam or dinitrogen in a temperature 

range between 450-550 °C. The layer forms on top of the compound layer, containing 

magnetite (Fe3O4) with a thickness of about 1-3 μm [13]. 
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2.4.4   Compound layer 

This compound layer may contain gamma prime (  ) phase, epsilon ( ) phase, cementite, 

carbides and nitrides. The composition depends on the atmospheric composition and the 

material to be treated [17]. The   -phase have a composition of iron nitride, Fe4N (fcc) and 

making the compound layer brittle. The  -phase have a composition of iron carbonitride, Fe2-

3(N,C) (hcp) and has higher ductility compared to   -phase [15]. 

 

A so-called ternary phase diagram for iron-carbon-nitrogen at 570 °C can be used to obtain a  

better understanding for the formation of compound layer during the nitrocarburizing process. 

  -phase can contain up to 6 wt% nitrogen and a small amount of carbon. The  -phase has a 

higher solubility of carbon compared to    as can be seen in Figure 2.15. Firstly, nitrogen 

dissolves into ferrite with a maximum solubility of 0,1 %, thereafter a formation of    takes 

place followed by the  -phase which starts to form when nitrogen and carbon content 

increases. Hence, by controlling the nitrogen and carbon in the compound layer it can consists 

of either   -phase,  -phase or a combination of both phases [13]. For example, if 6 % nitrogen 

and 1 % carbon content are used, there will be a single phase of   as can be seen in Figure 

2.15. 

 

 
Figure 2.15 Ternary phase diagram for Fe-N-C at 570 °C [17]. 

 

An example of nucleation and growth of the compound layer on pure iron is illustrated in 

Figure 2.16. In the first step of the nitrocarburizing process, nitrides are created by nucleation 

of   -phase on the surface. Then  -phase grows on top of the   -phase. The nucleii of   and    

continues to grow as nitrogen diffuses through it and the phases grows together into a 

compound layer with  -phase closest to the surface and   -phase below. The nucleate and 

amount of    and   will depend of the carbon in the steel. The higher amount of carbon in the 

steel the higher amount of  -phase. While lower amount of carbon in the steel contributes to 

higher amount of   -phase. The thickness of the compound layer depends on the composition 

of the atmosphere, alloying elements, nitrocarburizing time and temperature. A higher amount 

of alloying elements in the steel gives a thinner compound layer, while increasing 

nitrocarburizing time and temperature gives a thicker compound layer [13]. 
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Figure 2.16 The nucleation of   -phase and  -phase on pure iron [13]. 

 

2.4.5   Diffusion zone 

Temperature, time and composition of the steel controls the diffusion of nitrogen and carbon 

into the steel and influence the depth of the diffusion zone. In low alloyed steels, the dominant 

mechanism in the diffusion zone is a solution of nitrogen in ferrite at the process temperature. 

In alloys containing strong nitride formers such as Cr, Al, Mo, V and Ti the dominant 

mechanism is precipitation of nitrides. These nitrides increase the hardness in the diffusion 

zone by precipitation hardening. The misfit of nitrides in the matrix contributes to 

compressive residual stresses in the diffusion zone which contributes to increasing fatigue 

strength of the material [13, 14]  
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2.5   Surface roughness parameters 

The profile´s arithmetic mean deviation, Ra, is defined as the sum of the mean value of the 

peak heights and the mean value of the valley depths over the total measured length. A line of 

mean value of all the peaks is drawn and a line of mean value of all the valleys is drawn in the 

profile. The Ra value is distance between these two lines as can be seen in Figure 2.17.  

 

 
Figure 2.17 Evaluation of profile arithmetic mean deviation, Ra [18]. 

 

The maximum profile height, Rz, is defined as the distance between the highest profile peak  

and lowest profile valley within the reference length. One reference length is indicated by the 

vertical dashed line in Figure 2.18, where a total of five reference lengths can be seen. Rz is 

measured over several reference lengths and a mean value of the measurements is calculated, 

according to Figure 2.18 and Equation (2.3).     

 

 
Figure 2.18 Evaluation of profile total high, Pt [18]. 
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(2.3) 

 

The profile´s maximum peak height, Rp, is defined as the distance between the highest peak 

and the mean line within the reference length. Rp is measured over several reference lengths 

and a mean value of the measurements is calculated, according Figure 2.19 and Equation 

(2.4). 

 

 
Figure 2.19 Evaluation of maximum profile high, Rp [18]. 
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(2.4) 

 

The total height of the profile, Pt, is defined as the distance between the highest peak and the 

lowest valley within the total measured length [18]. This parameter is illustrated in Figure 

2.20. 

 

 
Figure 2.20 Evaluation of profile total high, Pt [18].  

 

2.6   Hardness 
The bulk hardness in the materials can be found in Table 2.4. Values of HiSi and SiMo51 

according to Scania technical reports [19, 20] and SiMo1000 according to certificate from the 

manufacturer Georg Fischer Automotive AG. 

 

Table 2.4 Brinell hardness (HBW) for respective material 

 Material Brinell hardness [HBW]  

 HiSi 207-212  

 SiMo51 226  

 SiMo1000 269-278  

 

2.7   Residual stresses 
Residual stresses, which also could be called as self-equilibrating stresses, due to the 

equilibrium of stresses within a part without external loads. The name residual stresses are 

used because the stresses remain from a previous operation, it occurs in most manufactured 

parts. 

 

Residual stresses within components exposed for fatigue loads are of high importance. The 

compressive residual stresses efficient retard the formation and growth of cracks subjected to 

cyclic loading which enhance fatigue resistance. For tensile stresses, the opposite will occur. 

Both tensile and compressive exist when residual stresses are present, because the residual 

stresses are in self-equilibrium [21]. 

 

2.8   Oxidation in ductile cast iron 

Oxidation of iron in air at high temperatures can be defined as inward diffusion of oxygen and 

outward diffusion of iron. A multi-layer of iron-oxygen-compounds namely wustite (FeO), 

magnetite (Fe3O4) and hematite (Fe2O3) form on the surface. 
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In figure 2.21, the iron-oxygen diagram at atmospheres pressure is displayed. FeO forms at 

temperatures above 570 °C and in temperatures below 570 °C Fe3O4 will form closest to the 

metal with a layer of Fe2O3 on top. When the temperature reaches above 570 °C the multi-

layered oxide scale will consists of FeO closest to the metal, Fe3O4 in the middle and Fe2O3 in 

the outmost layer. 

