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Abstract 
 

An investigation of austenite grain growth of two bearing steel grades; 100Cr6 and 

100CrMnMoSi8-4-6 is performed. Austenitization treatments were performed between 860 

°C and 1200 °C for 5 minutes to 5 hours and the grain size was determined for each sample. 

Grain boundary etching was carried out using a water based, picric-acid etchant. Generally, 

100CrMnMoSi8-4-6 was harder to etch than 100Cr6. Therefore, a precipitation heat 

treatment was performed in order to facilitate etching of prior austenite grain boundaries in 

100CrMnMoSi8-4-6. The precipitation treatment was found to be effective. However, the 

precipitation heat treatment was not suitable for 100Cr6 as the grain size increased during 

the precipitation heat treatment. 

 

Light optical microscope equipped with a camera was utilized to take micrographs for grain 

size evaluation. Jeffries' standard procedure according to ASTM E112-96 was used to 

measure the grain size. The results shows that the austenite grain size increases with 

temperature and time as expected. The experimental data was fitted to a well-known grain 

growth model. The model only worked for the temperatures investigated and could not be 

made to fit different temperatures. 

 

Local grain size variation was studied and its influence on fatigue properties was evaluated. 

The result showed that variation in local grain size can significantly alter the fatigue 

properties. The findings are only theoretical and have not been tested practically. 

 

Two different spheroidization heat treatments and one homogenization heat treatment 

were performed. Both spheroidization heat treatments investigated exhibited similar grain 

size. The homogenization heat treatment reduced the local grain size variation. 

Homogenization treatment prior to the spheroidization treatments did not increase or 

decrease the grain size.  The long heating, holding and cooling times in the second 

spheroidization heat treatment is probably the reason for the lack of grain refinement 

compared to the first spheroidization heat treatment. The grains had time to grow to the 

initial austenite grain size during each cycle. 
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Sammanfattning 
 

Korntillväxten hos två kullagerstål 100Cr6 och 100CrMnMoSi8-4-6 har undersökts. Stålprover 

austenitiserades mellan 860 °C och 1200°C från 5 minuter till 5 timmar och kornstorleken 

bestämdes för varje prov. En vatten- och pikrinsyrebaserad etsvätska användes för etsning 

av korngränserna. 100CrMnMoSi8-4-6 var generellt sett svårare att etsa än 100Cr6. En 

värmebehandlig för att skilja ut etsbara element genomfördes därför med gott resultat för 

100CrMnMoSi8-4-6. Däremot var den inte lämplig för 100Cr6 vilken genomgick 

kornförgrovning. 

 

Ett ljusoptiskt mikroskop med inbyggd kamera användes för att ta fram bilder av 

mikrostrukturen för vidare beräkning av kornstorlek. En av ASTM International 

standardiserad metod användes för beräkning av kornstorleken. Resultaten visar att 

kornstorleken som väntat ökar med ökad tid och temperatur. En välkänd modell för 

korntillväxt anpassades till den experimentella informationen. Modellen kunde bara 

anpassas för de testade temperaturerna och inte göras generell. 

 

Lokala variationer av kornstorleken inom ett prov undersöktes och dess påverkan på 

materialets utmattningsegenskaper utvärderades. Resultaten visade att 

utmattningsegenskaperna kan påverkas med förändringar av kornstorleken. Den praktiska 

betydelsen har dock ej utretts utan är endast teoretisk. 

 

Två sfäroidiseringsbehandlingar och en homogeniserings behandling utfördes på prover av 

båda stålsorterna. Homogeniseringen reducerade lokala variationer i kornstorleken. 

Homogenisering före sfäroidisering verkar inte ha någon inverkan på kornstorleken. De 

undersökta sfäroidiseringsbehandlingarna ger båda liknande kornstorlek. Den uteblivna 

kornförminskningen i den andra sfärodiseringsbehandligen jämfört med den första, beror 

troligtvis på för långa uppvärmnings-, håll- och svalningstider. Kornen får tillräcklig tid att 

växa tillbaka till samma storlek på austenitkornen mellan varje cykel. 
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1 Introduction 
 

A bearing has to satisfy high demands in performance, durability and cost. Therefore the 

bearing material has to fulfill a lot of requirements. The material has to be low cost, easy to 

shape, and it has to have the necessary mechanical properties to withstand the application 

demands. To meet these demands, the choice of material is often steel, typically a high 

carbon steel with a carbon content of approximately 1 wt. % and 1.5 wt. % of chromium.  

 

Steel is a relatively low cost material which is easy to shape. In addition, it is possible to 

increase its mechanical properties at low added costs by heat treatments. During heat 

treatment and hot forming operations (e.g. forging and rolling), the steel is heated. The steel 

gets softer when heated which makes the material easier to form. In addition, high 

temperatures can even out segregations, giving a more homogeneous microstructure. The 

downside with heating the steel is an increase in grain size, higher production costs, 

oxidation and decarburization.  

 

An increase in grain size reduces strength and hardness of the material. On the other hand, 

very small grains reduce the hardenability of the material. A high hardenability is desired to 

minimize the need of rapid cooling when performing a hardening treatment. Rapid cooling 

increases the risk of dimensional distortion. Distorted components require extra machining 

and/or sizing which will consequently increase the production cost. The fatigue limit is a 

critical parameter which is directly related to the bearings life. Fatigue limit increases as the 

hardness increases and the grain size decreases.  

 

The main objectives of the current thesis were to: 

 Monitor grain growth during austenitization of two bearing steel grades (100Cr6 and 

100CrMnMoSi8-4-6). To be able to predict the grain size after a heat treatment, the 

experimental data was represented by a well-established grain growth equation.  

 Investigate whether a precipitation heat treatment could aid etching of grain 

boundaries compared to a quenched sample.  

 Investigate two different spheroidization heat treatments to observe their influences 

on the final grain size. 

Furthermore, local measurements of grain size and hardness were conducted at different 

areas within a sample. The influence from these variations on the fatigue limit was evaluated 

and discussed.   
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2 Theory 
 

2.1 Iron-Carbon Phase Diagram 
 

Pure iron is a solid metal at room temperature that melts at 1538 °C. In the range between, 

the material undergoes changes in its crystal structure forming other solid phases (alpha-

ferrite, austenite and delta-ferrite). These phases are of great significance as each one has 

different properties. Iron containing up to approximately 2 wt. % carbon is called steel1. By 

adding carbon to iron, the phase transformation temperatures change and a new phase 

(cementite) is introduced at higher carbon content. This can be displayed in a Fe-C binary 

phase diagram.  

 

A binary phase diagram shows the thermodynamically stable phases of two elements as a 

function of temperature at a constant pressure of 1 atmosphere. In steelmaking, a 

metastable phase diagram with iron and carbon is used. Even though the stable phase for 

carbon in iron is graphite, the metastable diagram contains cementite, Fe3C, which is a 

stoichiometric phase forming at 6.7 wt. % C. The reason for using a metastable Fe-C phase 

diagram for practical applications is the slow transformation of Fe3C to graphite and iron. 

The latter transformation is so slow that it is of no interest in practical applications2. The 

common phase diagram for steel is Fe with up to 2 wt. % C. To have a general view of the 

phase changes at different temperatures and compositions, a binary phase diagram is 

illustrated in Figure 2.1. Generally, steels with carbon contents less than 0.7 wt. % are called 

hypoeutectoid and those with carbon contents greater than 0.7 wt. % C are called 

hypereutectoid3. 

 

Figure 2.1 The metastable iron-carbon phase diagram at P= 1 atm. 



3 
 

The solid phases seen in a Fe-C phase diagram (up to 2 wt. %C) are ferrite (α-iron), austenite 

(γ-iron), ferrite (δ-iron) and cementite (Fe3C). δ-iron has the same structure as α-iron and is 

of no great interest other than during solidification4, it will therefore be excluded here-from. 

Ferrite has a body-centered-cubic crystal structure (B.C.C) which is soft and ductile; 

austenite is soft and ductile with a face-centered-cubic crystal structure (F.C.C); cementite 

which is an iron carbide is hard and brittle. 

 

As can be seen in Figure 2.1, austenite has a high solubility of carbon, up to ~2.03 wt. %, 

while the α-ferrite only dissolves ~0.02 wt. % carbon. The addition of other alloying elements 

(i.e. other than C) will change the phase diagram. For example, some alloying elements such 

as N, Mn and Ni will increase the austenite phase field, thus, these alloying elements are 

referred to as austenite stabilizers5. Whereas, elements such as Cr, Mo, V and Nb increase 

the ferrite field, thereby called ferrite stabilizers5. 

 

2.2 Heat Treatments 
 

2.2.1 Homogenization 

 

Homogenization is done to reduce the micro-segregations and to break up the dendritic 

structure form during the ingot casting6. At low temperatures, diffusion is slow within the 

material, therefore to be able to even out the segregations; the material has to be heated to 

very high temperatures for a long period of time. During a homogenization treatment the 

steel is heated in to the austenitic phase field, to the temperature range of around 1100°C 

and held at that temperature for enough time to get the material as even as desired, usually 

in the order of hours7,8. 

 

2.2.2 Spheroidization or soft annealing 

 

The spheroidization, also known as soft annealing, is performed to reduce the hardness and 

to soften the material in order to facilitate machining or forming. During a spheroidization 

heat treatment of a hyper-eutectoid steel, the material is heated to the two phase austenite-

cementite phase field area between the A1 and Acm line (see Figure 2.1) and held for an 

extended time9. The material is then slowly cooled below the A1 line to precipitate a ferrite 

matrix and cementite particles. During this stage of the treatment, ferrite is nucleated and 

grows. Due to the low solubility of carbon in ferrite, the excess carbon is pushed out of the 

ferrite phase and forms carbide (cementite) particles (within the ferrite matrix)9. Since 
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spherical particles have the lowest surface to volume ratio, the carbides become spherical10. 

A larger surface area is energetically unfavorable, except for some special orientation 

relationships, and the driving force is towards the reduction of the interface surface energy 

between ferrite and carbide10.  

 

2.2.3 Martensitic Quenching 

 

Martensitic quenching is a heat treatment which significantly increases the hardness of the 

steel11. This is achieved by first heating the material to the austenite phase field and then 

quenching the steel to a low temperature. Martensite is a modified ferrite phase with a 

body-centered-tetragonal (B.C.T) crystal structure. In contrast to ferritic or austenitic phase 

transformations, martensitic transformation is diffusionless12. In a diffusionless 

transformation the atoms will not have sufficient time to re-distribute. In other words, the 

B.C.C crystal structure of ferrite will be supersaturated with carbon. This excess of carbon 

atoms strains the B.C.C structure into a B.C.T crystal structure.  

 

The cooling rates needed for martensitic phase transformation and the temperature, Ms, at 

which it starts can be found in either a time-temperature-transformation diagram (TTT-

diagram) or a continuous cooling transformation diagram (CCT diagram). In Figure 2.2 a 

transformation diagram is schematically illustrated. The Ms-line in the figure represents the 

temperature where the martensitic transformation starts. The Mf line represents the 

temperature needed for fully martensitic transformation. Due to practical difficulties in 

determining whether all the austenite phase has transformed to martensite, the Mf line is 

often more an estimation than an exact value13. The curved lines represent the start and 

finish of pearlite and bainite transformations.  
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Figure 2.2 A schematic transformation diagram showing the slowest cooling rate required to achieve a fully martensitic 
microstructure. 

 

The austenite which is not transformed, remains in the microstructure and is referred to as 

retained austenite. To minimize the retained austenite, the steel has to be quenched to 

temperatures as low as the Mf line. Ms and Mf temperatures decrease significantly as the 

carbon content increases, see Figure 2.3 a)14. Other alloying elements will affect the Ms and 

Mf temperatures and thereby the amount of retained austenite, see Figure 2.3 b)14. 

 

 

a) b) 

Figure 2.3 a) Ms and Mf temperatures as a function of carbon content, b) Influence of various alloying elements on Ms 
14

. 
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In steels with a carbon content greater than 0.8 wt. % the amount of retained austenite 

increases rapidly, as can be seen in Figure 2.4 a)15. Consequently, the hardness is reduced as 

the carbon content exceeds 0.8 wt. %, see Figure 2.4 b)16. Increased carbon content will also 

push the pearlite and bainite starting curves in Figure 2.2 to the right, reducing the need of 

rapid cooling17. 

 

a)    b) 

Figure 2.4  a)Retained austenite after quenching as a function of carbon content
15

, b) Hardness as a function of carbon 
content

16
. 

 

2.2.3.1 Embrittlement 

 

The as quenched martensite is generally too hard and brittle for practical use so it is often 

tempered, which means that it is heated to a temperature lower than the A1 line for some 

time18. Tempering decreases the hardness and increases the toughness of the martensitic 

steel. Generally, the higher the tempering temperature and/or the tempering time, the 

lower the hardness and the higher the toughness. Tempering should not be done in the 

temperature range 200-400 °C where tempered martensite embrittlement (TME) can 

occur19. Tempering in TME region allows retained austenite to transform to ferrite and 

cementite that precipitates in martensite lath surfaces, within the martensite and at the 

grain boundaries19. A higher phosphorus amount is also reported to increase the TME20. 
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Temper embrittlement (TE) can occur in the range 375-575 °C for longer than one hour or 

more21,22. This embrittlement is mainly seen as an increase in the impact transition 

temperature21. Segregation of phosphorus, among other elements, to the grain boundaries 

causes the tempering embrittlement21. Elements that segregate to the grain boundaries 

during tempering and cause TE can be found in Table 2.123. 

 

Table 2.1 Elements which segregate to grain boundaries during tempering embrittlement
23

. 

 

Other temperature intervals reported for TME and TE are 200-450 °C and 500-650 °C24,23. 

Differences in temperature intervals are due to composition differences in the steels. 

 

2.3 Grain Growth 
 

A metal consisting of small grains will have large grain boundary area per volume. This large 

amount of grain boundary energy in the material gives a driving force for grain growth25. 

Equation 2.1 describes the driving force for grain growth based on the reduction of surface 

energy; where   is the grain boundary energy and   is the grain radius25. 

 

   
   

   
  Equation 2.1 

 

Based on Equation 2.1 as the radius increases the driving force for grain growth decreases. In 

other words, as the grains become larger the growth rate decreases 25. 

 

Theoretically the grain growth will stop when the surface energy is reduced to minimum and 

the whole material consists of only one grain but in practice the growth stops earlier26. Some 

of the elements in Table 2.1 segregates to grain boundaries and thus lower the grain 

boundary energy of iron and thereby the driving force for growth23. 

 

Group in 

periodic table 14 15 16

C N O

Si P S

Ge As Se

Sn Sb Te

Bi
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The lowest energy state for an atom in the metal is when the atom is completely surrounded 

by other atoms. If an atom is located in the outer surface of the grain, i.e. grain boundary, it 

is not completely surrounded by other atoms on all sides. Atoms on the convex side of a 

grain boundary has more of their surface towards the boundary and are thereby in a higher 

energy state compared to the atoms on the concave side, see Figure 2.526. 

 

 

Figure 2.5 The figure illustrates difference in the area of the atoms facing the grain boundary. The atom at the concave 
side with angle   has a smaller area towards the grain boundary than the atom at the convex side with angle  . 

 

During the grain boundary movement the atoms jumps from the convex to the more 

energetically favorable concave side of the boundary26. The growth of a grain will usually be 

at the cost of a smaller grain; and the atoms will move from the surface of the smaller grains 

to the surface of the larger grains25.  

 

Curved grain boundaries moves towards the center of the curvature27. This can be seen in 

Figure 2.6 where grain 6 grows in all directions, and grain 9 is consumed by grain 8, 10 and 

12. 
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Figure 2.6 The figure shows 12 grains. The arrows indicate the direction of grain boundary movement. 

 

It is instructive to discuss the behavior in 2D as follows. The ideal grain geometry in 2D is a 

hexagonal grain where each edge has a 120° angle28. If all grains have this hexagonal shape 

and the grain boundary energy is assumed to be equal, the corners of three grains will meet 

and no grain boundary migration will occur28. This grain arrangement will be stable even 

though the grains have different sizes, see grain 1, 4 and 5 in Figure 2.6. However, presence 

of one grain with seven corners implies the presence of a grain with five corners and thus, 

grain growth will occur. The reason for grain growth in the latter case is that grains with 5 

and 7 corners cannot have all corners with a 120 ° angle; see Figure 2.729. Grains with less 

than six corners will usually be consumed by grains with six or more corners26. 

 

Figure 2.7 Five and seven cornered grains in a matrix of six cornered grains
29

. 

 

A grain can change the number of edges during the grain growth process. A grain gains a 

corner if it grows on the boundary of two other grains. The mechanism is shown in Figure 

2.8, moving from Figure 2.8 a) towards Figure 2.8 c). The grain can lose one corner by 

moving from Figure 2.8 c) towards Figure 2.8 a) 26. 
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a)   b)   c) 

Figure 2.8 a) shows the initial stage when grain A and D are separated, b) grains A, B,C and D is all in contact, c) grain A 
and D have now grown and are in contact with each other, both getting an extra corner (Reproduced based on fig 23, 
Ref. 26). 

 

It also loses a corner when a neighboring grain is totally consumed, see Figure 2.926. When a 

grain becomes triangular it gets consumed very fast26. A grain can simultaneously grow along 

one grain boundary and be consumed at another. This case is shown in Figure 2.6; in which 

grain 10 grows into grain 9 and at the same time it is consumed by grain 5 and 6. If the 

conditions change, the growth velocity can change in both speed and direction at any given 

point26. For example, if the grain change the number of corners26. 

 

 

a)   b)  c) 

Figure 2.9 a) grain A, B and C all have 2 corners in contact with grain D, b) when grain D shrinks the number of corners 
remain the same , c) grain D is now totally consumed and the amount of corners is reduced by one for grain A, B and C. 

 

A universal mathematical expression to describe the grain size during and after a heat 

treatment was first derived by Burke and Turnbull26, see Equation 2.2, where   is the 

average grain size;    is the grain size at    ;   is a rate constant;   is the grain boundary 

energy;   is the gram atomic volume and   is the time. The proposed equation was valid for 
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ideal grain growth where reduction of grain boundary surface energy is the only driving force 

and grain boundary movement was the only growth controlling factor. Pinning, strain, 

composition gradients and other factors that may increase or reduce the growth were 

neglected.  

 

     
        Equation 2.2 

 

Later on, their equation was modified into a more general equation, Equation 2.3, to 

describe the growth behavior. 

 

     
     

(
  

  
)    Equation 2.3 

Where is an exponent equal to 2 for an unobstructed ideal growth and has higher values 

depending on the growth controlling factor;   is the austenitization temperature;    is a pre-

exponential factor [mn/s] and is material dependent;  is the activation energy [J/mol] for 

grain boundary movement and is also material specific.   is the gas constant [J/(Kmol)]. This 

expression demands experimental values to establish the parameters which are material 

specific. Simplifications by taking the    away from the equation can be done when the 

initial grain size is small compared to the end size30. According to Equation 2.3, the final grain 

size depends on two variables; time and temperature. From a practical point of view 

temperature is the largest contributing factor for grain growth31.  

 

2.3.1 Abnormal Grain growth 

 

Abnormal grain growth occurs when a few grains starts to grow rapidly and consume their 

neighboring grains; while the rest of the grains do not grow as much32, see Figure 2.10.  

 

          

a)                    b)                                c) 

Figure 2.10 a) shows original structure, b) illustrates normal grain growth and c) illustrates abnormal grain growth. 
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Abnormal grain growth often occurs when pinning particles start to dissolve33. The abnormal 

growth stops when all the abnormally growing grain boundaries meet after consuming the 

rest of the grains in the material32. The dissolution of the pinning particles does not fully 

explain the abnormal grain growth itself and the whole phenomenon is not yet fully 

understood34. A high heating rate and a high austenitization temperature can increase the 

risk of abnormal grain growth due to uneven dissolution of carbides, yielding larger 

difference in the grain size distribution within a sample35. 

 

The addition of strong carbide formers such as tantalum or niobium has been reported to 

increases the tendency for abnormal grain growth for two 9Cr steels, (9Cr1WVTa) and 

(9Cr1MoVNb), when austenitized at ~1273-1373 K with critical heating rates which 

decreases with increasing austenitization temperature35. 

 

2.3.2 Pinning and Second Phase Particles 

 

The phenomenon Zener pinning, named after Clarence Zener, counteracts the grain growth. 

Zener pinning is caused by secondary phase particles such as carbides or voids that retard 

the grain boundary movement. This phenomenon can be described by Equation 2.4 for one 

single particle and by Equation 2.5 for the combined pinning effect of the grain boundary per 

unit area25.  

 

        Equation 2.4 

∑   
  

  
   Equation 2.5 

 

Where   is the retarding force from the particle;   is the particle radius;   is the grain 

boundary energy and   is the volume fraction of the particle, and   is the retarding pressure 

of the total amount of particles25. 

 

For grain boundaries to grow past the pinning particles, extra grain boundary area has to 

form to encapsulate the carbide before moving past it, see Figure 2.1136.  
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a)  b) 

Figure 2.11 a) shows the grain boundary moving towards a particle; b) shows the extra grain boundary that has been 
created to encapsulate the particle and the alteration to the grain boundary curvature (Based on fig. 6, Ref. 25). 

 

The pinning particle performs a drag force on the grain boundary, retarding grain boundary 

movement. The pinning effect is stronger closer to the pinning particle interface, as shown in 

Figure 2.11 b)25,36. Dissolution of the carbides will naturally decrease the pinning effect and 

can be achieved by heating the material to sufficiently high temperatures. In accordance 

with Equation 2.5, a study has shown that a high number of small secondary phase particles 

have a larger pinning effect than a small number of large particles, given that the volume 

fraction of the secondary phase is the same in both cases37. 

 

The pinning particles can be used to predict the maximum grain size that can be achieved 

during grain growth according to Equation 2.638.   being the grain size;   the particle radius; 

  a constant which is equal to 3.4 (according to computer simulations for a 2–D case) and   

is the volume fraction of second phase particles38. 

 
 

 
 

 

    
   Equation 2.6  



14 
 

2.4 Properties Affected by Grain Size 
 

The grain size in steel influences many of the material’s properties. By reducing the grain 

size, yield strength, hardness and fatigue limit increases, however, the hardenability 

decreases39,40,41, 42,43,44. 

 

2.4.1 Yield Strength 

 

A smaller grain size will increase the yield strength according to the Hall-Petch relation, 

Equation 2.7, where    is the yield stress [   ],    is the frictional stress for dislocation 

movement within a grain [   ].    is a strengthening constant which is material specific 

[        ⁄ ].   is the average grain size in the material [  ]40.  

 

      
  

√ 
   Equation 2.7 

 

The Hall-Petch relaton is not valid for sufficiently small grains41. For materials with grains 

much smaller than 1 µm an inversed Hall-Petch effect takes place41. In other words, the 

strength decreases as the grain size becomes smaller. 

  

2.4.2 Hardness 

 

Also the indentation hardness follows a Hall-Petch relation42. In other words, the hardness 

increases as the grains size decreases. If an indentation is made in a grain and the plastic 

zone is smaller than the grain, the grain will act as a single crystal42. Hence, the grain size will 

not influence the deformation and thereby the hardness. On the other hand, if the plastic 

zone from the indent is larger than the grain, the grain boundaries will act as barriers for the 

dislocation movement, thereby making deformation of the grain harder and the hardness 

will increase42. 
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2.4.3 Hardenability 

 

The hardenability of the steel increases as the grain size increases45. The larger the grains the 

fewer the grain boundaries. Grain boundaries act as nucleation sites46. Therefore with larger 

grains, ferrite and cementite phases will have fewer nucleation sites. Consequently, 

martensitic transformation can take place without requiring very high cooling rates. Hence, 

larger components can be transformed to martensite without too large shape distortions43. 

 

2.4.4 Fatigue Limit 

 

Bearings have to withstand high cyclic loads; therefore the upper fatigue limit,     [   ], 

has to be as high as possible. A prior study done on gears made of low to medium carbon 

containing steels predicted the fatigue limit as a function of the yield stress,    [   ], 

maximum compressive residual stresses,        [   ], and the grain size,   [ ]44. The 

correlation is shown in Equation 2.844 where   and 𝑏 are material dependent constants. 

 

       478(         )  
𝑏

 2
     Equation 2.8 

 

A high   ,       or a low   yields a higher fatigue limit.  

 

2.5 Etching 
 

Etching is a way to reveal the microstructure for further investigation. In this thesis, the grain 

boundaries have been etched. The etchant used corrodes the material in the grain 

boundaries and makes the grain boundaries appear dark when investigated in a light optical 

microscope (LOM). To get a focused image with a LOM the area to be investigated has to be 

planar and smooth. In addition, the surface has to be free from oxides to allow the etchant 

to attack the microstructure. These criteria are fulfilled by grinding and polishing the surface.  

 

A picric-acid, water based etchant is often used to etch the prior austenite grain boundaries 

of martensitic high carbon steel. Béchet and Beaujard first developed this etchant, however 

later on it has been modified to also contain hydrochloric acid for a better etching 

response47,48. The etchant mainly attacks phosphorus enriched areas in the metal49. 