 
Figure 2.21 The iron-oxygen phase diagram [22]. 

 

In iron-silicon alloys, the different oxides can be of silica (SiO2), fayalite (Fe2SiO4) and also 

the three types of iron oxides FeO, Fe3O4, Fe2O4. In alloys with low silicon content, SiO2 will 

be formed at the surface of the alloy. Additionally, an reaction between SiO2 and FeO creating 

Fe2SiO4 and is presented as islands in the FeO layer. To achieve a continuous protective layer 

of SiO2, the silicon content in the alloy needs to increase [22]. 

In alloys used for high temperature applications, adding alloying elements such as Si, Cr and 

Al provides improved oxidation resistance. When these alloying elements reacts with oxygen, 

silicon oxide (SiO2), chromium oxide (Cr2O3) and aluminium oxide (Al2O3) are formed which 

serving protective oxide scales close to the surface of the metal. If these protective oxide 

scales is compact, they will decrease the oxidation rate by reducing inward diffusion of 

oxygen and outward diffusion of iron [23]. 

 

2.9   Thermo-mechanical fatigue 
The exhaust manifold is exposed to thermo-mechanical fatigue (TMF) during start-up and 

shut-down of an engine. TMF is a type of low cycle fatigue (LCF), but LCF is typically done 

under isothermal conditions, while TMF includes a temperature cycle as well as a mechanical 

load cycle. There are different types of TMF cycles, in-phase (IP) respective out-of-phase 

(OP). In IP, a maximum tensile strain is applied at the maximum temperature an in OP a 

maximum compressive strain is applied at the maximum temperature [9]. In this study, TMF-

OP is used. Further reading and more detailed information regarding TMF can be found in the 

master thesis by Larsson [1]. 
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3   Methods 

3.1   Manufacturing process of test rods 
The materials were cast as plates with a typical geometry as presented in Figure 3.1. The 

cylinders on the sides of the casted plate are used to avoid pore formation during the casting 

process. These cylinders on the sides are parts to be cut off which can be seen in Figure 3.1 

where the dashed lines indicate the cutting line. 

 

 
Figure 3.1 Geometry of cast plate. 

 

The cast plate was cut into rectangular shapes followed by lathing to the final test rods which 

are used for thermo-mechanical testing, illustrated in Figure 3.2. About 20 test rods of each 

material were made. 

  

 
Figure 3.2 Test rod used for TMF-testing dimensions in mm. 
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3.2   Microscopy analysis 

3.2.1   Scanning electron microscopy 

Scanning electron microscopy (SEM), Zeiss Sigma VP Gemini field emission gun, was used 

for high resolution image investigations.  

 

3.2.2   Energy dispersive spectroscopy  

The distribution of elements in a specific area of the material was performed with energy 

dispersive spectroscopy (EDS) with name INCA, Oxford Instruments. During EDS analysis, 

the carbides, nitrocarburized layer and oxidation were investigated. Both element line scan 

and element mapping were used. EDS element mapping emphasizes the distribution of 

elements in a specific area. The lighter parts indicate the element. EDS element line scan 

shows the intensity change of a certain element along the scanned line. 

 

3.2.3   Optical emission spectroscopy 

The chemical composition was found according to Scania standards STD4484 and STD4485 

for HiSi and SiMo51. While the manufacturer of SiMo1000 supplied Scania with a chemical 

analysis together with the material. For comparison, the analysis of chemical composition was 

performed with optical emission spectroscopy (OES) at Scanias material department.  

 

Prior to OES, rest pieces from test rods from other experimental analyses were sent to Scanias 

own foundry for re-melting to produce a coin shaped sample of respective material. Only 

material without nitrocarburization was analysed in this machine. The coin shaped sample 

was ground with P320 paper and it was on the ground surface where the OES analysis took 

place.  

 

The OES analysed the amount of each element contained in respective material. The OES was 

performed three times for each material to ensure the values. The coin shaped sample of one 

of the materials after analysed in OES can be seen in Figure 3.3. 

 
Figure 3.3 Coin shaped sample analysed in OES. 

 

The internal OES-equipment at Scania was not calibrated for the high alumnium content in 

SiMo1000. Therefore, SiMo1000 was sent to the company Dlab for further analysis of 

aluminium content.   
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3.2.4   Light optical microscopy 

Light optical microscope (LOM) with model name Zeiss Axio Imager.M2m and the 

AxioVision software were used in a variety of material analysis during this project. Graphite 

analysis was done using the image analysis function in the software, where information about 

graphite form, graphite size and nodularity could be obtained. Prior to graphite analysis, the 

samples were made from the cross-section of the narrow part of the test rod, i.e. an circle area 

of 38.5 mm
2
. The samples were mounted in resin followed by grinding and polishing. A 

quadratic area was then analyzed in this circle, the size of the quadratic area was the same in 

all measurements. The analysis was performed on unetched samples.  

 

The porosity was investigated for all the samples that have been inspected with graphite 

analysis. For the porosity measurements, an area of a cross-section circle was inspected i.e. an 

area of 38.5 mm
2
. Pores greater than 50 µm were counted on unetched samples in LOM. 

According to [24], the graphite nodules have a typical diameter of 50 μm and because of this, 

pores greater than 50 μm were counted. The pores were analyzed according to standard 

STD4100 [25]. The maximum length of the pore was measured. A criterium for combining 

two or more pores to one pore was applied when the distance X between the pores is shorter 

than the pores respectively lengths divided by 2. See Figure 3.4 and Equation (3.1) for 

illustration. Thickness layer analysis from high temperature oxidation tests where investigated 

in LOM. 

 

 
Figure 3.4 Criterium for combining porosities [25]. 
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3.3   Nitrocarburizing at Bodycote 
Half of the test rods of each material were sent to Bodycote to be treated with ferritic 

nitrocarburizing. The process includes the same steps as for the nitrocarburizing process 

which is performed on Scanias turbo manifold today and was therefore performed as follows: 

2 hours pre-oxidizing in 400 °C, 3 hours nitrocarburizing in 570 °C and 4 hours cooling in 

nitrogen. During the nitrocarburizing step, the process medium used was gas which consisted 

of 60% nitrogen (N2), 35% ammonia (NH3), 5% carbon dioxide (CO2). See Figure 3.5 for 

comparison between treated respective untreated test rods. 
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Figure 3.5 Test rods with nitrocarburizing treatment versus not treated.  