Therefore, segregation of phosphorus to the grain boundaries is essential for the etching to 

be successful.  
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2.6 Grain Size Measuring Methods 
 

 

It is difficult to measure the true grain size since either the grains have to be separated from 

each other or a series of planar sections have to be examined and then extrapolated into a 

three-dimensional model32. This is both time consuming and requires special equipment50. 

Due to the complexity of examining three-dimensional characteristics of grains, two-

dimensional models are often used instead. A commonly used method to define the grain 

size is to approximate the grains into a sphere or circle and use the diameter as the grain 

size32.  

 

Looking at the surface of a planar section of the material by means of a light optical 

microscope is a common way of determining grain size. ASTM International has developed a 

standard method; E11251, which states how grain size can be calculated from a two-

dimensional microstructural image. The grain size is given in ASTM Micro Grain size number, 

G (G-value) which is based on the number of grains in one square inch at 100 times 

magnification. To determine the G-value, the standard has three main methods. 

 

The first method is the “Comparison Procedure” where the image is compared to pictures 

with known grain sizes. This is the fastest but also the least precise method. The second 

method, is the “Intercept Procedure”. This method is based on drawing a line on the 

micrograph and counting the number of grain boundaries that are intersected by the line. 

“Intercept Procedure” is slower than “Comparison Procedure” however, it is precise without 

being tedious. The third method is called the “Planimetric (or Jeffries’) Procedure”. This 

method is based on counting the individual grains within a known area. The “Planimetric 

Procedure” is the most time consuming method. However, it is very suitable for investigating 

microstructures with large grain size distribution. In addition, the planimetric procedure has 

good precision. In this thesis the “Planimetric Procedure” has been used. The grain count 

from the Jeffries’ method is inserted in Equation 2.9 in order to calculate the G-value.  

 

𝐺  (3 321928  log    )  2 954  Equation 2.9 

 

NA is the number of grains in one square millimeter at 1x magnification and can be calculated 

according to equation 2.10. According to the standard, in this method a circle or rectangle of 

known area is to be applied to a micrograph capturing a minimum of 50 grains51. Each grain 

within the rectangle (or circle),        , and each grain intercepted by the circle or rectangle 

circumference,             , is counted separately.         and              are put into 
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Equation 2.10.   is the Jeffries’ multiplier which normalizes the magnification of the image to 

1x magnification, see Equation 2.11 where   is the magnification and    is the known area 

that is investigated 51.  

 

    (        
𝑁𝐼𝑛𝑡𝑒𝑟𝑐𝑒𝑝𝑡𝑒𝑑

 
) Equation 2.10 

  
𝑀2

 𝐼
   Equation 2.11 

     
 

𝑁𝐴
   Equation 2.12 

  √
     

𝜋
   Equation 2.13 

 

The standard also suggests: 

 To have less than 100 grains within the defined circle/rectangle. Since the 

microscopist can lose track of the number of counts if too many grains are to be 

counted.  

 The area of the defined circle/rectangle to be equal to 5000 mm2 

 Each grain to be marked so it is counted only once. 

 

In this method the grain is assumed to be square in shape and grain size is specified as the 

side of a square grain51. By knowing the number of grains inside a given area (e.g. 5000 mm2) 

it is possible to calculate the mean area of each grain by simply dividing the area with the 

number of grains. Knowing the grain area, the grain size can then be calculated if one prefers 

to use the diameter of a circular shaped grain (instead of a square shaped grain) using 

Equation 2.13. 

 

2.7 Banding 
 

Banding is a phenomenon which occurs due to microsegregations taking place during 

solidification of the molten steel52. Composition differences give rise to fields with high or 

low amounts of carbides52. A study on 52100 steel with a spheroidized microstructure, 

similar to the one in this thesis, shows that austenitizing at 1100 °C is sufficient to dissolve all 

the carbides52. At lower temperatures the banding is apparent due to formation of 

secondary carbides at areas where strong carbide formers such as chromium have 

segregated52.  
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3 Experimental 
 

3.1 Material 
 

In this thesis, grain growth during austenitization of two bearing steels, 100Cr6 and 
100CrMnMoSi8-4-6 was investigated. The chemical compositions of the materials were 
analyzed and are shown in Table 3.1.  

 

Table 3.1 The table shows the actual chemical composition of the materials investigated. 

 

Both grades were received in soft annealed condition. 100Cr6 samples were cut out from a 

hot rolled ring with an inner diameter of 90 mm and an outer diameter of 112 mm. 

100CrMnMoSi8-4-6 steel was cut out from a bar with a square cross section (980mm X 

25mm X 25mm). Test specimens were cut out according to the dimensions shown in Table 

3.2. 

 

Table 3.2 The table shows the dimensions of the sample specimens. 

 

 

3.2 Heat Treatments 
 

3.2.1 Austenitization Heat Treatments 

 

To evaluate the grain growth during austenitization a series of heat treatments were 

conducted. Both 100Cr6 and 100CrMnMoSi8-4-6 were austenitized according to Table 3.3. 

C Si Mn P S Cr Ni Mo Cu As Sn As+Sn+Sb Pb Al Fe O Ti Ca

100Cr6 0.95 0.22 0.31 0.012 0.002 1.46 0.03 0.013 0.03 0.002 0.002 0.006 0.0008 0.033 Bal. 10 14 4

100CrMnMoSi8-4-6 0.98 0.46 0.93 0.016 0.004 1.99 0.16 0.54 0.18 0.007 0.010 0.075* 0.002* 0.028 Bal. 15* 60** <5

* These elements were not analysed. The values indicate the maximum amount allowed. **Note: Higher than standard requirement of 30 ppm

Chemical Composition of Steel Grades Analyzed

[wt%] [ppm]

Dimension

[mm] 100Cr6 100CrMnMoSi8-4-6

Length 20 20

Width 15 15

Height 12.5 15

Steel Grade
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Table 3.3 Austenitization temperatures and times investigated. 

 

 

All austenitization heat treatments were carried out at Chalmers University of Technology 
(Dept. of Materials and Manufacturing Technology, Gothenburg, Sweden); using a Carbolite 
STF 15/75/450 furnace with a horizontal tubular design. A schematic drawing of the setup is 
shown in Figure 3.1. The furnace chamber is made of a ceramic tube (inner diameter 75 
mm). The furnace has a fixed hatch at one end and an openable hatch at the other end. To 
protect the samples from oxidation and decarburization argon gas was fed through a hole in 
the fixed hatch. To prevent oxygen backflow into the furnace, the argon gas passed through a 
container filled with water  

 

 

Figure 3.1 The figure schematically shows the tube furnace and the experimental setup. 

 

The heating area in the furnace was found to be approximately 12 cm long in which the 

temperature fluctuations were within a range of 5 °C. Thus, given the dimensions of the 

specimens (see Table 3.2) maximum 4 specimens could be placed inside the furnace. In 

order to monitor the temperature accurately in all heat treatments, an insulated, K-type 

thermocouple was mounted inside a dummy sample which was placed inside the furnace 

together with the other test specimens. To put the thermocouple inside the dummy sample, 

a hole was drilled into the center of the piece. A small amount of heat resistant joint sealant 

(Bostik Fire Sealant 1200 °C) was used in order to fasten the thermocouple to the piece. The 

dummy piece was placed in the furnace farthest away from the removable hatch, as shown 

in Figure 3.1. The thermocouple was connected to a Center 309 Datalogger which recorded 

the temperature every tenth second during the heat treatment. The furnace heating control 

Austenitization

Time [min] 860 900 1000 1100 1200

5 x x x x x

10 x x x x x

30 x x x x x

60 x x x x x

300 x x x x x

 Austenitization Temperature [°C]
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system was equipped with an R-type thermocouple. The heating rate was controlled by the 

R-type thermocouple. However, the austenitization temperatures were controlled by the 

temperature readings from the dummy sample. 

 

Due to the size of the heating zone (approximately 12cm long) of the tube furnace, the 

specimens which were to be austenitized for 5, 10 and 30 minutes were heat treated in the 

same batch and those to be austenitized for 1 hour and 5 hours were heat treated in a 

separate batch. The samples were first placed inside the furnace, and then the furnace 

temperature was raised to the austenitization temperature. An industrial quality argon gas 

(99.99 % Ar) was fed into the furnace with a constant flow rate of 2.5 l/min to prevent 

oxidation and decarburization of the samples. A lower temperature was recorded within the 

dummy sample than the one programmed into the furnace control system. Therefore the 

furnace was set to heat to the desired austenitization temperature plus 50 °C to ensure 

maximum heating rate of the samples all the way to the austenitization temperature. The 

heating rate was approximately 15-24 °C/min. The overall heating rates, calculated for each 

austenitization temperature and time based on the temperature readings from the dummy 

sample can be found in Appendix 1. When the dummy sample hit the target temperature, 

the temperature control setting was lowered until the readings from the thermocouple 

inside the dummy sample was stable and close to the target austenitization temperature. 

 

The Austenitization time was counted from the moment the temperature within the dummy 

sample reached the austenitization temperature (±5°C). Once the austenitization time was 

over, the removable hatch was opened and the sample was pulled (by means of a rod) and 

dropped into a container filled with 10 liters of tap water. The temperature of the water was 

25 °C. The distance from the furnace opening to the water was approximately 0.3 meter. The 

samples were agitated inside the water container, until cooled. Immediately after dropping 

the sample into the water container, the hatch was closed to minimize oxygen back flow and 

temperature drops within the furnace. After quenching, the samples were dried with paper 

and marked. 

 

3.2.2 Grain Boundary Decoration Heat Treatments 

 

The grain boundary decoration heat treatments were carried out in a Nabertherm N 17/HR 
chamber furnace equipped with Nabertherm Program Controller C30, see Figure 3.2. The 
samples were placed on a tray covered by a steel bag. Nitrogen gas is blown inside the steel 
bag to prevent oxidation and decarburization of the samples. The temperature was set and 
monitored with the built in temperature control system. 
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Figure 3.2 Schematic drawing of the chamber furnace and the samples inside it. 

 

The prior austenite grain boundaries of 100CrMnMoSi8-4-6 samples from austenitization 
treatments were hard to reveal and required an additional tempering heat treatment. The 
samples austenitized at higher temperature required longer tempering than the samples 
austenitized at lower temperatures. However, in 100Cr6, the grain boundaries were etched 
without tempering. The objective with the tempering treatment is to precipitate carbides in 
the grain boundaries, consequently, facilitating the grain boundary etching. The tempering 
treatments tested are given in Table 3.4. The samples were air cooled to room temperature 
after every cycle. The tempering was not done to other samples than 100CrMnMoSi8-4-6 
samples from austenitization treatments. 

 

Table 3.4 Table shows different tempering treatments carried out on 100CrMnMoSi8-4-6 samples. 

 

 

To facilitate grain boundary etching after homogenization and soft annealing heat treatments 
(explained in chapter 3.2.3) one of the two following heat treatments was carried-out: 

 

 Precipitation heat treatment, P 

 Quenching heat treatment, Q 

  

Austenitized at

temperature First cycle Second cycle Third cycle

[ °C] 250 °C 300 °C 300 °C

860 4 h - -

900 4 h 1.5 h -

1000 4 h 5.5 h -

1100 4 h 5.5 h 47.5 h

1200 4 h 5.5 h 47.5 h

Tempering treatment
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3.2.2.1 Precipitation Heat Treatment, P 

 

The intention with this heat treatment is to precipitate carbides on grain boundaries. These 
carbides can then be etched. Previous work on ISO 683-17 and 52100 bearing steel53, 54 has 
shown that austenitization at above Acm for half an hour to an hour followed by slow cooling 
to A1 and holding for 10-15 hours results in precipitation of carbides on the grain 
boundaries. In this thesis, the precipitation heat treatment tested by C.A Stickels54 and T. 
Mayer53 was modified, using the temperatures and precipitation time according to T. Mayer 
and the austenitization time according to C.A. Stickles. The treatment was conducted as 
follows: 

 

1. Heating to 860 °C, holding time at 860 °C=0.5 h 

2. Cooling to 715°C, holding time at 715°C=14 h 

3. Cooling to 635°C, holding time at 635°C=1 h 

4. Samples taken out of the furnace and air cooled to room temperature  

 

The Precipitation cycle, P is illustrated in Figure 3.3. 

 

 

Figure 3.3 The figure shows the Precipitation cycle, P. 
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3.2.2.2 Quenching Heat Treatment, Q 

 

The Quenching heat treatment, Q, is similar to a typical hardening procedure and the goal 

was to freeze the structure and use to compare with the Precipitation heat treatment. The 

samples went through half an hour of austenitization at 860 °C followed by quenching in 

room temperature water. The Quenching heat treatment cycle is illustrated in Figure 3.4.  

 

 

Figure 3.4 The figure shows the Quenching Cycle, Q. 