 

3.4   Surface roughness 
The difference between nitrocarburized and non-nitrocarburized surfaces of one test rod of 

respective material has been studied. The surface roughness measurements were done by 

workshop engineers at Scania according to standard procedure. Here, the surface parameters 

Ra, Rz, Rp, Rv and Pt were evaluated. 

 

3.5   Hardness measurements 
Knoop hardness (HK) was measured according to standard SS-EN ISO 4545-1:2018 [26], 

using a hardness testing machine with model name Qness and a load of 50 grams. The reason 

for using Knoop was that the analysis could be performed with more measurements closer to 

the edge, namely in the diffusion zone.  

 

Prior to hardness measurements, a cross section was cut from the narrow part of the test rod 

i.e. a diameter of 7 mm and mounted in resin followed by grinding and polishing according to 

the standard for cast iron. Hardness testing was performed on one sample from each 

nitrocarburized material, i.e. a total of 3 samples. Hardness profiles were started from the 

edge of the cross section and then inward in the sample. The first profile consisted of 0.01 mm 

to 0.15 mm in increments of 0.02 mm between each indention. The second profile consisted 

of 0.02 mm to 0.16 mm in increments of 0.02 mm between each indention. These two profiles 

were made close to each other and were assembled to a common measurement profile. The 

same process was performed on two other positions on the sample. This resulted in a total of 3 

hardness profiles on each sample and an average value of the three profiles was calculated. 

All indentations were placed in the matrix between the graphite nodules. 

 

Brinell testing was utilised to determine the core hardness according to standard SS-EN ISO 

6506-1:2014 [27], using a load of 187.5 kg and a ball diameter of 2.5 mm (HBW 2.5/187.5). 

Tests were performed with one indentation in the core as central as possible. The same 

process prior to tests used for hardness measurements with Knoop, was also performed here.  
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3.6   Residual stresses 

Residual measurements were performed on one test rod of each material with and without 

nitrocarburizing. The measurements were made at Linköping University in the department of 

engineering materials. The equipment was a Seifert X-ray diffractometer. 

 

3.7   Oxidation testing 
The oxidation test is divided into three experiments, mass analysis, thickness layer analysis 

and oxidation analysis after thermo-mechanical fatigue. Mass analysis included weight gain 

after isothermal and stress free exposure in air at 780 °C. Thickness layer analysis after 

isothermal and stress free exposure in air at 780 °C. Oxidation analysis after thermo-

mechanical fatigue loading included combined cyclic variation of mechanical and thermal 

loads. Mass analysis and thickness layer analysis were performed in a chamber furnace with 

model name Naber N60/HR. 

 

3.7.1   Mass analysis 

This process of oxidation test followed the standard SS ISO 21608:2012 [28]. For this 

oxidation test, one sample of each material with and without nitrocarburization was used. A 

total of six samples. The samples were cut at one end of test rods in a cylindrical shape with a 

diameter of 10 mm and a height of 10 mm. Prior to testing, the samples were grinded with 

silicon carbide grinding paper P320 to approximately the same weight, degreased in an 

ultrasonic cleaning in acetone for 15 minutes, followed by cleaning in ethanol. The scale for 

measuring weight had a precision of 0.1 mg. At all weight measurements on the scale, all 

samples were weighed three times each to ensure the value.  

 

Each sample was inserted into an individual crucible in order to collect all scale that have 

fallen off from the surface of the samples during the test. Including the spalled scale from 

each sample. Scale is the surface film and corrosion produced on the sample during high-

temperature corrosion. Spalled scale is scale flaked from the sample. The original weights of 

the crucibles and samples were separately weighed on a scale and the crucibles with the 

samples were also weighed together. The samples were placed with the grinded side 

downward in the crucibles so the only visible surface was the nitrocarburized surface. The 

crucible was made of ceramic material commonly used for similar experiments and does not 

react at the test temperature. The crucibles and the samples of the materials for this oxidation 

test are shown in Figure 3.6.  

 
Figure 3.6 Crucibles and one metal sample of respective material. 
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The operating temperature in the furnace was 780 °C throughout the process, except when a 

small amount of heat loss occurred during opening of furnace door when removing and re-

inserting samples. The crucibles together with the sample of each material were exposed to 

different times. The time intervals increased progressively according to standard SS ISO 

21608:2012  and were set to 4, 20, 26, 90, 144, 191, 262 and 307 hours in the furnace.  

 

The samples were left in their respectively crucible throughout the experiment. The crucible 

containing the sample was removed from the furnace and held for 15 minutes freely in air to 

cooling down. Three individual weight measurements on the scale were made for each 

crucible containing one sample. When the measurements were completed, the crucibles 

together with the samples were inserted into the furnace for the next time interval. All spalled 

scale retained in the container upon re-insertion into the furnace for continued exposure. See 

Figure 3.7 for illustration of the method. 

 

  
(a) (b) 

Figure 3.7 Method for handling (a) the samples in chamber furnace (b) change of mass on a scale.  

 

Gross mass change is the mass change of the test piece after cooling including collected spall. 

Gross mass change  ng tm  is determined according to Equation (3.2) 

 

      0tmtmtm STnSTng   (3.2) 

 

 ng tm  is the gross mass change at time nt  

 nST tm  is the mass of crucible and sample at time nt  

 0tmST  is the mass of crucible and sample at time 00 t  
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3.7.2   Thickness layer analysis 

This process of oxidation test followed the standard SS ISO 26146:2013 [29]. In this high 

temperature oxidation test, including five samples of each material i.e. a total of 30 samples, 

thickness measurements of oxidation layers were analysed. One reference sample of 

respective material were saved for comparisons and thereby not exposed for oxidation. Prior 

to testing, the samples were cut from one end of the test rods giving a cylindrical sample with 

a diameter of 10 mm and a height of 6 mm. Degreased in an ultrasonically cleaner first for 15 

minutes in acetone and then for 15 minutes in ethanol. 

 

All the samples were inserted in the chamber furnace at same time in an arrangement shown 

in Figure 3.8. The operating temperature was set to 780 °C during the process. Six samples, 

one of each material i.e. one row of metal samples in Figure 3.8 were taken out from the 

furnace at each exposure time. The samples were removed after 21, 93, 197 and 314 hours in 

the furnace. 

 

 
Figure 3.8 The set of metal samples prior to oxidation test of thickness layer analysis.   

 

The samples were cooled freely in air for 15 minutes, mounted in resin followed by grinding 

and polishing in a grinding machine with model name Struers according to standard procedure 

for ductile cast irons. After grinding and polishing, the oxide layer were examined in a light 

optical microscope (LOM). 

 

The moving of the metal samples including inserting and removing from the furnace, 

followed by inserting in the resin machine. Each of these movements was done with a tong 

which grabbed the metal sample at approximately the same position on the metal sample, and 

the tong has therefore affected the oxide layer on that location. Therefore, this has been noted 

during the experiment and after the metal sample has been mounted in resin it has been 

marked with a scriber on the resin material. This to ensure that the thickness of the oxide layer 

has been measured where the metal sample not have been affected by the tong. 

 

3.7.3   Oxidation after thermo-mechanical fatigue 

A longitudinal cross-section was cut off from the test rods after thermo-mechanical loading. 

In this oxidation test, the test rods were exposed for a temperature cycle between 300 °C to 

780 °C and a compressive mechanical strain of -0.25 %. The longitudinal cross-section 

samples were inspected in LOM and SEM with EDS element mapping.  
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4   Results 

4.1   Chemical composition 
The measured chemical composition i.e. an average of three points of respective material can 

be found in Table 4.1 and in Figure 4.1.  

 

Table 4.1 Measured chemical composition of respective material, given in wt% 

Material C Si P Mn S Cu Cr Ni Mg Mo Al Ti Fe 

HiSi 2.84 3.88 0.013 0.41 0.006 0.10 0.06 0.03 0.03 0.05 0.02 0.018 bal. 

SiMo51 2.99 4.16 0.018 0.39 0.007 0.08 0.06 0.18 0.02 0.78 0.01 0.018 bal. 

SiMo1000 3.19 2.73 0.028 0.22 0.001 0.04 0.03 0.86 0.03 0.83 3.44 0.017 bal. 

 

HiSi and SiMo51 have higher silicon content compared to SiMo1000, while SiMo1000 has 

higher content of nickel and also exhibits an aluminum content that is significantly higher 

compared to the others, see Figure 4.1. 

 

 
Figure 4.1 Measured chemical composition of HiSi, SiMo51 and SiMo1000. 

 

 

 

4.2   Microstructure 

In order to visualize the carbides and grain boundaries in the materials, the surface needs to be 

etched. They were etched in 2 % Nital and cleaned with ethanol. The representative 

microstructures are shown in Figures 4.2, 4.3 and 4.4, the white parts are ferrite grains while 

the graphite and carbides are marked with arrows. In HiSi the carbides grows in the grain 

boundaries as can be seen in Figure 4.2. For SiMo51 and SiMo1000, the primary carbides 

grows in the grain boundaries and are surrounded by a border of fine precipitate of carbides, 

see Figures 4.3 and 4.4. 
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Figure 4.2 Light optical microscope image of etched HiSi. 

 

 
Figure 4.3 Light optical microscope image of etched SiMo51. 

 

 
Figure 4.4 Light optical microscope image of etched SiMo1000. 
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4.2.1   Graphite analysis 

The typical form and size of graphite are shown in unetched samples in Figures 4.5, 4.6 and 

4.7 for respective materials. A clear difference for SiMo1000 compared to the others is that it 

exhibit a smaller graphite size and has both vermicular and nodular form of graphite.    

 

 
Figure 4.5 Light optical microscope image of unetched microstructure of HiSi. 

 

 
Figure 4.6 Light optical microscope image of unetched SiMo51. 

 

 
Figure 4.7 Light optical microscope image of unetched SiMo1000. 
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The form of the graphite for the materials is classified to the six graphite forms i.e. I to VI, 

shown in Figure 4.8. Graphite form of type V appears most in HiSi while form VI is highest 

for SiMo51 compared to the others. Graphite form of type III and IV appear most for 

SiMo1000.  

 

 
Figure 4.8 The graphite form of HiSi, SiMo51 and SiMo1000. 

 

The graphite nodularity of HiSi, SiMo51, SiMo1000 was 71 %, 78 %, 48 % respectively, see 

Figure 4.9. Here, the term nodularity includes graphite form of type V or VI according to SS-

EN ISO 945-1:2008 [6]. 

 

 
Figure 4.9 The graphite nodularity of HiSi, SiMo51 and SiMo1000.  

 

The graphite size distributions for the materials are described by 8 classes according to SS-EN 

ISO 945-1:2008, shown in Figure 4.10. HiSi and SiMo51 have graphite particles mainly in 

class 5 and 6 but HiSi contain more of 5 and SiMo51 more 6. SiMo1000 contain mainly class 

6 and 7. SiMo1000 has most of size 7 and 8 compared to the others. 
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Figure 4.10 The graphite size distribution of HiSi, SiMo51 and SiMo1000. 

 

4.2.2   Porosity 

Figures 4.11, 4.12 and 4.13 illustrates the typical forms of pores. The porosity, amount of 

pores larger than 50 μm counted within the cross section of the narrow part of the test rods i.e. 

an area of 38.5 mm
2
, can be seen in Table 4.2. 

 

 
Figure 4.11 Pore in cross section sample of HiSi. 

 

 
Figure 4.12 Two pores in cross section sample of SiMo51. 
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Figure 4.13 Two pores in cross section sample of SiMo1000. 

 

Table 4.2 Porosity, amount of pores larger than 50μm within the inspected area of 38.5 mm
2 

 Material Porosity [mm
-2

]  

 HiSi 0.9  

 SiMo51 0.5  

 SiMo1000 1.2  

 

4.2.3   Carbides 

A deeper analysis of the carbides was done in SEM together with EDS element mapping, 

which emphasizes the distribution of elements in a specific area. The lighter parts indicate the 

specified element. The microstructure of HiSi with two different types of carbides is shown in 

Figure 4.14. 

 

 
Figure 4.14 Carbides in HiSi. 

  

The carbide in HiSi contains manganese, molybdenum and the spots around the carbide is 

titanium as can be seen in Figure 4.15. 
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Figure 4.15 EDS element mapping of carbide in HiSi. 

 

The other carbide in HiSi, shown in Figure 4.16. It was found that this carbide contained 

chromium, molybdenum, manganese and carbon. 
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Figure 4.16 EDS element mapping of carbide in HiSi. 
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The microstructure of SiMo51 with one carbide is shown in Figure 4.17. The carbide in 

SiMo51 contains molybdenum, silicon and the quadratic shape of spots around the carbide 

containing precipitates of titanium as can be seen in Figure 4.18. 

 

 
Figure 4.17 Carbide in SiMo51. 