 

3.2.3 Heat Treatments to Emulate Production Processes 

 

The intention in this part of the thesis was to emulate some of the heat treatments used in 
the production of bearings. The heat treatments investigated are: 

 

 Homogenization heat treatment, H 

 Spheroidization heat treatment, S1 

 Spheroidization heat treatment, S2 

 

The objective is to see how different heat treatments affect the final grain size. Another 

purpose with this investigation was to see whether the grain size achieved after 

homogenization treatment can be reduced by a spheroidization treatment; and, if yes, which 

of the spheroidization treatments is better.  
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3.2.3.1 Homogenization, H 

 

The homogenization treatment, H, is conducted to reduce the segregation within the steel. 

This is preferably done early in the production since it results in large grains and a more 

homogeneous material. The heat treatment steps are as follows: 

 

1. Heating to 1200 °C, holding time at 1200°C=7 h 

2. Furnace cooled to 600°C, holding time at 600°C=6 h 

3. Samples taken out of the furnace and air cooled to room temperature 

 

The Homogenization cycle is illustrated in Figure 3.5. 

 

 

Figure 3.5 The figure shows the Homogenization heat treatment cycle. 
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3.2.3.2 Spheroidization Heat Treatment, S1 

 

Generally, a spheroidization treatment is conducted to reduce the hardness of the material 

and thereby increasing machinability. It yields a microstructure with spherical carbide 

particles in a ferritic matrix. The heat treatment steps are as follows: 

 

1. Heating to 820 °C, holding time at 820°C=1 h 

2. Cooling to 740°C, cooling time to 740°C=1 h 

3. Cooling to 690°C, cooling time to 690 °C=6h 

4. Samples taken out of the furnace and air cooled to room temperature 

 

The Spheroidization cycle S1 is illustrated in Figure 3.6. 

 

Figure 3.6 The figure shows the spheroidization heat treatment cycle, S1. 
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3.2.3.3 Spheroidization Heat Treatment, S2 

 

Spheroidization heat treatment, S2 has the same objective as S1 but with the intention to 

reduce the grain size. The heat treatment steps are as follows: 

 

1. Heating to 950 °C, holding time at 950°C=1 h 

2. Cooling to 600°C, holding time at 600°C=1 h 

3. Heating to 820 °C, holding time at 820 °C=1 h 

4. Cooling to 700 °C, holding time at 700 °C=1 h 

5. Heating 780 °C, holding time at 780 °C=1 h 

6. Cooling to 700 °C, holding time=1 h 

7. Heating 780 °C, holding time at 780 °C=1 h 

8. Cooling to 700 °C, holding time=1 h 

9. Samples taken out of the furnace and air cooled to room temperature  

 

The Spheroidization cycle S2 is illustrated in Figure 3.7. 

 

Figure 3.7 The figure shows the Spheroidization heat treatment cycle, S2. 
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The H, S1 and S2 heat treatments was combined with either of the P or Q treatments from 

chapter 3.2.2. Eight samples from each steel grade, i.e. a total of 16 samples were produced. 

The experimental setup can be seen in Table 3.5 

 

Table 3.5 The table shows the combination of Homogenization, Spheroidization and grain boundary decoration heat 
treatments carried-out and investigated for grain size. The treatments were performed on both steel grades. 

 

 

All samples were mounted in resin, etched and investigated for grain size as described in 

chapter 3.3. 

  

Test Homogenization Spheroidization Precipitation, P or Grade

run procedure, H procedure Martensitic, Q

1 No S1 P Both

2 No S2 P Both

3 No S1 Q Both

4 No S2 Q Both

5 Yes S1 P Both

6 Yes S2 P Both

7 Yes S1 Q Both

8 Yes S2 Q Both
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3.3 Sample Preparation 
 

3.3.1 Cutting  

 

A Struers Discotom-6 with an automatic cutting speed of 0.2 mm/s and continuous flow of 

coolant water with a small addition of an anti-mold agent was used for cutting. 

 

Heat treated specimens were cut in half. The cut surface (i.e. the surface from the core of 

the specimen) is the surface being analyzed. This was in order to eliminate the influence of 

possible decarburization and oxidation of the surface. 

 

3.3.2 Mounting 

 

For easier handling during polishing, samples were mounted in Struers MultiFast resin using 

a Struers LaboPress-3 instrument. All specimens were mounted according to the following 

parameters: 

 Temperature/time: 180 °C/ 7 minutes 

 Pressure: 30 kN 

 Cooling time/medium: 3 minutes/water 

 

3.3.3 Grinding and Polishing 

 

Samples were ground and polished in a Struers TegraPol-31 according to Table 3.6.  

 

Table 3.6 Table shows the settings for grinding and polishing of the specimens using “single sample 
preparation”. 

 

 

Step Operation Disk Lubricant Disk/Sample holder speed[rpm] Pressure/sample (N)

1 Grinding 70 µm MD-Piano 220 Water 300 / 150 30

2 Grinding 9 µm MD-Allegro DiaPro Allegro/Largo 9 µm 150 / 150 35

3 Polishing 3 µm MD-Dac DiaPro Dac 3 µm 150 / 150 35

4 Polishing 1 µm MD-Nap DiaPro Nap 1 µm 150 / 150 20
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Samples were polished long enough to get rid of scratches. Thus, the grinding and polishing 

time varied between 2 and 10 minutes. At the end of every polishing step the samples were 

washed with ethanol and dried using pressurized air; resulting in a mirror-like surface.  

 

Just before etching, additional manual polishing with 1 µm Struers DP-Spray using a polishing 

disk (MD-Nap) was performed. To achieve optimum etching response a “fresh” metallic 

surface is needed. Thus, polishing prior to etching is needed in order to remove oxide films 

on the surface. Oxide films can protect the surface from the etchant. Polished samples were 

rinsed with ethanol. 

 

3.3.4 Grain Boundary Etching 

 

The etchant used was aqueous picric acid. The ingredients for this etchant are:  

 

1. 100 ml of 2 wt.% picric acid dissolved in distilled water 

2. 2 ml wetting agent (Teepol*) 

3. 10-12 drops hydrochloric acid  

(*Teepol is a registered trademark of Shell Chemicals) 

The picric acid and water mixture was filtered into a cup. The wetting agent and the 

hydrochloric acid were slowly added to the cup by means of a pipette. The mixture was 

filtered into a container. The sample to be etched was placed into the filtered etchant and 

the container was placed in a Struers Metason 200 ultrasonic cleaning bath for agitation 

during the etching. The etching time was different for each sample and varied between 30 

seconds and 30 minutes. Afterwards, the sample was removed from the etchant, rinsed in 

water and wiped with a cotton ball containing a small amount of wash-up liquid. Thereafter, 

thoroughly rinsed in water, ethanol and finally dried with pressurized air. 

 

Prior to examination under the microscope, samples were lightly polished using Struers 1 µm 

DP-Spray and a polishing disk (MD-Nap). If the grain boundaries were not clear, the samples 

received additional polishing or etching as described in the previous paragraph. By changing 

the temperature of the water in the ultrasonic bath, the aggressiveness of the etchant could 

be manipulated. When the grain boundaries became difficult to etch, new etchant was 

prepared and used.  
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3.4 Measurements 
 

3.4.1 Hardness 

 

Hardness Rockwell C (HRC) was used for evaluating the hardened samples (e.g. samples 

being heat treated according to the Quenching Heat Treatment-Q). The Rockwell C hardness 

tester was manufactured by Indentec. The force applied was 150 kgf on a 120° tip diamond 

cone. The samples were tested before being mounted into Bakelite. The average of three 

measurements at random locations per sample was accepted as the hardness.  

 

Spheroidized samples were tested using Vickers hardness. Vickers hardness testing was 

performed with a Wolpert, Dia Testor 2n, using a load of 30 kg and a holding time of 20 

seconds. The average of three measurements at random locations was accepted as the 

hardness. For Vickers testing the sample were mounted in Bakelite. The Vickers values were 

converted into HRC.  

 

Micro-Vickers testing was used to measure hardness locally at areas with different grain size 

within a sample. Future-tech Microhardness tester FM-700 was used to determine the 

hardness of the local areas within a sample. Clemex ST-2000 and JS-2000 was used to control 

the hardness testing machine and computer software Clemex CMT.HD 6.0.010 was used to 

capture the micrograph of indents and to calculate the hardness. For micro-Vickers testing a 

load of 500 g (HV0.5) was used which gave an indent of adequate size. The software 

measures the area of the indent by locating the corners of the indent. The corners were 

marked out manually.  

 

3.4.2 Grain Size 

 

To evaluate the grain size of the samples, photographs were taken of the microstructure. A 

Nikon Eclipse L150 equipped with a camera and software from Kappa optronics GmbH and a 

Zeiss AX10, optical microscope equipped with an AxioCam MRc digital camera and computer 

software AxioVision version 4.8.2.0 was used to capture the microstructure of the etched 

samples. The magnification of the ocular lenses was 10x and the magnification of the 

objective lenses were 5x, 10x, 20x or 50x, yielding a total magnification of 50x, 100x, 200x or 

500x. 

 

The planimetric procedure according to ASTM E 11251 standard was used to determine the 

grain size of the samples, see Chapter 2.6 for details and relevant equations. The whole 
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micrograph was used for grain counting. The actual counting of the grains was done by 

highlighting all individual grains with an easy detectable colored dot on a separate layer using 

computer software GNU Image Manipulation Program (GIMP 2.8.2)55. In other words, first 

the micrograph was displayed on the monitor and then by using GIMP, a blank layer was 

displayed on top of the original micrograph. Afterwards, all individual grains were highlighted 

on the transparent layer using GIMP. Grains at the borders             , were marked with a 

dot of different size to distinguish them from the grains completely inside the borders, 

       , see Appendix 2. The picture with the highlighted grains was then analyzed using 

another computer software ImageJ 1.46r56, which counted the grains. Using “Make Binary” 

command in ImageJ turned the pictures into a useful format. Command “Analyze Particles” 

was used to count the grains and displaying the small dots and the large dots separately 

made it possible to distinguish between         and              since ImageJ displays the 

area of each individual grain.  

 

The         and              were added into computer software Microsoft Office Excel 2010 

where the calculations of    were made using Equation 2.11. The Jeffries’ multiplier,   was 

derived by inserting the scale bar length of the micrograph into ImageJ and thereby get the 

picture area. The reciprocal of the achieved area in mm is then the Jeffries’ multiplier. The 

reciprocal of   gives the average grain area, see Equation 2.12. Grain size,  , was assumed 

to be the diameter of a circle and the average grain size for a sample was calculated using 

Equation 2.13.  

 

3.4.3 Local Grain Size 

 

100Cr6 samples which were austenitized for 5 minutes at 860 °C did not exhibit a 

homogeneous grain size. The microstructure consisted of bands, see Figure 3.8. Therefore, 

local grain size measurements were conducted on areas with smaller and larger grains than 

the sample’s average. In addition, micro-Vickers hardness measurements were made of the 

same areas in the banded regions.  

 

For the local grain size investigation the procedure specified in ASTM E 112 could not be fully 

followed. This is because the standard requires areas with at least 50 grains, whereas these 

local areas under investigation contained less than 50 grains. 
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Figure 3.8 The banded structure can be seen as darker and brighter fields in the micrograph. 

 

Computer software GIMP 2.8 was used to manually draw the grains of interest. The drawn 

grains were then analyzed with computer software ImageJ, which calculated the grain area 

for each drawn grain. Settings “Make Binary”, “Invert” and “Exclude on edges” were used, 

Appendix 3. The average grain area and grain size was calculated with Equation 2.12 and 

2.13 using Microsoft Office Excel 2010. This method used was not according to any, to the 

author known, standard. 

 

3.5 Curve Fitting 
 

Separating equation 2.3 into equation 3.1 and 3.2 aids the curve fitting of the experimental 

data. In Equation 3.1,   is the grain size in meters at the end of the austenitization time.    is 

the grain size in meters when the austenitization temperature is reached and when   is zero. 

  is a dimensionless exponential factor.   is a temperature and material dependent constant 

(Equation 3.2).   is the austenitization time in seconds. In Equation 3.2,   is the 

austenitization temperature in Kelvin,    is a pre-exponential factor [mn/s],  is the activation 

energy [J/mol] and   is the gas constant [J/Kmol]. 
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      Equation 3.1 

     
(
  

  
)   Equation 3.2 

 

   was estimated using Excel 2010 and manual approximation. A logarithmic curve fitting 
was used as a trend line in Excel and the x-independent values from the acquired curve 
equations were used as    for each temperature. If an unrealistic value of D0 was obtained, 
for example a negative one, it was discarded and a value was manually determined instead 
using the logarithmic trend line as a guideline. Due to the nature of Equation 3.2, the   value 
is material and temperature dependent.  