 

 

 

  
Figure 4.18 EDS element mapping of carbide in SiMo51. 
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The microstructure of SiMo1000 with one carbide is shown in Figure 4.19. The carbide in 

SiMo1000 contains molybdenum as can be seen in Figure 4.20.  

 

 
Figure 4.19 Carbide in SiMo1000. 

 

 

 
Figure 4.20 EDS element mapping of carbide in SiMo1000. 
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4.5   Nitrocarburizing 

The nitrocarburizing have been inspected regarding the composition layer, diffusion zone, 

nitrocarburizing depth and the intensity of nitrogen from the surface edge further into the 

material. The microstructures and the nitrocarburized layers of cross-section samples are 

displayed in Figure 4.21. The nitrocarburized layer is presented as the dark/colored part at the 

surface. In Figure 4.21d and 4.21f, so called nitride needles can be seen, indicated by (i) 

respective (ii). 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.21 Nitrocarburizing layers in (a)(b) HiSi+NC (c)(d) SiMo51+NC (e)(f) SiMo1000+NC 
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The nitrogen content have been analysed with EDS element line scan for nitrocarburized 

materials, see Figure 4.22. The intensity diagram of nitrogen in HiSi+NC (Figure 4.22ab) and 

SiMo51+NC (Figure 4.22cd) shows almost the same appearance, with a high intensity at the 

edge of the surface which is gradually reduced inwards in the material. For SiMo1000+NC 

(Figure 4.22ef), the nitrogen content remains at about the same level throughout the diffusion 

zone and drastically drops at the transition between the diffusion zone and the bulk material. 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.22 EDS element line scan of nitrogen content from the surface edge further into the material in 

(a)(b) HiSi+NC (c)(d) SiMo51+NC (e)(f) SiMo1000+NC. Where the diagrams to the right shows the depth 

from the surface edge into the material on the x-axis and the intensity of nitrogen on the y-axis.  
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Nitride needles were detected in the diffusion zone for nitrocarburizing materials. EDS 

element mapping were used to study the needles content. Both HiSi+NC in Figure 4.23 and 

SiMo51+NC in Figure 4.24 shows that the nitride needles contain nitrogen, silicon and 

carbon. 

 
 

  
Figure 4.23 EDS element mapping of nitride needles in HiSi+NC. 

 

 
 

  
Figure 4.24 EDS element mapping of nitride needles in SiMo51+NC. 
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The nitride needles in SiMo1000+NC in Figure 4.25 contained nitrogen and oxygen. While a 

lower content of silicon, aluminum and magnesium occurred near the nitride needles. In the 

upper figure to the left in Figure 4.25, micro cracks are observed and marked with arrows. 

 
 

  

  
Figure 4.25 EDS element mapping of nitride needles in SiMo1000+NC. 
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4.6   Surface roughness 

The surface roughness profiles of respective material with and without nitrocarburizing are 

shown in Figures 4.26, 4.27 and 4.28. Surface roughness parameters for the materials can be 

seen in Table 4.3.   

 
(a) 

 

 
(b) 

Figure 4.26 Surface roughness profile of (a) HiSi and (b) HiSi+NC 

 

 
(a) 

 

 
(b) 

Figure 4.27 Surface roughness profile of (a) SiMo51 and (b) SiMo51+NC 

 

 
(a) 

 

 
(b) 

Figure 4.28 Surface roughness profile of (a) SiMo1000 and (b) SiMo1000+NC 
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Table 4.3 Surface roughness parameters of respective material with and without NC, given in μm 

Material Ra RZ Rp Rv Pt 

HiSi 2.24 11.29 5.51 5.78 14.37 

HiSi+NC 2.77 13.87 6.59 7.29 20.52 

SiMo51 1.96 11.39 5.05 6.34 19.71 

SiMo51+NC 1.71 9.84 5.16 4.68 14.45 

SiMo1000 3.22 15.32 8.70 6.62 17.35 

SiMo1000+NC 2.21 13.00 6.15 6.86 17.45 

 

4.7   Hardness 
The hardness profiles of nitrocarburized materials, measured with Knoop (HK) are visualised 

in LOM and SEM with unetched and etched samples in Figures 4.29, 4.30 and 4.31. Here, the 

diffusion zone is presented as the dark part at the surface. For HiSi and SiMo51, the two first 

hardness indentations are present in the diffusion zone, Figures 4.29 and 4.30. For SiMo1000 

in Figure 4.31, the three first hardness indentations are in the diffusion zone.   

 

   
(a) (b) (c) 

Figure 4.29 Hardness profiles of HiSi (a) etched in LOM (b) unetched in SEM (c) etched in SEM 

 

   
(a) (b) (c) 

Figure 4.30 Hardness profiles of SiM051 (a) unetched in LOM (b) unetched in SEM (c) etched in SEM 

 

    
(a) (b) (c) (d) 

Figure 4.31 Hardness profiles of SiMo1000 (a) unetched in LOM (b) etched in LOM  (c) unetched in SEM  

(d) etched in SEM 
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The Knoop hardness (HK) profiles of nitrocarburized materials can be seen in Figure 4.32. 

The nitrocarburizing increases the hardness close to the surface for all materials. The hardness 

is about twice as high for SiMo1000+NC compared to HiSi+NC and SiMo51+NC in the 

diffusion zone. The materials exhibits a hardness as for the bulk material when the distance 

from the surface is 0.07 to 0.08 mm.  

 

 
Figure 4.32 Hardness profiles of nitrocarburizing materials. 

 

Brinell hardness (HBW) in the bulk material is shown in Table 4.4, where SiMo1000 shows 

the highest hardness, HiSi lowest and SiMo51 in between. The measured Brinell hardness 

(HBW) complies with other hardness measurements from Scania technical reports and Georg 

Fischer Automotive AG. 

 

Table 4.4 Brinell hardness (HBW) for respective material at room temperature 

 Material Brinell hardness [HBW]  

 HiSi 206  

 SiMo51 225  

 SiMo1000 261  
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4.8   Residual stresses 

Prior to nitrocarburizing, the test rods of the materials shows tensile residual stresses, highest 

for HiSi. Compressive residual stresses are instead found in nitrocarburized materials. The 

residual stresses are almost the same for HiSi+NC and SiMo51+NC which is about -400 MPa, 

while SiMo1000+NC is about twice as high, a value of -700 MPa. The residual stresses of 

respective material with and without nitrocarburizing are shown in Figure 4.33. 

 

 
Figure 4.33 Residual stresses for materials with and without NC. 

 

4.9   Oxidation test 

In this section, results from three different oxidation tests are presented. Mass analysis 

included weight gain after isothermal and stress free exposure in air at 780 °C. Thickness 

layer analysis after isothermal and stress free exposure in air at 780 °C and finally thermo-

mechanical fatigue oxidation analysis after TMF loading. 

 

4.9.1   Mass analysis 

The original weights prior to oxidation of respective material were weighed three times each 

to ensure the value. Averages of the weights are shown in Table 4.5.  

 

Table 4.5 Measured weights prior to oxidation 

Material HiSi HiSi+NC SiMo51 SiMo51+NC SiMo1000 SiMo1000+NC 

Weight [gram] 5.6399 5.6399 5.6400 5.6399 5.6397 5.6401 

 

Oxidation during mass analysis results in increased weight with increasing exposure time for 

all materials, except for SiMo1000 which showed a small decrease in weight due to that the 

graphite at the surface was oxidised and disappeared, i.e. decarbonization. Nitrocarburized 

materials increased more in weight compared to materials without nitrocarburizing. Weight 

gain curves as a function of exposure time can be seen in Figure 4.34. Both HiSi and 

HiSi+NC increased in weight, but HiSi+NC showed almost 0.1 grams more in weight after 

314 hours compared to HiSi. SiMo51 and SiMo51+NC increased in weight. Weight gain for 
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SiMo51+NC was about 0.02 grams higher compared to SiMo51. SiMo1000 decreased in 

weight gain due to decarbonization of graphite on the surface while SiMo1000+NC exhibits 

the highest weight gain compared to the others, a total of weight gain of 0.16 grams after 314 

hours.  

 

 
Figure 4.34 Weight gain curves after oxidation in air at 780 °C. 
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4.9.2   Thickness layer analysis 

Reference cross-section samples of respective material, which were not exposed for oxidation 

test can be seen in Figure 4.35. 

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.35 Cross section of samples prior to thickness layer oxidation test of  

(a) HiSi (b) HiSi+NC (c) SiMo51 (d) SiMo51+NC (e) SiMo1000 (f) SiMo1000+NC. 

 

Figure 4.36 shows inspected cross-section areas of HiSi exposed to oxidation within the given 

time intervals. In Figure 4.36a, it is shown that graphite on the surface disappears through 

decarbonization. Hence, iron oxides replaces the graphite phase. During continued exposure 

to high temperature, the oxide continues to grow, as shown in Figure 4.36bcd. In Figure 

4.36d, oxidation after 314 hours shows an uneven oxide layer of both inward and outward 

oxidation. The oxide layer in HiSi+NC has increased and a more even layer compared to 

HiSi, of both inward and outward oxidation in Figure 4.37. In Figure 4.37a after 21 hours, the 

inward oxidation is higher compared to outward oxidation. In Figure 4.37d after 314 hours, 

the depth of inward and outward oxidation is about the same. 
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(a) (b) 

  
(c) (d) 

Figure 4.36 Cross section of HiSi samples after thickness layer oxidation test at 

 (a) 21h (b) 93h (c) 197h (d) 314h.  

 

  
(a) (b) 

  
(c) (d) 

Figure 4.37 Cross section of HiSi+NC samples after thickness layer oxidation test at 

 (a) 21h (b) 93h (c) 197h (d) 314h.  
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The oxide layer of SiMo51 is displayed in Figure 4.38. Here, small and big oxide islands are 

presented. SiMo51+NC in Figure 4.39 show a more even oxide layer compared to SiMo51. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.38 Cross section of SiMo51 samples after thickness layer oxidation test at 

 (a) 21h (b) 93h (c) 197h (d) 314h.  

 

  
(a) (b) 

  
(c) (d) 

Figure 4.39 Cross section of SiMo51+NC samples after thickness layer oxidation test at 

 (a) 21h (b) 93h (c) 197h (d) 314h.  
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SiMo1000 in Figure 4.40 shows no significantly oxide layer at all. SiMo1000+NC in Figure 

4.41 show high oxidation and thick oxide layers. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.40 Cross section of SiMo1000 samples after thickness layer oxidation test at 

 (a) 21h (b) 93h (c) 197h (d) 314h.  

 

  
(a) (b) 

  
(c) (d) 

Figure 4.41 Cross section of SiMo1000+NC samples after thickness layer oxidation test at 

 (a) 21h (b) 93h (c) 197h (d) 314h.  
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For comparison between materials with and without nitrocarburizing at the last time interval, 

namely at 314 hours. Without NC, SiMo1000 showed the best resistance against oxidation. 

With NC, it was found that SiMo1000+NC oxidized most. See Figure 4.42.  

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.42 Cross section of samples after thickness layer oxidation test at 314 hours of  

(a) HiSi (b) HiSi+NC (c) SiMo51 (d) SiMo51+NC (e) SiMo1000 (f) SiMo1000+NC. 
 

EDS element mapping of HiSi showed inward diffusion of oxygen, outward diffusion of iron 

and protective barrier layer of silicon oxide. The barrier of silicon oxide was thin and 

compacted which protects from further oxidation in HiSi, see Figure 4.43. The barrier of 

silicon oxide in HiSi+NC was outspread and not as compacted as for HiSi, see Figure 4.44.  
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Figure 4.43 EDS element mapping of oxide layer in HiSi after 314h. 

 

 
 

  
Figure 4.44 EDS element mapping of oxide layer in HiSi+NC after 314h. 

 

 

 

 



52 
 

SiMo51 presented in Figure 4.45 showed the same results as HiSi regarding inward diffusion 

of oxygen, outward diffusion of iron and the protective barrier of silicon oxide. In addition, a 

barrier of manganese can be found in the same area where the silicon oxide barrier appears.  

 

 
 

  

 

 

Figure 4.45 EDS element mapping of oxide layer in SiMo51 after 314h. 
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SiMo51+NC showed the same behavior as for HiSi+NC, where the silicon content was 

outspread and distributed in a larger area as can be seen in Figure 4.46. 

 

 
 

  
Figure 4.46 EDS element mapping of oxide layer in SiMo51+NC after 314h. 

 

In SiMo1000, also here, the oxidation behaviour was of inward diffusion of oxygen and 

outward diffusion of iron. Instead of a silicon oxide, which is the protective barrier layer in 

HiSi and SiMo51. SiMo1000 has a protective barrier layer of aluminum oxide. The barrier of 

aluminum oxide was thin and compacted which protects from further oxidation in SiMo1000, 

see Figure 4.47. The barrier of aluminum oxide in SiMo1000+NC was distributed in a larger 

area and not as compacted as for SiMo1000, see Figure 4.48.   
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Figure 4.47 EDS element mapping of oxide layer in SiMo1000 after 314h. 