 

Since the   value is constant for a given temperature it was obtained by dividing Equation 
3.1 with time,  , resulting in Equation 3.3.  

 

(     
 )      Equation 3.3 

 

An equation system, Equation 3.4, was set up with Equation 3.3 for different treatment times 
at a given temperature and solved by minimizing the difference between the minimum and 
maximum  -values by optimizing the  -values for each temperature. The  -values were 
optimized using Microsoft® Office 2010 Excel built in solver function. 
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Inserting Equation 3.2 into Equation 3.3 adds the two material dependent constants and 
yields Equation 3.5.  
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By taking the natural logarithm of Equation 3.5, Equation 3.6 is obtained. 

 

l  ((     
 )  )  l  (  )  (

 

 
)  (

 

 
)  Equation 3.6 

 

This would be a straight line if l  ((     
 )  ) is plotted versus (

 

 
) for all the treatment 

temperatures of one steel grade and fitting a straight line to the points gives l  (  ) as the y-

axis-intercept and  (
 

 
) is the slope. The constants    and   can now be calculated from the 

plotted graph. Putting all the experimental and calculated parameters into Equation 2.3 
yielded poor fit of the curves to the experimental data. Therefore a second optimization of 
the  -values using Microsoft® Office 2010 Excel built in Solver function was conducted, 
yielding a better fit of the curve to the experimental data. 

 

Trials with computer software Mathworks MATLAB® 2010b was done to fit Equation 2.3 with 

one global  -value for all temperatures to the experimental data for one steel grade. Those 

attempts yielded poor results to fit the curves to the experimental data. 

 

3.6 Thermo-Calc simulations 
 

According to Zhang et al., aluminum binds with nitrogen and forms AlN-particles, which have 

a good pinning effect in aluminum killed steel. The AlN-particles dissolves at a temperature 

of 1150 °C above which the grain growth accelerates57. 

 

Simulations were conducted in Thermo-Calc to establish the stability of the AlN-particles in 

the 100Cr6 and 100CrMnMoSi8-4-6 steels investigated in this report. Detailed settings and 

results are to be found in Appendix 4. In the Thermo-Calc simulations performed for 100Cr6, 

the nitrogen content was assumed to be the same as in 100CrMnMoSi8-4-6 (0.008 wt. %) 

since the 100Cr6 nitrogen content was unknown. Also, all elements were not included in the 

simulation to be able to get results. The temperature for equilibrium AlN-stability is just 

above 1100 °C for 100Cr6 material and just below 1100 °C for 100CrMnMoSi8-4-6, see 

Appendix 4. 
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4 Results 
 

4.1 Grain Size Measurements 
 

The results from the grain size measurements from the austenitized samples in chapter 3.2.1 

are presented in Table 4.1 and Table 4.2 for 100Cr6 and 100CrMnMoSi8-4-6 respectively. 

Grain sizes are given in micrometer and standard deviations of the grain size measurements 

are presented within parentheses. 

 

Table 4.1 The table shows the grain size in micrometers after different austenitization temperatures and times for 
100Cr6. Numbers within parentheses are the corresponding standard deviations. 

 

 

Table 4.2 The table shows the grain size in micrometers after different austenitization temperatures and times for 
100CrMnMoSi8-4-6. Numbers within parentheses are the corresponding standard deviations. 

 

  

100Cr6 Grain Size (Standard Deviation) [µm]

Austenitization

Time [min] 860 900 1000 1100 1200

5 14.7 (0.3) 15.4 (2.5) 30.2 (1.2) 146 (3.4) 344 (4.5)

10 15.0 (0.3) 19.2 (2.7) 32.0 (2.1) 168 (8.6) 385 (6.3)

30 16.2 (0.9) 20.1 (1.8) 33.6 (0.6) 168 (4.1) 397 (4.7)

60 16.3 (0.1) 21.9 (3.2) 33.3 (0.4) 193 (5.1) 405 (9.2)

300 19.6 (1.0) 23.3 (0.5) 35.4 (2.0) 209 (5.6) 462 (2.4)

Austenitization Temperature [°C]

100CrMnMoSi8-4-6 Grain Size (Standard Deviation) [µm]

Austenitization

Time [min] 860 900 1000 1100 1200

5 10.2 (0.1) 12.1 (1.3) 32.4 (0.6) 91.6 (9.8) 504 (2.4)

10 10.8 (1.4) 21.1 (1.5) 36.9 (0.5) 101 (9.5) 512 (7.3)

30 11.4 (1.4) 21.5 (1.8) 38.2 (0.5) 109 (8.3) 539 (0.1)

60 12.5 (0.5) 23.7 (0.2) 39.3 (1.0) 140 (0.8) 578 (6.5)

300 13.0 (0.4) 26.8 (2.5) 43.6 (2.5) 152 (0.1) 641 (6.5)

Austenitization Temperature [°C]
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4.2 Hardness Measurements 
 

The results from the hardness measurements from the austenitized samples in chapter 3.2.1 

are presented in Table 4.3 and Table 4.4 are the average of 3 indents. The corresponding 

standard deviations of the measurements are presented in parentheses. 

Table 4.3 The table shows HRC after different austenitization temperatures and times for 100Cr6. Numbers within 
parentheses are the corresponding standard deviation. 

 

 

Table 4.4 The table shows HRC after different austenitization temperatures and times for 100CrMnMoSi8-4-6. Numbers 
within parentheses are the corresponding standard deviations. 

 

 

  

100Cr6

Austenitization

Time [min] 860 900 1000 1100 1200

5 68.1 (0.1) 67.7 (0.1) 65.3 (0.3) 64.4 (0.5) 64.7 (0.3)

10 67.7 (0.5) 67.3 (0.1) 65.9 (0.3) 62.8 (0.3) 64.8 (0.4)

30 67.3 (0.3) 66.8 (0.3) 65.6 (0.2) 65.0 (0.2) 65.1 (0.2)

60 67.5 (0.5) 65.3 (0.4) 65.2 (0.0) 64.6 (1.0) 64.5 (0.4)

300 67.3 (0.5) 65.6 (0.5) 65.4 (0.3) 64.4 (0.6) 63.8 (0.8)

HRC (Standard Deviation)

Austenitization Temperature [°C]

100CrMnMoSi8-4-6 HRC (Standard Deviation)

Austenitization

Time [min] 860 900 1000 1100 1200

5 66.8 (0.1) 66.4 (0.3) 61.0 (0.1) 60.5 (0.9) 59.8 (0.1)

10 67.1 (0.1) 65.9 (0.2) 59.9 (0.3) 60.2 (0.2) 59.5 (0.6)

30 66.1 (0.2) 65.4 (0.1) 61.0 (0.2) 60.5 (0.5) 60.8 (0.4)

60 66.0 (1.0) 64.5 (0.3) 60.5 (0.5) 60.1 (1.1) 58.6 (0.4)

300 65.9 (0.3) 64.4 (0.1) 61.0 (0.3) 61.4 (0.8) 59.9 (0.7)

Austenitization Temperature [°C]
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4.3 Local Grain Size 
 

The results of the local grain size and hardness measurements from chapter 3.4.3 are 

presented in Table 4.5. Note that the hardness is given in Vickers (HV0.5).  

 

Table 4.5 The table shows the grain size and the corresponding hardness at selected areas with larger or smaller grains 
than sample’s average for 100Cr6 steel austenitized at 860 °C for 5 minutes. 

 

Figure 4.1 shows the banded structure for the 100Cr6 samples austenitized at 860 °C, 900 °C 

and 1000 °C.  

   

a) b) c) 

Figure 4.1 The banded structure can be seen for the 100Cr6 steel austenitized at a) 860 °C, b) 900 °C and c) 1000 °C for 
various times. 

 

Micrographs of the measured areas are found in Appendix 5. 

  

Sample

1 2 3 4 5 6 7 8 9 10 11 Average

Grain size [µm] 7.4 8.3 8.4 9.6 9.8 11.1 16.2 16.5 17.3 19.2 22.8 13.3

Hardness [HV0.5] 931 890 937 926 913 884 884 908 847 878 861 896

100Cr6, Austenitized at 860 °C, 5 min

Micrograph number
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4.4 Grain Boundary Decoration 
 

The tempering treatments (described in chapter 3.2.2) carried out on 100CrMnMoSi8-4-6 

samples succeeded to decorate the grain boundaries sufficiently, see Figure 4.2. 

 

  

a) b) 

Figure 4.2 a) is taken before tempering b) is taken after the tempering. Both pictures are from 100CrMnMoSi8-4-6 
sample austenitized at 860 °C for 10 minutes. 

 

As mentioned in chapter 3.2.2, the grain boundaries of the spheroidized and homogenized 

samples were decorated by two different heat treatments and the grain size was evaluated 

of the two methods, (that is Precipitation treatment, P and Quenching cycle, Q). The result is 

shown in Table 4.6. Note that these samples did not require the extra annealing to reveal 

the grain boundaries. 

 

Table 4.6 The table shows the grain size for both 100Cr6 and 100CrMnMoSi8-4-6 samples after Quenching cycle, Q or a 
Precipitation cycle, P. The samples had previously received the S1 or S2 or the H+S1 or H+S2 treatment according to 
chapter 3.2.3. 

 

 

Heat treatment

combination Quenched Precipitated Quenched Precipitated

S1 15.7 27.6 9.9 11.4

S2 16.1 23.6 10.3 11.5

H+S1 13.6 23.1 12.2 8.8

H+S2 16.2 20.3 9.3 9.1

Grain Size [µm]

100Cr6 100CrMnMoSi8-4-6
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a) b) 

Figure 4.3 Graphs shows the grain size after different spheroidization heat treatments with or without a homogenization 
cycle with a) Quenching cycle, Q or b) Precipitation cycle, P. 

 

When comparing the two grain boundary decoration heat treatments, it is clear that in 

100Cr6 the Quenching Treatment shows smaller grain size than Precipitation Treatment; 

compare the dark grey columns in Figure 4.3 a) and b). However, in 100CrMnMoSi8-4-6 both 

heat treatments resulted in the same grain size, compare the light grey columns in Figure 4.3 

a) and b). 

 

Furthermore, it was found that the quenching treatment, Q, was better in revealing the 

grain boundaries in 100Cr6, whereas the precipitation treatment worked better for 

100CrMnMoSi8-4-6 steel; compare Figure 4.4 a) and b). 

 

   

a)     b) 

Figure 4.4 Images taken from 100Cr6 sample after S1 treatment and a) Q treatment and b) P treatment. 
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a)   b) 

Figure 4.5 Images taken from 100CrMnMoSi8-4-6 sample after S1 treatment and a) Q treatment and b) P treatment. 

 

All micrographs taken after the grain boundary decoration treatments are shown in 

Appendix 6 and in Appendix 7 for 100Cr6 and 100CrMnMoSi8-4-6, respectively. 

 

The Spheroidization treatment S2 was conducted in order to see if smaller grain size 

compared to S1 could be achieved. Both S1 and S2 treatments were successful to refine the 

coarse grain structure achieved after the homogenization treatment. The prior austenite 

grain size after homogenization is comparable to the grain size of samples austenitized for 

300 minutes at 1200 °C, see Table 4.1 and Table 4.2. However, with respect to grain size, S1 

and S2 spheroidization heat treatments were similar. The samples treated with either S1 or 

S2 and together with either Q or P treatment has roughly a grain size of 3-5% for 100Cr6 and 

1.5-2% of the size from the samples austenitized at 1200 °C for 300 minutes. 

 

4.5 Curve Fitting 
 

Equation 2.3 from chapter 2.3 was used to fit curves to the grain sizes measured 

experimentally, see experimental data in Table 4.1 and Table 4.2. The constants    and   

were calculated from the equation of a straight line fitted to the points, Appendix 8. The 

calculated    and   values are given in Table 4.7. The  -values after the second optimization 

are displayed in Table 4.8.  
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Table 4.7 The table shows the calculated    and   values for 100Cr6 and 100CrMnMoSi8-4-6. 

 

 

Table 4.8 The table shows the n-values obtained after optimization for the different austenitization temperatures for 
100Cr6 and 100CrMnMoSi8-4-6. 

 

 

Figure 4.6 and Figure 4.7 shows Equation 2.3 fitted to the experimental data for the samples 

austenitized at 860 °C for 100Cr6 and 100CrMnMoSi8-4-6 respectively. See Appendix 9 and 

Appendix 10 for all the curve fittings for 100Cr6 and 100CrMnMoSi8-4-6 respectively and 

Appendix 11 for all the calculated grain sizes at the austenitization times. 

 

Figure 4.6 Curve fitted to the experimental data for 100Cr6 austenitized at 860 °C. 