 

 
 

  
Figure 4.48 EDS element mapping of oxide layer in SiMo1000+NC after 314h. 
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4.9.3   Oxidation after thermo-mechanical fatigue 

The materials were analysed after thermo-mechanical loading, a longitudinal cross-section of 

the test rods and the number of cycles to failure,    can be seen in Figure 4.49. Here, the test 

rods were exposed for a temperature cycle between 300 °C to 780 °C and a compressive 

mechanical strain of -0.25 %. Figure 4.49 indicates that the damage mechanism is a 

combination of oxidation and crack growth. Crack initiations can be seen at numerous 

locations and two crack initiations are marked with arrows in Figure 4.49ab. The respective 

material exhibits different numbers of cycles to failure,    at the same mechanical load, as 

indicated in Figure 4.49.  

 

  
(a) (b) 

  
(c) (d) 

  
(e) (f) 

Figure 4.49 Oxide intrusion and crack growth from the surface further into the material  after TMF cycling 

with 300 °C to 780 °C in  (a) HiSi (b) HiSi+NC (c) SiMo51 (d) SiMo51+NC (e) SiMo1000 (f) SiMo1000+NC. 

Longitudinal cross-sections. Arrows indicates the loading direction. 

 

Materials with and without nitrocarburizing exhibits different oxidation behaviours. In Figure 

4.49ace materials without nitrocarburizing are shown, besides the oxide crack initiations there 

is also ordinary oxidation behaviour which is indicated as (i) and (ii) in Figure 4.49ab. The 
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oxide crack initiations in HiSi are deeper into the material than the oxide layer (i) in Figure 

4.49a. HiSi+NC shows the opposite, i.e. the oxide layer (ii) is deeper into the material than 

the oxide crack initiations see Figure 4.49b. SiMo51 and SiMo51+NC in Figures 4.49cd 

shows similar behaviour as HiSi and HiSi+NC. The ordinary oxide layer in SiMo1000 is very 

thin, see Figure 4.49e, compared to the others. Regarding crack initiation, SiMo1000+NC in 

Figure 4.49f, differs from the others because it shows no oxidation around the cracks. 

 

According to Norman [24] the oxide crack initiations can be started through decarbonization 

of graphite on the surface. This will in turn lead to a replacement of the graphite phase with 

iron oxides.  

 

The crack initiations for respective material with and without nitrocarburizing were analyzed 

using EDS element mapping, see Figures 4.50, 4.51 and 4.52. Comparing the silicon 

distribution in HiSi and HiSi+NC in Figure 4.50bd, it can be observed that HiSi shows a more 

compacted silicon distribution around the oxide crack initiations while HiSi+NC shows a 

more outspread distribution of silicon content.  

 

  
(a) (b) 

  
(c) (d) 

Figure 4.50 EDS element mapping of longitudinal cross-sections of oxygen and silicon within oxide crack 

initiations in (a,b) HiSi (c,d) HiSi+NC. 
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Comparison between SiMo51 and SiMo51+NC in Figure 4.51. A thicker ordinary oxide layer 

in SiMo51+NC shown in Figure 4.51c compared to SiMo51 in Figure 4.51a. Distribution of 

silicon around the oxide crack initiations is similar for SiMo51 and SiMo51+NC as can be 

seen in Figure 4.51bd. A difference between the silicon distribution can be found in the 

ordinary oxide layer, where SiMo51 has a thin silicon layer. SiMo51+NC has a thicker silicon 

content distributed on a thicker boarder. See Figure 4.51bd. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.51 EDS element mapping of longitudinal cross-sections of oxygen and silicon within oxide crack 

initiations in (a,b) SiMo51 (c,d) SiMo51+NC. 
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SiMo1000 has a thinner ordinary oxide layer than SiMo1000+NC. A protective and compact 

barrier layer of aluminum oxide in SiMo1000 while a more distributed aluminum oxide in a 

larger area in SiMo1000+NC. See Figure 4.52. 

 

  
(a) (b) 

  
(c) (d) 

Figure 4.52 EDS element mapping of longitudinal cross-sections of oxygen and silicon within oxide crack 

initiations in (a,b) SiMo1000 (c,d) SiMo1000+NC. 
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5   Discussion 

The chemical composition of HiSi and SiMo51 complies with Scania standards and 

SiMo1000 complies with specification from the manufacturer Georg Fischer Automotive AG.  

 

HiSi and SiMo51 should consist of the spherical graphite form of V or VI, which have been 

observed in this study. SiMo1000 should consist of graphite form of III to V/VI which also 

has been detected. Hence, an acceptable range of graphite form for the materials has been 

observed.  

 

The graphite nodularities were 71 %, 78 % and 48 % for HiSi, SiMo51 and SiMo1000 

respectively. According to standards STD4484 and STD4485, the nodularity should be higher 

than 80 % for HiSi and SiMo51. An explanation of the lower nodularity in HiSi and SiMo51 

compared to the standard may depend on an statistical deviation due to a rather low number of 

experiments. For SiMo1000 there is no standard, however the microstructure complies with 

specification from Georg Fischer Automotive AG. 

 

The porosities of HiSi, SiMo51 and SiMo1000 were 0.9, 0.5 and 1.2 mm
-2

. Hence, the 

porosity in SiMo1000 was almost twice as high compared to SiMo51 with HiSi in between. 

The silicon content increase the fluidity during casting, HiSi and SiMo51 have about twice as 

high silicon content compared to SiMo1000. Lower fluidity makes the material harder to cast 

and this could be one explanation why SiMo1000 has higher porosity. The high aluminum 

content in SiMo1000 could be another reason to the higher porosity, which also makes the 

material harder to cast because of the reaction between aluminum and oxygen. According to 

results from Norman [24], a statically analysis of the porosity in two different types of 

SiMo51 and one SiMo1000 have been analysed. The values were 0.8 respectively 0.9 for 

SiMo51 and 2.34 for SiMo1000, values in mm
-2

. Thus, compared to [24] it could be assumed 

that the results of porosity in this study are reasonable.  