 

Alloy k0 [mn/s] Q [kJ/mol]

Grade 3 4.6 1258

Grade 7 2.5E-41 399

860 900 1000 1100 1200

100Cr6 11.3 11.1 10.5 11.7 11.9

100CrMnMoSi8-4-6 11.3 11.9 12.1 13.5 15.8

Austenitisation Temperature [°C]

Optimized n-values
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Figure 4.7 Curve fitted to the experimental data for 100CrMnMoSi8-4-6 austenitized at 860 °C. 
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5 Discussion 
 

5.1 Method 
 

5.1.1 Material 

 

The 100Cr6 steel used in this investigation was from an ore based batch of material. Usually 

an ore based material has a lower amount of copper and nickel which will consequently 

render a lower hardenability as compared to a scrap based material. In addition, a higher 

copper concentration has been reported to reduce the grain growth during austenitization 

by increased drag force on the grain boundaries58. Compared to the 100Cr6 material 

investigated in this thesis, a higher hardenability and a lower grain size is to be expected 

from an scrap based steel and if a scrap based steel is used, it should be investigated 

separately to elude their differences.  

 

As mentioned earlier, 100Cr6 samples were extracted from a hot rolled ring and the 

100CrMnMoSi8-4-6 material from bar with a square cross section of 25 x 25 mm. Usually, 

the core of rings and bars with a large cross section experience less deformation during the 

rolling and/or forging process and thus can contain larger and higher quantity of defects 

which consequently influence the grain growth. The original bar and ring used in this study 

did not have a large cross section and the influence of different amount of deformation over 

the cross section could therefore be considered insignificant. 

 

5.1.2 Heat Treatments 

 

Maintaining the austenitization temperature within a range of ±5 °C, and the austenitization 

time with an accuracy of 20 s was practically achievable with the experimental setup used. 

Thermal fluctuations of ±5 °C resulted in less than 2 % variation in grain size and time 

fluctuations of ±20 s gave rise to less than 1 % variation in grain size. This amount of 

variation is within the standard deviation and can thereby be considered insignificant. 
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5.1.3 Etching 

 

There is no standardized etching method which ensures a perfectly apparent network of 

grain boundaries over the whole sample. Generally, grain boundary etching is based on 

phosphorus enrichment and carbon containing precipitates in the grain boundaries47, 49.  

 

It was observed that grain boundary etching in 100Cr6 was easier than 100CrMnMoSi8-4-6. 

An explanation could be related to the higher content of precipitates (carbides and nitrides) 

in 100CrMnMoSi8-4-6 (as compared to 100Cr6). As illustrated in the Thermo-Calc 

simulations shown in Appendix 4, the amount of precipitates in 100CrMnMoSi8-4-6 is higher 

compared to 100Cr6. These precipitates induce strains in the grains due to their mismatch 

with the lattice59. The precipitates hinder the dislocation movement and prevent them to 

pile up at the grain boundaries and keep the dislocations dispersed in the grains. Since 

phosphorus can segregate to dislocations as well as to grain boundaries60, it will be tied up 

to the dislocations within the grains. Therefore less phosphorus will be available to 

segregate to the grain boundaries60.  

 

Etching time was shorter for 100Cr6 than 100CrMnMoSi8-4-6. A schematic diagram of the 

etching times can be seen in Figure 5.1.  

 

 
Figure 5.1 Shows the timeframe within which the samples were etched. 

 

In 100CrMnMoSi8-4-6, samples which were austenitized at higher temperatures and for 

longer times were harder to etch than samples which were austenitized at lower 

temperatures and for shorter times. Harder etching would be due to less phosphorus 

segregation to the grain boundaries. If phosphorus does not segregate to the grain 

boundaries, it has to be within in the grain. Most likely, at higher austenitization 

temperatures, phosphorus is in solid solution. Since the quenching in water (after the 

austenitization treatment) hinders atom diffusion, phosphorus stays in solid solution rather 

than segregating to the grain boundaries.  

 

Due to the difficulties of etching 100CrMnMoSi8-4-6, tempering treatments were 

conducted. These tempering treatments were performed within the TE and TME range, see 

chapter 2.2.3.1. Temper embrittlement is caused by diffusion of phosphorus, among other 
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elements, to the grain boundaries49, hence, enhancing etching response. The tempering 

treatments performed on 100CrMnMoSi8-4-6 were successful. Also, it was observed that for 

samples which were austenitized at higher temperatures and for longer times, longer 

tempering time and higher tempering temperatures were required. 

 

5.1.4 Grain Size Measurements 

 

All grain size measurements were conducted using ASTM E112-96. Details of the method 

chosen in this thesis are explained in chapter 2.6. The chosen method is suitable for samples 

with a large variation in grain size. A drawback of the method is that it is the most time 

consuming method explained in the standard. However, image analysis software was used 

to facilitate the counting procedure. In order to validate the obtained values from the 

software, manual counting was done on a few samples. The results confirmed the accuracy 

of the software. However, since grain boundaries are not always identifiable after etching, in 

some cases the operator has to make a guess. Such cases lead to larger deviations. In order 

to see the influence of different operators, grain size measurements were repeated by a 

second operator. The results obtained from both operators were similar. Using the diameter 

of a circular grain yields approximately 13% larger grains than using the side of a square 

grain. 

 

5.2 Grain Growth Evaluation 
 

5.2.1 Influence of temperature and time 

 

As the temperature increases the grain size increases. This behavior is the same for both 

alloys. In addition, as the austenitization time increases the grains become larger. However, 

the results indicate that the increase in time does not increase the grain size as much as the 

temperature. This behavior is in accordance with the grain growth theory explained in 

chapter 2.3. 

5.2.2 Influence of steel grade 

 

A slightly larger austenite grain size can be seen for 100Cr6 compared to 100CrMnMoSi8-4-6 

for austenitization temperature 860 °C, see Figure 5.2. 
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Figure 5.2 Shows the grain size after different austenitization times at 860 °C for both 100Cr6 and 100CrMnMoSi8-4-6. 

 

This is probably due to a higher pinning effect from higher weight fraction of cementite and 

M7C3 in 100CrMnMoSi8-4-6 as can be seen by the Thermo-Calc simulation shown in 

Appendix 4 b) and e) 0.02 compared to 0.035. 

 

As seen in Figure 5.3, at 900 °C the trend starts changing and it is amplified by 

austenitization at 1000 °C, see Figure 5.4. In other words, grain growth rate in 

100CrMnMoSi8-4-6 starts to become higher than 100Cr6 at 900 °C; and increases even 

further at 1000 °C. 
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Figure 5.3 Shows the grain size after different austenitization times at 900 °C for both 100Cr6 and 100CrMnMoSi8-4-6. 

 

 

Figure 5.4 Shows the grain size after different austenitization times at 1000 °C for both 100Cr6 and 100CrMnMoSi8-4-6. 

 

This behavior is probably due to the dissolution of the cementite and M7C3. This is shown by 

Thermo-Calc software calculations, Appendix 4, where presence of cementite, and M7C3 
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carbides can be seen in 100CrMnMoSi8-4-6 up to 940 °C, whereas in 100Cr6, M7C3 carbide 

do not exist and the cementite is only present up to 900 °C. Therefore the pinning effect of 

the carbides in 100CrMnMoSi8-4-6 starts to fade away at approximately 940 °C. It seems 

that when all cementite and M7C3 are dissolved, the growth rate of 100CrMnMoSi8-4-6 is 

higher than 100Cr6. 

 

At 1100 °C, the austenite grain size is smaller in 100CrMnMoSi8-4-6 as compared to 100Cr6, 

see Figure 5.5. However, once the temperature rises to 1200 °C, 100CrMnMoSi8-4-6 grows 

faster than the 100Cr6 steel, see Figure 5.6. Despite the presence of a small amount of 

Ti(N,C) at 1200 °C in 100CrMnMoSi8-4-6 (Appendix 4, f)), the grain coarsening rate is higher 

than for 100Cr6.  

 

 

Figure 5.5 Shows the grain size after different austenitization times at 1100 °C for both 100Cr6 and 100CrMnMoSi8-4-6. 
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Figure 5.6 Shows the grain size after different austenitization times at 1200 °C for both 100Cr6 and 100CrMnMoSi8-4-6. 

 

Dissolution of pinning particles cannot explain the results if considering the Thermo-Calc 

simulations. Based on the Thermo-Calc simulations, dissolution of AlN particles should occur 

just below 1100 °C for 100CrMnMoSi8-4-6 and just above 1100 °C for 100Cr61, see Appendix 

4 c) and f). This implies a faster growth rate in 100CrMnMoSi8-4-6 than in 100Cr6; however, 

the experimental results show the opposite behavior. Maybe the assumption that the 

nitrogen content was the same for both steel grades was improper, and that the AlN 

dissolves earlier in 100Cr6 than in 100CrMnMoSi8-4-6. If the dissolution of AlN occurs earlier 

in 100Cr6 than in 100CrMnMoSi8-4-6, the AlN dissolution could be the reason for the 

switching behavior. In that case the AlN particles hinder grain growth in 100CrMnMoSi8-4-6 

at 1100 °C, while the 100Cr6 grains can grow freely. 

 

An explanation for the slow grain growth in 100CrMnMoSi8-4-6 at 1100 °C but higher at 

1200 °C could be given based on the kinetics of the AlN particle dissolution. This notion 

should be made that Thermo-Calc simulations are incapable of predicting the kinetics of the 

transformation. It is therefore possible that the AlN particles did not completely dissolve at 

1100 °C in 100CrMnMoSi8-4-6; whereas at 1200 °C, the AlN was completely dissolved and 

thereby the grains could grow freely. This hypothesis can also explain why 100CrMnMoSi8-4-

6 grains grow slower than 100Cr6 at 1100 °C but faster at 1200 °C. 

                                                           
1
 In the Thermo-Calc simulations performed for 100Cr6, the nitrogen content was assumed 

to be the same as in 100CrMnMoSi8-4-6 (0.008 wt.%). 
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The experimental results suggest that in the absence of phases such as AlN that could act as 

pinning particles, grain growth rate is faster in 100CrMnMoSi8-4-6 than in 100Cr6. This could 

be due to grain boundary segregation of elements that lowers the grain boundary surface 

energy, Table 2.1, retarding the growth rate in 100Cr6 steel23. The less segregation in 

100CrMnMoSi8-4-6 could, as mentioned in chapter 5.1.3, be due to an increased amount of 

dislocations within the grains. The higher amount of dislocations in 100CrMnMoSi8-4-6 steel 

could come from the extra alloying elements and precipitated particles, compared to 

100Cr659.  

 

5.2.3 Grain Growth 

 

As seen in Figure 5.7 -a, -c, -e, -g, -i, it is clear that the coarsening in 100Cr6 is starting to 

occur at approximately 1000 °C. For 100CrMnMoSi8-4-6, the rapid grain growth starts at 

approximately 1100 °C, but a slight increase already occurs after 1000 °C, see Figure 5.7 -b, -

d, -f, -h, -j. 

 

a)    b) 

 
C)    d) 
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e)    f) 

 

 
g)    h) 

 
i)    j) 

Figure 5.7 Comparison of grain coarsening in 100Cr6 and 100CrMnMoSi8-4-6 for samples austenitized for different times. 

 

The starting temperature of rapid grain growth could imply that the AlN actually do dissolve 

at lower temperatures in 100Cr6 compared to 100CrMnMoSi8-4-6, as suggested in chapter 

5.2.2, and not the opposite as the Thermo-Calc simulations suggests, see Appendix 4. 
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5.2.4 Local Grain Size 

 

100Cr6 samples austenitized at 860 °C, 900 °C and 1000 °C showed signs similar to a banded 

structure, described in chapter 2.7, where the grain size was smaller in dark fields and larger 

in the bright fields, Figure 3.8. The structure observed is not related to abnormal grain 

growth. In an abnormal grain growth few grains grow rapidly at the expense of neighboring 

grains. However, in the observed banded structure there are areas with multiple grains that 

are larger or smaller depending on if they are in the dark or bright field. The largest area 

measured was about three times larger than the smallest area. The banding phenomenon is 

caused by a higher amount of carbides due to positive segregation of carbide formers to the 

banded areas52. The higher amount of precipitated carbides could thereby also retard the 

grain growth in those areas and give rise to the observed differences in grain size. Note that 

the banded structure was only observed in 100Cr6 material, which could be due presence of 

more segregated areas compared to 100CrMnMoSi8-4-6. 

 

Fatigue limit and hardness both varies with the grain size, according chapter 2.4. The 

banding observation could thereby be interesting since local variations of grain size could 

have an effect on the fatigue properties of a component. To evaluate the effect of local grain 

size variation, equation 2.8 was used to calculate the fatigue limit. By rewriting equation 2.8, 

using    3 27    ,  =894 and 𝑏=1.363, the same as in the original study 21, assuming the 

residual stresses to be zero and inserting the measured local grain size and hardness the 

fatigue limit for each area can be calculated. The fatigue limit varied from 740 MPa at the 

area with the smallest grains to 1060 MPa for the area with the largest grains, see Figure 5.8, 

and note that the values are not the absolute fatigue limit but only to display the difference 

between different areas.  
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Figure 5.8 The graph shows the hardness and fatigue limit from the local grain size measurements as a function of the 
grain size. 

 

Previous research61 done on a bimodal aluminum alloy showed that crack initiation during 

cyclic load first appeared at the large grains resulting in a fatigue crack. Even though the 

materials studied in this thesis are not considered bimodal, the influence of local grain size 

on the fatigue properties of the material cannot be neglected. 

 

The banded microstructure was not present in samples austenitized above 1000 °C. This 

suggests that as long as a homogenization treatment is performed, the banded structure 

should not be present in the finished product. 

 

5.3 Hardness 
 

The hardness of as quenched austenitized samples was measured and the results are shown 

in Figure 5.9. As can be seen, in both grades, the hardness of the samples austenitized at 

860 °C and 900 °C are higher than for the other austenitization temperatures.  
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Figure 5.9 The graphs shows hardness of as quenched samples as a function of austenitization time and temperature for 
100Cr6 and 100CrMnMoSi8-4-6. 

 

The sudden drop in hardness between 900 °C and 1000 °C is correlating with the theory that 

the cementite and chromium carbides dissolve between those temperatures. As seen in 

Appendix 4, the cementite in 100Cr6 dissolves at 900 °C and the last cementite in 

100CrMnMoSi8-4-6 dissolve at 940 °C. In 100Cr6, at 900 °C the austenitization temperature 

is very close to the highest temperature where cementite is stable and the cementite slowly 

dissolves and the hardness decreases with increased austenitization time. The cementite is 

more or less totally dissolved after 1 hour where the hardness is similar to the samples 

austenitized at 1000 °C which would have no cementite left. 100CrMnMoSi8-4-6 shows the 

same trend but since some cementite is still present at 900 °C, the hardness drop is not as 

large as in 100Cr6 and do not drop to the same level as the samples austenitized at 1000 °C. 

 

The hardness drop due to cementite dissolution is probably due to increased amount of 

retained austenite since the carbon content is too high for a complete martensitic 

transformation through water quenching. This is also supported by Figure 2.4 where one can 

see that the retained austenite increases and the hardness decreases with increasing carbon 

content. 

 

5.4 Process Emulated Experiments 
 

5.4.1 Spheroidization and homogenization treatments 

 

Regardless of the spheroidization treatment (S1 or S2), after spheroidization, 100Cr6 

exhibited larger grains than 100CrMnMoSi8-4-6, as seen in Figure 4.5. Even though 

spheroidization S2 was performed with the aim of refining the grain size, both S1 and S2 
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resulted in similar grain size. The heating and cooling of the samples was done without 

monitoring the sample temperature and only by the furnace temperature. The cooling in the 

furnace was probably too slow to achieve the sought grain refining effect when altering 

between different phases. 

 

The homogenization treatment was done in order to get rid of segregations in the material. 

This was confirmed by the absence of the banded microstructure in the investigated 

samples. The homogenization treatment H, did not affect the grain size achieved after 

spheroidization treatment S1 or S2 for any of the steel grades. 

 

To ease grain boundary etching after spheroidization treatments, the samples either 

underwent precipitation heat treatment, P or quenching treatment, Q. The grain size after 

quenching treatment and precipitation treatment was measured and compared; also the 

etching response was compared. 

 

Precipitation treatment yielded larger grain structure for 100Cr6 compared to the quenching 

treatment. 100CrMnMoSi8-4-6 samples achieved the same grain size whether quenched or 

precipitation treated. In the temperature range where the precipitation treatment is carried 

out (below 860 °C) 100CrMnMoSi8-4-6 is not as susceptible to grain growth as 100Cr6 and 

therefore 100Cr6 experiences higher grain growth in this region, in accordance with the 

chapter 5.2.2. The prolonged time at higher temperature in the precipitation treatment 

compared to the quenching yields larger grains in 100Cr6. 

 

For 100Cr6 the quenching treatment yielded the easiest distinguishable grain boundaries 

after etching, as compared to the precipitation treatment. On the other hand, for 

100CrMnMoSi8-4-6 it was the opposite case and the precipitation treatment was a better 

choice. 

 

Hence, if investigating a 100Cr6 material, the quenching treatment is recommended because 

the precipitation treatment yields a larger grain size. However, if investigating 

100CrMnMoSi8-4-6, the precipitation treatment is recommended since it facilitates etching 

and the grain size remains the same as the quenching treatment. 
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5.5 Curve Fitting 
 

Equation 2.3 is used to express the grain growth of the experimental values. The equation 

gives a good estimation of the growth trend. However, the pinning particles in the material 

are not considered, or to be more precise, the dissolution of the pinning particles is not 

considered. Therefore the  -value, which is the only parameter not related to the material 

had to compensate for particle dissolution and other possible factors inflicting the grain 

growth. One could assume that the    and  -values would vary with the temperature as the 

microstructure of the material changes,    and   were however considered to be constant 

to make the calculations easier. 

 

The first calculated  -value did not yield a good fit of the experimental data. Therefore, the 

   and  -values derived from the first calculation were used to optimize the  -value in a 

second optimization. This model therefore only works for these selected temperatures. 

Outside of these temperatures the values will be off due to the second optimization of the n-

values. 

 

The ideal  -value is 2 for a single phase material26. Other researchers have obtained n-values 

up to 1462. The alloys investigated were in the range of 10-15 which seems to be reasonable. 

 

Considering all the data for 100CrMnMoSi8-4-6 resulted in a negative  -value which means 

there would be a spontaneous grain growth, which is unreasonable and also not observed. 

The calculations of the    and  -values were therefore based on using data from selected 

steel samples; those deviating much from a linear dependency were removed. The values 

obtained from the calculations seem to be reasonable as they are in the range of values 

reported in literature31, 62,63,64. 

 

In a report by Yue et. al.63 a similar steel (GCr15) was investigated and a model was 

optimized resulting in a general model for all times and temperatures yielding   2 77, 

   3 12  1 
   [   ⁄ ] and   458 [   ] (note that their model was optimized for 

temperatures from 1050°C to 1150°C)63. Their model was compared to the experimental 

data acquired in this thesis and the comparison can be seen in Figure 5.10 a) and b). The 

model by Yue et. al. fits the experimental data with varying results for the different time and 

temperatures. The growth trend of the model is more linear and does not seem to level out 

at the same way as the experimental data. 
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a)    b) 

Figure 5.10 Figure a) and b) shows the estimated grain size using the model derived by Yue et. al. compared to the 
experimental data from this thesis. 

The largest limitation with the model is that it only can be used for the tested conditions and 

the  -values from the first calculation could not be used, however in theory the calculated 

 -value should work. Also the grain size when hitting the target temperature has to be 

known. Optimizing   ,   and    parameters simultaneously instead of the way done in this 

thesis would be preferable. If that does not yield satisfying results, a different model like a 

statistical model to describe the growth rate could be used instead of the power law.  

A statistical model takes the grain size distribution together with the mobility and driving 

force into account for the growth rate. A series of assumptions lead Abbruzzese and Lücke65, 

based on work by Hillert32, to the following expression for growth rate, Equation 5.1. 

 

   

  
    ∑         Equation 5.1 

 

Growth rate of a grain with radius   as a function of the grain boundary mobility   , the 

probability that grain   is in contact with grain j    and the driving force    . Leaving P, as a 

part of     to be the parameter to optimize. 
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6 Conclusions and Recommendations 
 

 Higher austenitization temperature and longer austenitization time yields larger 

grains. 

 Repeated heating and cooling from the ferrite + cementite to the austenite + 

cementite phase field resulted in a smaller grain size for both steel grades after a 

homogenization. 

 The grain refining ability of treatment S2 over treatment S1 was not of a great 

magnitude; both yielded a grain size of equal size. 

 The banded structure observed in 100Cr6 was seen in austenitization temperatures 

below 1100 °C, no banded structure was observed in 100CrMnMoSi8-4-6. 

 Homogenization treatment H, removed the banded microstructure found in 100Cr6. 

 Variation in local grain size can theoretically affect the fatigue properties. 

 The Precipitation treatment, P, was a good choice in terms of simplifying the etching 

of 100CrMnMoSi8-4-6 without affecting the grain size. 

 Tempering treatments carried out in the temper embrittlement region aids 

phosphorus segregation to the grain boundaries in 100CrMnMoSi8-4-6 and improves 

the etching response. 

 The quenching treatment was a good choice for 100Cr6 for grain size evaluation. The 

Precipitation treatment, P, enlarged the grains and is therefore not suitable 

 A model fit for each tested temperature was found, fitting the experimental data 

with quite good precision. However, no general model to predict all temperatures 

and times could be found. 
 

Further work should include: 

 Due to composition differences of scrap based and ore based steel, future 

investigations should be conducted on scrap based steel also. 

 A more extensive investigation should be performed including more samples to get a 

better statistical reliability. 

 Investigation of the switch of growth rate from 1000 °C to 1200 °C. 

 Austenite grain size between 1000 °C and 1200 °C should be evaluated in smaller 

temperature intervals to have a better knowledge. 

 Faster cooling during S2 treatment should be used to achieve grain refinement. 

 Fatigue testing of samples with a homogeneous grain size should be performed 

together with samples of inhomogeneous grain size to establish if the components 

would experience a lifetime loss due to the banding structure. 

 When investigating samples from components with a large cross-section, the original 

location of the samples from the test materials should be recorded. 



59 
 

7 References  
 

1. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 2. 
2. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 16. 
3. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 48. 
4. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 20. 
5. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 25. 
6. Malinovskaya, T. I.; Kurasov, A. H.; Glaskova, G. V.; Spektor, Y. I., Effect of 
homogenization of dendritic segregation of chromium and manganese in steel ShKh15. Metal Science 
and Heat Treatment 2013, 17 (7), 609-610. 
7. Chandler, H., Heat Treater's Guide - Practices and Procedures for Irons and Steels (2nd 
Edition). ASM International: p 710. 
8. Semiatin, S. L., ASM Handbook, Volume 14A - Metalworking: Bulk Forming. ASM 
International: p 231. 
9. Committee, A. S. M. I. H., ASM Handbook, Volume 04 - Heat Treating. ASM 
International: pp 45-55. 
10. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 256. 
11. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 297. 
12. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 56. 
13. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 63. 
14. Arnold, R. N.; Alexey, V. S., Effects of Alloying Elements on the Heat Treatment of 
Steel. In Steel Heat Treatment, CRC Press: 2006. 
15. Marder, A. R.; Krauss, G., The Morphology of Martensite in Iron- Carbon Alloys. 
Transactions ASM 1967, 60, 651–660. 
16. Krauss, G.; Doane, D. V.; Kirkaldy, J. S.; Committee, M. S. o. A. H. T.; Transformations, 
A. S. f. M. A. o. P., Hardenability concepts with applications to steel: proceedings of a symposium held 
at the Sheraton-Chicago Hotel, October 24-26, 1977. Metallurgical Society of AIME: 1978. 
17. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 182. 
18. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 327. 
19. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 396. 
20. Yaney, D. L. The effects of phosphorus and tempering on the fracture of AISI 52100 
steel. Colorado School of Mines, Golden, CO, 1987. 
21. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 402-404. 
22. Capus, J. M., The Mechanism of Temper Brittleness. In Temper Embrittlement in Steel, 
American Society for Testing and Materials: Philadelphia, 1968; Vol. STP 407, pp 3-19. 
23. Bhadeshia, H.; Honeycombe, R., Steels: Microstructure and Properties. Butterworth-
Heinemann: Jordan Hill, GBR, 2006; p 253-254. 