 

In this study, it was found that SiMo1000+NC has twice as high compressive residual stresses 

in the diffusion zone and also twice as high hardness in the diffusion zone compared to 

HiSi+NC and SiMo51+NC. Cracks, that was formed during nitrocarburizing, were positioned 

parallel to the surface edge in the diffusion zone were observed in SiMo1000+NC and 

consequently an increased diffusion of nitrogen into the material, i.e. deeper diffusion depth. 

This could be explained by the low elongation to failure in SiMo1000. However, the cracks 

did not affect the number of cycles to failure, see Larsson [1], because the cracks were 

parallel to the surface edge in the diffusion zone. See Figure 5.1 for an overview of the cracks 

observed after the nitrocarburizing treatment in SiMo1000+NC. On the other hand, the crack 

formation could be one explanation due to the increased diffusion of nitrogen into the material 

for SiMo1000+NC, which contained higher diffusion depth compared to HiSi+NC and 

SiMo51+NC. It is also possible that the cracks were one of the reasons why SiMo1000+NC 

oxidized most compared to the others. The oxygen could travel inward into the material 

through the cracks and cause higher oxidation of the material. 
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(a) (b) 

Figure 5.1 Cracks parallel to the surface edge in the diffusion zone of SiMo1000+NC from (a) LOM (b) SEM 

 

An hypothesis of nitrocarburized materials could be observed regarding nitride needles. The 

nitride needles of different alloying elements could be unstable at elevated temperatures 

which may leave inlets in the surface where oxygen could travel through. A deeper diffusion 

zone and consequently a higher depth of nitride needles in SiMo1000+NC compared to 

HiSi+NC and SiMo51+NC. This could also be an explanation due to higher oxidation in 

SiMo1000+NC.   

 

The surface roughness parameters for HiSi+NC are higher for all parameters compared to 

HiSi. For SiMo51 and SiMo1000, the values decreased for all surface parameters with 

nitrocarburizing. All changes are however small and the nitrocarburizing does not affect the 

surface roughness significantly.  

 

Regarding mass analysis during oxidation test, SiMo1000 showed highest resistance against 

oxidation. This could be explained by the protective aluminum oxide layer in SiMo1000. 

Which could be observed in the other oxidation test, thickness layer analysis. While 

SiMo1000+NC oxidized most. 

 

During oxidation after thermo-mechanical fatigue, oxide crack initiations were observed in 

longitudinal cross-sections. For HiSi and SiMo51, a protective silicon oxide layer could be 

found around the cracks. For SiMo1000, the protective layer around the cracks consisted of 

aluminium oxide. In materials with nitrocarburizing, it was found that these protective layers 

of either silicon oxide or aluminium oxide were more distributed into the material. In 

SiMo1000+NC the crack initiations were not oxidized and may be explained by the 

distributed aluminium oxide. 

 

In graphite analysis, the software calculated the size, shape and nodularity of graphite and 

inevitably contained pores during this calculation. The software could not distinguish the 

difference between graphite and pores, as both have dark colour. Hence, the graphite analysis 

was performed with a small misestimation. To reduce this error, an area with as few pores as 

possible was chosen. 
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Prior to chemical analysis, the rest pieces from test rods from other experimental analyses 

were re-melting. Some content of magnesium were disappeared during the re-melting process 

due to oxidation of magnesium. To get a more accurate value of this element, material from 

the cast plate should be measured directly in OES. 

 

The nitrocarburizing process was performed with the same furnace atmospheres, steps, times 

and temperature as for the turbo manifolds which are nitrocarburized today. In this project, 

the specimens were cleaned after machining, i.e. cutting fluids and debris were wiped. 

However, no other cleaning was performed before the nitrocarburization process. It is known 

that the nitrocarburization could be affected by the cleaning process and this should be 

investigated further and could explain why no compound layer could be seen. It is however 

noted that usually no compound layer can be found on the components as well after 

nitrocarburization. The surface properties i.e. diffusion depth and hardness of the test 

specimens seems also otherwise to be in accordance with what is found on components. 

 

The room humidity during mass analysis of oxide testing was not monitored. The sample 

supports may have dirt particles beneath which contributed to a misestimation of the gross 

mass change. The sample support was centred on the scale and the sample was centred in the 

sample support for all weight measurements. 

 

The furnace temperature was set to 780 °C during oxide testing, but when measuring 

temperature with an external temperature measure instrument together with thermocouples, 

they did not match each other. The external instrument showed temperatures with a maximum 

difference of approximately ±18 °C from the value of the furnace display. 
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6   Conclusions 

This master thesis has investigated the influence of nitrocarburization on the thermo-

mechanical fatigue properties of three ductile irons for exhaust components HiSi, SiMo51 and 

SiMo1000. In particular, the oxidation with and without nitrocarburizing has been studied 

both after isothermal and stress free oxidation tests at 780 °C and after TMF loads with 

combined cycle variation of mechanical and thermal loads. The following conclusions have 

been made: 

 

 Nitrocarburizing  

Cracks, that was formed during nitrocarburizing, were positioned parallel to the 

surface edge in the diffusion zone were observed in SiMo1000+NC and consequently 

an increased diffusion of nitrogen into the material, i.e. deeper diffusion depth. The 

diffusion zone was around 40-60 µm in HiSi+NC and SiMo51+NC but about 60-80 

µm in SiMo1000+NC. SiMo1000+NC had highest hardness and highest compressive 

residual stresses, about twice as high compared to HiSi+NC and SiMo51+NC. 

Nitrocarburized materials showed increased oxide layer compared to materials without 

nitrocarburizing. SiMo1000+NC had thickest oxide layer and may be because of the 

cracks parallel to the surface in the diffusion zone, which allowed oxygen travel.  

 

 Isothermal and stress free exposure in air at 780 °C 

SiMo1000 showed highest resistance against oxidation due to the protective aluminum 

oxide layer. While SiMo1000+NC oxidized most and contained highest weight gain. 

 

 Oxidation after thermo-mechanical fatigue 

Oxide crack initiations after thermo-mechanical tests. Protective silicon oxide layer 

around the cracks for HiSi and SiMo51 and protective aluminum oxide layer around 

the cracks for SiMo1000. For nitrocarburized materials, these protective layers of 

either silicon oxide or aluminium oxide were more distributed into the material and 

did not form the compacted protective barriers. In SiMo1000+NC the crack initiations 

were not oxidized. 
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7   Future work 

Three interesting areas and recommendations for future work are listed below:   

 Investigation of the effect of cleaning prior to nitrocarburizing. 

 Investigation of the effect of post-oxidizing after nitrocarburizing. 

 Investigation of oxidation tests in emission gaseous environments. 
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