60 
 

24. Kwon, H.; Kim, C. H., Tempered martensite embrittlement in Fe-Ni-C steel. Journal of 
Materials Science 1983, 18 (12), 3671-3678. 
25. Hillert, M., Teorin för kornförgrovning i en- och tvåfasiga material. Institutet för 
metallografi, Kungliga tekniska högskolan, Stockholm. 
26. Burke, J.; Turnbull, D., Recrystallization and grain growth. Progress in Metal Physics 
1952, 3, 220-292. 
27. Carpenter, H. C. H.; Elam, C. F., Journal of the Institute of Metals 1920, 24. 
28. Harker, D.; Parker, E. A., Transactions of American Society of Metals 1945, 34. 
29. Cahn, J. W.; Padawer, G. E., On Hillert's grain growth catalyst. Acta Metallurgica 1965, 
13 (10), 1091-1092. 
30. Lee, S.-J.; Lee, Y.-K., Prediction of austenite grain growth during austenitization of low 
alloy steels. Materials & Design 2008, 29 (9), 1840-1844. 
31. Farrell, K.; Munroe, P. R., Grain growth in Fe-30at.%Al. Scripta Materialia 1996, 35 (5), 
615-621. 
32. Hillert, M., On the theory of normal and abnormal grain growth. Acta Metallurgica 
1965, 13 (3), 227-238. 
33. May, J. E.; Turnbull, D., Secondary Recrystallization in Silicon Iron. Transactions of the 
Metallurgical Society of AIME 1958, 212, 12. 
34. Rollett, A. D., Abnormal Grain Growth and Texture Development. Materials Science 
Forum 2005, 495-497, 6. 
35. Danon, A.; Servant, C.; Alamo, A.; Brachet, J. C., Heterogeneous austenite grain growth 
in 9Cr martensitic steels: influence of the heating rate and the austenitization temperature. Materials 
Science and Engineering: A 2003, 348 (1–2), 122-132. 
36. Nes, E.; Ryum, N.; Hunderi, O., On the Zener drag. Acta Metallurgica 1985, 33 (1), 11-
22. 
37. Wang, G.; Xu, D. S.; Payton, E. J.; Ma, N.; Yang, R.; Mills, M. J.; Wang, Y., Mean-field 
statistical simulation of grain coarsening in the presence of stable and unstable pinning particles. 
Acta Materialia 2011, 59 (11), 4587-4594. 
38. Hillert, M., Inhibition of grain growth by second-phase particles. Acta Metallurgica 
1988, 36 (12), 3177-3181. 
39. Meyers, M. A.; Chawla, K. K., Mechanical Behavior of Materials (2nd Edition). 
Cambridge University Press: pp 321-361. 
40. Hall, E. O., The Deformation and Ageing of Mild Steel: III Discussion of Results. 
Proceedings of the Physical Society. Section B 1951, 64 (9), 747. 
41. Carlton, C. E.; Ferreira, P. J., What is behind the inverse Hall–Petch effect in 
nanocrystalline materials? Acta Materialia 2007, 55 (11), 3749-3756. 
42. Jung, B.-b.; Lee, H.-k.; Park, H.-c., Effect of grain size on the indentation hardness for 
polycrystalline materials by the modified strain gradient theory. International Journal of Solids and 
Structures 2013, 50 (18), 2719-2724. 
43. Hardenability of Steels :: KEY to METALS Articles. 
http://www.keytometals.com/Articles/Art146.htm. 
44. Matsui, K.; Eto, H.; Yukitake, K.; Misaka, Y.; Ando, K., Increase in Fatigue Limit of Gears 
by Compound Surface Refining Using Vacuum Carburizing, Contour Induction Hardening and Double 
Shot Peening. JSME International Journal Series A Solid Mechanics and Material Engineering 2002, 45 
(2), 290-297. 
45. Krauss, G., Steels : Processing, Structure, and Performance. ASM International: 
Materials Park, OH, USA, 2005; p 316. 
46. Bhadeshia, H.; Honeycombe, R., Steels: Microstructure and Properties. Butterworth-
Heinemann: Jordan Hill, GBR, 2006; p 176. 
47. Vander Voort, G. F., Revealing Prior-Austenite Grain Boundaries. Microscopy and 
Microanalysis 2010, 16 (Supplement S2), 774-775. 

http://www.keytometals.com/Articles/Art146.htm


61 
 

48. Béchet, S.; Beaujard, L., New Reagent for the Micrographical Demonstration of the 
Austenite Grain of Hardened or Hardened-Tempered Steels. Revue de Métallurgie 1955, 52, 7. 
49. Christien, F.; Le Gall, R.; Saindrenan, G., Phosphorus grain boundary segregation in 
steel 17-4 PH. Scripta Materialia 2003, 48 (3), 301-306. 
50. Groeber, M.; Ghosh, S.; Uchic, M. D.; Dimiduk, D. M., A framework for automated 
analysis and simulation of 3D polycrystalline microstructures.: Part 1: Statistical characterization. 
Acta Materialia 2008, 56 (6), 1257-1273. 
51. ASTM E112 - 96(2004) Standard Test Methods for Determining Average Grain Size. 
http://www.astm.org/DATABASE.CART/HISTORICAL/E112-96R04.htm. 
52. Verhoeven, J., A review of microsegregation induced banding phenomena in steels. 
Journal of Materials Engineering and Performance 2000, 9 (3), 286-296. 
53. Meyer, T. Effect of hardness, residual stress and grain size on the fatigue life of ultra-
clean bainitically hardened bearing steel. Master's Thesis, 2013. 
54. Stickels, C. A., Carbide refining heat treatments for 52100 bearing steel. Metallurgical 
Transactions 1974, 5 (4), 865-874. 
55. GIMP - The GNU Image Manipulation Program. http://www.gimp.org/. 
56. ImageJ. http://www.ncbi.nlm.nih.gov/pubmed/. 
57. Zhang, X. F.; Terasaki, H.; Komizo, Y., Correlation of delta-ferrite precipitation with 
austenite grain growth during annealing of steels. Philosophical Magazine Letters 2011, 91 (7), 491-
497. 
58. Nakashima, K.; Takaki, S.; Tsuchiyama, T.; Futamura, Y.; Imakawa, K., Effect of Copper 
Addition on Grain Growth Behavior of Austenite in Low Carbon Steels. Materials Science Forum 2004, 
467-470, 905-910. 
59. Chang, H.-J.; Gaubert, A.; Fivel, M.; Berbenni, S.; Bouaziz, O.; Forest, S., Analysis of 
particle induced dislocation structures using three-dimensional dislocation dynamics and strain 
gradient plasticity. Computational Materials Science 2012, 52 (1), 33-39. 
60. Mackenbrock, M.; Grabke, H., Grain boundary segregation of P and micro-structural 
changes in 12% Cr-steels. Microchimica Acta 1992, 107 (3-6), 245-255. 
61. Nelson, S.; Ladani, L.; Topping, T.; Lavernia, E., Fatigue and monotonic loading crack 
nucleation and propagation in bimodal grain size aluminum alloy. Acta Materialia 2011, 59 (9), 3550-
3570. 
62. Giumelli, A. Austenite grain growth kinetics and the grain size distribution. Electronic 
Thesis or Dissertation, 1995. 
63. Yue, C.; Zhang, L.; Liao, S.; Gao, H., Kinetic Analysis of the Austenite Grain Growth in 
GCr15 Steel. Journal of Materials Engineering and Performance 2010, 19 (1), 112-115. 
64. Khzouz, E. Grain Growth Kinetics in Steels. Worcester Polytechnic Institute, 2011. 
65. Abbruzzese, G.; Lücke, K., A theory of texture controlled grain growth—I. Derivation 
and general discussion of the model. Acta Metallurgica 1986, 34 (5), 905-914. 

 

  

http://www.astm.org/DATABASE.CART/HISTORICAL/E112-96R04.htm
http://www.gimp.org/
http://www.ncbi.nlm.nih.gov/pubmed/


62 
 

8 Appendix 
 

Appendix 1 

The table shows the average heating rates to reach the austenitization temperatures. 

 

  

Austenitization

Temperature

 [°C] 5, 10, 30 [min] 60, 300 [min]

860 24 23

900 23 22

1000 22 21

1100 18 18

1200 15 15

Heating rate [°C/min]

Time
Austenitization
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Appendix 2 

Appendix 2 a) shows a micrograph, b) shows the highlighted grains for the micrograph in 2a) 

 

a) b) 
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Appendix 3 

Appendix 3 a) shows the indent from the micro-Vickers testing, b) shows the drawn grains, c) shows 

the inverted grains and excluded edges. 

 

a) b) c) 
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Appendix 4 

Figure a), b) and c) shows the stable phases in the 100Cr6 steel investigated. The nitrogen content for 

100Cr6 was not known but set to the same amount as in the 100CrMnMoSi8-4-6 steel (0.008 wt.%). 

Figure d), e) and f) shows the stable phases in the 100CrMnMoSi8-4-6 steel. The graphs are at 

different magnifications at different areas of the same simulation from Thermo-Calc software.

 

a) 
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b) 

 

 

 

c) 
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d) 

 

e) 
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f) 
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Appendix 5 

Appendix 5 shows the areas where micro-Vickers indentations and the local grain size measurements 

were done. Number above each picture corresponds to micrograph number in Table 4.5 The table 

shows the grain size and the corresponding hardness at selected areas with larger or smaller grains 

than sample’s average for 100Cr6 steel austenitized at 860 °C for 5 minutes. 

 

  

1    2 

  

3    4 
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5    6 

  

7    8 

  

9    10 
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11 
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Appendix 6 

Appendix 6 shows the micrographs of steel 100Cr6 heat treated using different combinations of H, 

S1, S2, P or Q treatments, according to chapter 3.2.2 and chapter 3.2.3. Note that different 

magnification has been used for the micrographs to get a suitable amount of grains. 

a) treatment S1+Q at 500x magnification, b) treatment S1+P at 200x magnification 

c) treatment S2+Q at 200x magnification, d) treatment S2+P at 500x magnification 

e) treatment H+S1+Q at 500x magnification, f) treatment H+S1+P at 200x magnification 

g) treatment H+S2+Q at 200x magnification, h) treatment H+S2+P at 200x magnification 

 

a)    b) 

 

c)    d) 
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e)    f) 

 

g)    h) 
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Appendix 7 

Appendix 7 shows the micrographs of steel 100CrMnMoSi8-4-6 heat treated using different 

combinations of H, S1, S2, P or Q treatments, according to chapter 3.2.2 and chapter 3.2.3. 

a) treatment S1+Q at 500x magnification, b) treatment S1+P at 500x magnification 

c) treatment S2+Q at 500x magnification, d) treatment S2+P at 500x magnification 

e) treatment H+S1+Q at 500x magnification, f) treatment H+S1+P at 500x magnification 

g) treatment H+S2+Q at 500x magnification, h) treatment H+S2+P at 500x magnification 

 

a)    b) 

 

c)    d) 



75 
 

 

e)    f) 

 

g)    h) 
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Appendix 8 

Appendix 8 a) shows the fitting of a straight line to 100Cr6 samples, b) shows the fitting of a straight 

line to 100CrMnMoSi8-4-6 samples. 

 

a) 

 

b) 
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Appendix 9 

Appendix 9 shows the experimental values and the calculated curve using Equation 2.3(and 

constants from Table 4.7 and Table 4.8 for 100Cr6 austenitized at: 

a) 860 °C, b) 900 °C, c) 1000 °C, d) 1100 °C, e) 1200 °

 

a) 

 

b) 
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c) 

 

d) 
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e) 
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Appendix 10 

Appendix 10 shows the experimental values and the calculated curve using Equation 2.3 and 

constants from Table 4.7 and Table 4.7 The table shows the calculated    and   values for 100Cr6 

and 100CrMnMoSi8-4-6for 100CrMnMoSi8-4-6 austenitized at: 

a) 860 °C, b) 900 °C, c) 1000 °C, d) 1100 °C, e) 1200 °C 

 

a)  

 

b)  
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c) 

 

d) 
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e)
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Appendix 11 

Appendix 11 shows the experimental values and the calculated values at all of the austenitized samples at all temperatures and all times. a) shows the 

values for 100Cr6 and b) shows the values for 100CrMnMoSi8-4-6. 

a) 

 

b) 

100Cr6

Austenitization

Time

[min] Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated

5 14.7 14.2 15.4 17.3 30.2 29.3 146 150 344 340

10 15.0 14.8 19.2 18.3 32.0 29.6 168 158 385 355

30 16.2 16.1 20.1 20.1 33.6 30.5 168 173 397 384

60 16.3 17.0 21.9 21.4 33.3 31.6 193 183 405 405

300 19.6 19.6 23.3 24.7 35.4 35.4 209 209 462 463

Grain Size [µm]

Austenitisation Temperature [°C]

860 900 1000 1100 1200

       100CrMnMoSi8-4-6

Austenitization

Time 

[min] Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated Experimental Calculated

5 10.2 10.5 12.1 19.2 32.4 32.4 92 112 504 495

10 10.8 10.8 21.1 20.3 36.9 33.7 101 118 512 512

30 11.4 11.6 21.5 22.3 38.2 36.3 109 128 542 544

60 12.5 12.2 23.7 23.7 39.3 38.3 140 134 578 567

300 13.0 14.0 26.8 27.1 43.6 43.6 152 151 641 627

Austenitisation Temperature [°C]

860 900 1000 1100 1200

Grain Size [µm]
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